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1. Introduction

It is widely recognized that the adverse impacts of the construction industry on
economic, social, and environmental sustainability are staggering. With growing global
awareness of the importance of the above, the construction industry has been forced to
explore innovative techniques to ensure that its processes and products are sustainable.
Here, optimization-based engineering can pave the way for sustainable construction prac-
tices in various areas from the utilization of natural resources and the organization of
business processes and production through the reduction of energy demands, costs, and
environmental footprints all the way to ensuring health and safety conditions, among
other areas.

For the engineering problem at hand, optimization can identify the best solution in
the set of all possible solutions. In this way, optimization lies at the very core of the basic
mission of engineering, i.e., to develop new, better, more-efficient, and sustainable systems
and improve the functioning of existing ones. The potential of optimization to determine
the best solution without actually testing all possible solutions comes from the use of
advanced mathematical methods and is only realized after performing iterative numerical
calculations that follow clearly defined logical procedures or computational algorithms
implemented in computer software and after consuming the necessary processor time.

This Special Issue is dedicated to the latest developments in the field of sustainable
construction through the utilization of optimization tools and experimental methods. On
the one hand, this Special Issue aims to publish influential and innovative articles that deal
with the challenges of construction sustainability through the use of optimization tools that
involve either exact mathematical programming or meta/hyper/bio-heuristics, alternative
hybrid approaches, or multi-criteria decision-making techniques. On the other hand,
field or laboratory research on materials, products, structures, objects, or operations often
provides key data for developing optimization models. Therefore, research engaging with
experimental methods to address current issues associated with sustainable construction is
also covered by this volume. Moreover, scientific works combining optimization tools and
experimental methods to reach synergistic effects in favor of sustainable construction are
included within this Special Issue as well.

2. Key Insights of This Volume

This thematic volume consists of eleven original articles. The paper by Rogulj et al.
(Contribution 1) deals with flat-roof renovation planning on public buildings using fuzzy
multi-criteria analysis. The study establishes the priority of the renovation of the flat roofs
of public buildings, employing the multi-criteria method PROMETHEE II in fuzzy logic
form. The proposed approach demonstrates the ability to transform the uncertain and
vague information received from an expert into a fuzzy number. This makes it possible
to obtain an objective outcome, remove the criteria conflict, and enable the ranking of
alternatives, as well as mutual comparison. Based on the defined goals and criteria, the
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roofs are evaluated and ranked according to the priority for renovation. The suggested
approach is validated on an actual example. Accordingly, it is argued that when it comes
to flat roof renovation decision-making, a multi-criteria approach can support and assist
building owners or facility managers in making informed decisions based on a set of
indicators beyond just cost or aesthetics. The article also states that this can lead to more-
informed decisions involving the full range of factors affecting the performance, durability,
and sustainability of a flat roof system.

The study by Premrov and Kozem Šilih (Contribution 2) presents a numerical analysis
of the racking behavior of multi-story timber-framed buildings considering the load-bearing
function of double-skin façade elements (DSF). Based on the research performed, the use
of the DSF elements as load-bearing structural elements to increase the racking load-
bearing capacity of the whole structure proves to be reasonable. It is claimed that the
development of racking-resistant timber DSF elements can open new perspectives in
designing contemporary multi-story timber buildings located in seismic areas with strong
winds and with a strong asymmetrical position of the transparent glass areas. However,
this may decrease the energy demand for heating and provides more daylight, contributing
to better living comfort within the building. The paper indicates the potentially beneficial
socioeconomic effects of the research outcomes, as they can encourage the construction of
multi-story timber buildings, which enable better use of forested areas and contribute to
reducing the impact of buildings on the environment.

The article by Bekdaş et al. (Contribution 3) addresses the optimal dimensions of
post-tensioned concrete cylindrical walls using harmony search and ensemble learning
with SHapley Additive exPlanations (SHAP) methodology. The research is motivated
by the fact that the optimal design of prestressed concrete cylindrical walls has a rather
beneficial effect on the economic and environmental aspects of construction. Here, the unit
costs of concrete and steel, the specific weight of the stored fluid, and the height of the
cylindrical wall are the input parameters, whereas the optimum thicknesses of the wall with
and without post-tensioning are the output variables. Founded on this database, advanced
ensemble learning techniques like the extreme gradient boosting, light gradient boosting
machine, categorical gradient boosting, and random forest algorithms are trained, while the
impacts of various input features on the predictions of distinct machine learning models
are analyzed via the SHAP approach. The paper infers that the gained predictive equations
could be included in the engineering design process to facilitate structural optimization.

The research by Jelušič and Žula (Contribution 4) addresses the sustainable design
of circular reinforced concrete column sections via multi-objective optimization. With
this purpose, a mixed-integer nonlinear programming optimization model is developed,
incorporating the requirements of Eurocodes for structural design. This model is created
in MATLAB software, where a genetic algorithm (GA) is used for optimization. On these
bases, parametric structural optimization is conducted separately for various combinations
of applied loads and the objective functions of material costs and CO2 emissions generated
during the production of reinforced concrete. Multi-objective optimization is executed
to identify a range of structural design solutions that offer optimal balances between
economic and environmental objectives, i.e., minimum material cost and CO2 emissions.
The article highlights that the model is developed in a general form and can provide the
optimal solution for various structural design parameters, including different concrete
strength properties.

The investigation by Jelušič et al. (Contribution 5) reveals the potential of using
waste materials in flexible pavement structures identified via and optimization design
approach. The novelty of this work is the optimization model, which may provide an
optimal pavement structure design and is able to consider various material properties
affected by the inclusion of waste materials, both in terms of minimum construction cost
and CO2 emissions. GA is used to minimize construction cost and CO2 emissions in
accordance with pavement design guidelines. In order to show the effects of the material
properties of the asphalt, base layer, sub-base layer, and subgrade, as affected by the
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inclusion of waste materials, a parametric study is conducted to establish the optimal
design of flexible pavement structures. The paper points out that by applying the proposed
optimization model, engineers can aim for a pavement structure that is both structurally
sound and environmentally sustainable while minimizing construction costs.

The contribution by Galjanić et al. (Contribution 6) tackles the identification of key
factors for project performance within a multi-stakeholder environment, the definition of a
performance measurement framework for construction investments, and the constitution
of a link between performance measurement and project performance prediction. Here,
the performance management fields are derived from formerly executed, comprehensive
bibliographical research analysis and multiple case-studies that consider predefined perfor-
mance measures, including their outcomes in selected construction investment projects.
The suggested framework for creating a pattern from which to predict the project success
is based on actual construction investment projects and is thoroughly analyzed using a
multiple-case-study method followed by semi-structured interviews with identified stake-
holders. The study draws attention to the significance of multi-stakeholder factors on
performance measurement and project success, even if the contractor is a single company.

The work by Ruá et al. (Contribution 7) evaluates the viability of different roof
rehabilitation systems and identifies the best one based on a multi-criteria analysis, which
comprises environmental, economic, and performance factors. Simulation tools are applied
to assess the energy savings, payback periods, and environmental effects for a selected
building in the survey area. The obtained results are mapped to a neighborhood level. The
research outcomes highlight the value of considering parameters like weight, cost, and
user preferences when choosing appropriate solutions for refurbishment. In addition to
assessing the potential energy savings and carbon emission reductions in the area, the
findings also emphasize the importance of roof refurbishments for extending a building’s
life span, thus contributing to sustainable construction.

The report by Roux et al. (Contribution 8) concentrates on geopolymer (GP) composi-
tions designed for structural use with the objective of minimizing the environmental impact.
A life cycle assessment model for metakaolin– and potassium–silicate-solution-based GP
mortars is developed. The model is applied to optimize the GP matrix as well as the
granular skeleton, beginning from an existing formulation, throughout the decrease in
greenhouse gas (GHG) emissions. The findings demonstrate that 3D-printed GP formula-
tions do not yet constitute a mature technology, and their short-term applications are not
inevitably environmentally favorable. Despite that, GPs contain the potential to reduce
GHG emissions with conceivable innovations. The material designed shows adequate ex-
trudability and buildability such that it could be utilized in high-performance applications
owing to its high compressive strength. Regardless of its low share of aggregates, the dealt
material holds an environmental value since it contains a substantial portion of earth that
is broadly at hand and frequently also treated as waste.

The text by Simón-Portela et al. (Contribution 9) deals with the optimization of
glulam roof structures, aiming to enhance sustainable construction. The study assesses
the impact of glulam strength classes on the design of roof structures made of timber
double-tapered beams and purlins, taking into account the requirements of Eurocode 5.
A GA-based tool is developed for the purpose of optimization, and based on the results,
various equations are suggested to identify the optimal geometry of structural elements,
including their spatial configuration given the roof length, span, snow load, and strength
class. In addition, a general equation is derived to anticipate the optimal volume needed for
the roof structure, bearing in mind various strength classes, which may promote the efficient
usage of resources and economic benefits while meeting structural and safety requirements.

The writing by Pennacchia et al. (Contribution 10) gives a catalog of optimized and
sustainable solutions for strengthening the energy efficiency of the most-common types of
roofs that distinguish the national residential building’s heritage, focusing particularly on
the principles of standardization and prefabrication. The methodological approach includes
the identification, study, and classification of roofings according to their construction period.
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Standardized optimal solutions are identified in terms of the essential energy retrofitting
of deteriorated residential building stock. The performance assessments of the obtained
results allowed for the implementation of a matrix, which may be a valuable support for
designers in selecting optimal solutions for the building heritage in question based on
energy efficiency and sustainability criteria.

Finally, the treatise by Villar-García et al. (Contribution 11) concerns both the static
and kinetic friction coefficients of chestnut timber. The purpose of the research is to spread
the application of Castanea sativa in the design of structures involving frictional forces,
encouraging construction sustainability with the use of less-exploited materials, which
entails the diversification of the species utilized in construction, thereby mitigating the
demand for those more commonly exploited. The experimental program considers the
orthotropic nature of material by assessing different wood orientations, engaging both
wooden frictional pairs and wood against a steel plate. The effect of the moisture content is
also taken into account in this study. The outcomes of the experimental program form a
comprehensive database that is useful as an input for engineering optimizations, which
may then be reflected in the more-prudent use of the considered natural resource.

3. Conclusions

The present Special Issue of Sustainability addresses various pressing topics related to
sustainable construction and demonstrates diverse optimization, multi-criteria decision-
making, and experimental approaches that represent the best available solutions to actual
engineering problems occurring in the field. Established authors of reputable research
institutions from all over the world—from Croatia, the Czech Republic, France, Italy, the
Republic of Korea, Slovenia, Spain, Turkey, and the USA—responded to the invitation and
contributed their studies, giving the content of this Special Issue its particular value. From
the foundation built by the contributing authors, this Special Issue is intended to promote
and disseminate the knowledge required to advance sustainable construction practices.
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Flat Roofs Renovation Planning on Public Buildings Using
Fuzzy Multi-Criteria Analysis
Katarina Rogulj * , Nikša Jajac and Katja Batinić

Faculty of Civil Engineering, Architecture and Geodesy, University of Split, 21000 Split, Croatia;
njajac@gradst.hr (N.J.)
* Correspondence: katarina.rogulj@gradst.hr

Abstract: Renovation of flat roofs typically involves repairing or replacing the existing roof to
improve its performance and extend its lifespan. The renovation process may include a range of tasks
depending on the condition of the roof, such as repairing leaks, replacing damaged or deteriorated
materials, adding insulation, or upgrading drainage systems. This research aim was to establish the
priority of renovation of flat roofs of the public building based on the principles of multi-criteria
analysis and fuzzy set theory, using the multi-criteria method PROMETHEE II in fuzzy logic form
(F-PROMETHEE II). The proposed approach is adequate due to its ability to transform the uncertain
and vague information received from an expert into a fuzzy number. This way, the objective outcome
can be obtained, the criteria conflict removed and the alternatives ranking and mutual comparison
enabled. It was necessary to analyze the existing literature, the flat roofs of a public building in
terms of their current condition, and define the main goals and criteria for the roof renovation project.
Based on the defined goals and criteria, the roofs are evaluated and ranked according to the priority
for renovation. The planning process of renovation of flat roofs was carried out specifically on the
building of the Faculty of Civil Engineering, Architecture and Geodesy in Split.

Keywords: renovation planning; flat roof; multi-criteria analysis; fuzzy logic; F-PROMETHEE II

1. Introduction

Roofs are one of the most important elements of any building, which are exposed to
all weather conditions and difficulties. The condition of the roofs, whether they are old,
dilapidated or renovated, tells us about the maintenance of the building and, thus, also
about the users of that building. A proper and high-quality roof is of great importance for
the building because it provides safety and comfort to users and protects against external
climatic conditions and temperature differences. Along with the correct way of performing
the roof, its maintenance is also important.

Flat roofs are subject to wear and gradual loss of protective properties and are particu-
larly prone to this type of damage due to their geometry and use as coverings for some
materials. The first minor defects may appear several years after the operation. Damage
can be removed with timely roof repair. Simple measures to restore the roof will help to
extend its life, and what is important, will not require higher costs.

The need for renovation of a flat roof depends on a variety of factors, such as the age
of the roof, the materials used in its construction, the quality of the initial installation, the
level of maintenance it has received, and the climate it is exposed to, among others. If a flat
roof has been well-maintained, constructed with quality materials, and is relatively new,
then it may not require renovation. However, if a flat roof has been poorly maintained,
has suffered damage due to weather or other external factors, or is approaching the end
of its lifespan, then renovation may be necessary. Renovation of a flat roof may involve
repairing or replacing damaged areas, reinforcing the structure to improve its load-bearing
capacity, and improving the waterproofing system to prevent leaks and water damage. It
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Sustainability 2023, 15, 6280

may also involve upgrading the insulation to improve energy efficiency and reduce heating
and cooling costs. In general, it is important to regularly inspect and maintain flat roofs to
detect any problems early on and prevent the need for costly renovations.

Flat roof renovation typically involves a series of phases to repair, restore or replace
the roof system to improve its structural integrity and waterproofing properties. The
specific steps involved in flat roof renovation will depend on the extent of the damage
or deterioration and the type of flat roof system in place. Flat roof renovation can be a
complex process that requires the expertise of experienced professionals. It is important
to choose a reputable contractor who can provide a comprehensive renovation plan and
deliver high-quality workmanship.

When renovating roofs, it is important to take care of finances. It may involve sig-
nificant funds and project and technical documentation preparation. From all this, it can
be seen that it is a complex problem that needs to be looked at from several angles. In
addition to concluding that this assessment should be done using several methods of
evaluation. So, it is a multi-criteria problem. The need to include important stakeholders in
the renovation planning process also contributes to this, as they have different views on the
planning process itself, i.e., the priorities and importance of the criteria, and thus the final
ranking, may be different for them. When it comes to flat roof renovation decision-making,
a multi-criteria approach can support and assist building owners or facility managers to
make informed decisions based on a range of factors beyond just cost or aesthetics. This
can lead to more informed decisions that take into account the full range of factors that can
impact the performance, durability, and sustainability of a flat roof system.

This research analyzes the renovation of flat roofs of public buildings, i.e., priorities
are established for the undertaking of flat roof renovation activities, specifically on the
example of the building of the Faculty of Civil Engineering, Architecture and Geodesy
in Split. In order to achieve the stated goal, an approach of multi-criteria analysis based
on fuzzy set theory and using the PROMETHEE II method in the fuzzy logic form (F-
PROMETHEE II) is carried out. The main advantage of the approach is that the uncertain
and vogue information received from stakeholders or an expert can be transformed into
fuzzy numbers and thus obtain an objective outcome. Using fuzzy multi-criteria analysis,
the criteria conflict can be removed, enabling alternative ranking and mutual comparison.
Defuzzification of net flows can easily be calculated using the centroid method. Preference
usual and linear functions are used to define relationships between alternatives according
to the selected criteria. Euclidian distance is proposed to use to determine the distance
between alternatives.

The proposed approach is considered relevant and effective because it takes into
account several aspects of the problem analysis. For the purposes of the mentioned method,
it is necessary to establish a set of criteria, identify relevant stakeholders and determine
the weights of the criteria that express the attitude of the involved stakeholders and their
compromise attitude.

Various studies used multi-criteria analysis to solve problems with the repairs or
renovations of buildings or their elements, among which are different types of roofs.
Miniotaite [1] investigated thermal and technological methods of renovation alternatives
of flat roofs using multi-criteria analysis, considering used materials, the structure of the
roof and roofing technologies. Gagliano et al. [2], in their study, developed an analysis
of comparison of three typologies of the roof, standard, cool and green roof. The roofs
were numerically compared by their environmental and energy capabilities. Petrakova and
Grznar [3] used multi-criteria decision-making to find an optimal solution for roof envelope
repair. Goncalves et al. [4] investigated waterproofing options applied on the flat roofs.
The life cycle of each option is compared regarding economic and environmental impact,
using data from various European and generic databases. Aguacil et al. [5] presented a
multi-criteria assessment of different scenarios of photovoltaic options in the renovation
of buildings to achieve savings in energy costs and materials and reduce fossil fuels and
greenhouse gas emissions. The renovations are also applied to the roofs of the buildings.
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Rosasco and Perini [6] developed a sustainability approach based on the multi-criteria
analysis for the selection of green roof systems, considering the parameters that have an
influence on the experts’ and decision makers’ decisions. Kuznecov and Šaparauskas [7]
studied sloping-pitched roofs regarding renovation and reconstruction technologies and
the efficiency and applicability of each technology. Firstly, the main characteristics of each
roof are analyzed, as well as damaged and defective causes of roofs, and then suggestions
and routines for roofs’ performance improvement are proposed. All mentioned was
achieved by distinguishing three technologies of reconstruction. These technologies were
mutually compared by multi-criteria methods, additive radio assessment and complex
proportional assessment. Using a multi-criteria approach shows that polyurethane foam
is the best selection for the reconstruction of a roof. Kalibatas and Kovalitis [8] used the
multi-criteria method SAW and three game theory rules to select the most appropriate
and effective membrane for the analyzed type of roof. Golić, Kosorić and Furundžić [9]
proposed an approach for the renovation of the residential building by integrating solar
water heating systems. The approach is applied through a few stages to extenuate problem-
solving and to provide optimization of the different designs. Studying all the stages,
the multi-criteria analysis is shown to be the most appropriate methodology to obtain a
compromised ranking after the assessment of design alternatives and for selecting the
best solar water heating system. Krstić Furundžić, Kosorić and Golić [10], in their other
study, presented all the advantages of solar water heating systems regarding fuel oil-,
gas- and electricity-based heating systems. Considering that solar thermal collectors were
proposed and analyzed, and using a multi-criteria approach, collectors’ alternatives were
evaluated and mutually compared to obtain their priority ranking. For the comparison
process, various aspects are discussed, such are ecological, functional, economic, technical
and esthetic aspects. Sangkakool et al. [11] defined and analyzed the main aspects that
affect the adoption of green roofs by using the mixed method design. These aspects
are the definition of qualitative analysis, structuring by internal and external factors,
and numerical evaluation using the analytical hierarchy process under experts’ opinions.
Turskis, Morkunaite and Kutut [12] developed a hybrid model to prioritize the ranking of
heritage buildings according to the activity of renovation, considering the main elements of
the buildings, such are facades and roofs. The model is based on two multi-criteria decision-
making methods analytic hierarchy process and evaluation based on distance from average
solution, identifying relevant criteria concerning the cultural heritage buildings renovation.
Naing, Nitivattananon and Shipin [13] presented a methodology for green roof retrofitting
on the campus of the Asian Institute of Technology. Using multi-criteria decision making,
visual inspection, questionnaires survey literature review as inputs, evaluation of potential
alternatives and their ranking were generated. Gonzales-Dominguez, Sanchez-Barroso
and Garcia-Sanz-Calcedo [14], in their research, proposed an optimization process of the
flat roofs maintenance periodicity. The process is applied in twelve hospitals in Spain to
increase the usefulness, reliability and stability of the flat roofs. The Markov Chain approach
is used, and three types of flat roofs were analyzed: elastomeric, bitumen and PVC. Wu
et al. [15] developed a methodology of fusing fuzzy logic, multi-criteria analysis and multi-
objective programming to select the best large-scale rooftop photovoltaic portfolio project.
Furthermore, the criteria weights are defined using an analytic hierarchy process, and the
PROMETHEE II method is applied to rank the large-scale rooftop photovoltaic portfolio
alternatives.

The core problems addressed in the studies listed are related to flat roof renovation and
the selection of the most appropriate renovation technologies, waterproofing membranes,
and roof systems. Other core problems include the environmental and economic impact of
roofing solutions, potential energy savings, CO2 emissions reduction, and integration of
solar water heating systems in building refurbishment. In addition, some papers address
the prospect of green roofs in urban areas, multi-criteria decision-making in the choice of
alternative solutions, and preventive maintenance optimization of accessible flat roofs in
healthcare centers. Overall, the papers aim to provide innovative solutions to address the
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core problems in flat roof renovation, which include sustainability, cost-effectiveness, energy
efficiency, and environmental impact. Examining these studies, the proposed approach has
several differences and main contributions compared with previous studies. None of the
studies considered the problem in a holistic manner, taking into account simultaneously
technological, economic, environmental and sociological aspects of the problem to achieve
the main goal. Moreover, the approach presents the multi-criteria analysis fused with fuzzy
set theory, applied in the assessment process of the flat roofs renovation priority. To be
precise, the fuzzy PROMETHEE II method, shown to be the most suitable methodology
for problems with a high degree of uncertainty and complicatedness among the criteria, is
used. The proposed methodology is applied to flat roof renovation planning to prove the
applicability and efficiency of the participatory decision-making framework, which was
not the case in other studies.

As for the fuzzy PROMETHEE II method, there were applications on various case
studies and research such are: tourism environmental impact [16], supplier performance
evaluation [17], selection of inland nuclear power plant [18], evaluation of solar power
plant location [19], exploration of the landslide susceptibility mapping [20], evaluation
and ranking of alternative energy exploitation schemes of a low temperature geothermal
field [21], concepts assessment and ranking for a new product development process [22],
machine tools selection for the company’s productivity and capabilities [23], quality of the
passenger services in the railway [24], improvement of the emergency department and
hospital resources [25], selection and ranking of the performance indicators for municipal
solid waste management systems [26], evaluation of the power plants for the investment
projects [27], evaluation of the irrigation methods for the two plains for cotton production
in Turkey [28], assessment of the nuclear medicine imaging devices [29], evaluation of the
outsourcing for the information systems field [30], risk ranking for the highway construction
projects [31], evaluation of the solution for the cancer treatment [32] and selection of the
facility location of new organization [33].

2. Materials and Methods

This section gives more about flat roofs, their main characteristics, types and reno-
vation. Moreover, the fuzzy multi-criteria analysis is explained, as well as criteria for the
evaluation of the flat roofs.

2.1. Flat Roofs

A flat roof is a structural element that consists of a load-bearing structure, a cover-
ing and a roof soffit. Roofs, especially flat roofs, are among the most critical parts of the
building. The load-bearing part of the flat roof is, therefore, constructed as a mezzanine
structure. The roof must protect the building from external influences such as precipitation,
heat, cold and wind. With proper execution and the use of quality materials, a flat roof
is an economical construction that provides significantly greater freedom in composing
volume and space [34]. The external influences are water, snow, groats, sudden summer
temperature changes (after storms), very high temperatures in summer, very low winter
temperatures, sound penetration, moisture that occurs during construction, atmospheric
water that arrives during construction, and during the process of binding and drying dif-
ferent materials, small cracks appear in the materials. The internal influences are desirable
constant heat inside the rooms, large temperature differences inside/outside, increased
indoor air humidity due to use, etc. [35]

The advantages of the flat roofs are lower price compared to a pitched roof, a flat
roof has a smaller area, so the consumption of materials is lower. The installation and
further maintenance are simplified, the arrangement of a flat construction is simpler than
an inclined one, and it is easier to move along a horizontal plane than along an inclined
one. There is a possibility of obtaining additional usable space; the surface of the flat roof
can easily be used as a terrace, a walking platform, a garden with a lawn, etc. [35].
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There are several types of roofs; they differ in layers, slope and purpose. Each one
is specific in its own way, both in terms of appearance and functionality. Any type of
flat roof must protect the structure from external influences. Every flat roof must be of
high quality, mechanically resistant, waterproof, must have UV protection and protect the
structure from condensation. Great importance is attached to the energy efficiency of the
flat roof [34]. According to the slope, there are flat roofs with a small slope of 0.5–1%, with
a normal slope of 1–2.5%, a higher slope of 4–15% and pitched roofs (15–40%). Types of
flat roofs according to the arrangement of layers are classic (cold), reverse (warm) and
ventilating, while according to purpose or accessibility, they are passable, impassable and
green (intensive or extensive). Types of flat roofs according to the method of rainwater
drainage are drainage of rainwater along the outer edges and drainage of stormwater using
drains.

The function of the insulated roof structure primarily includes the protection of the
structure and the space under the roof from climatic influences and the optimization of the
energy efficiency of the space under the roof. The main factors when designing a roof are
primarily physical construction. Then there are economic and environmental factors, of
course, both in the function of the desired architectural solutions.

Among the most important construction physical influences on flat roofs, on which
technical solutions depend, are considered [35]:

• Fire—in the event of a fire, the roof structure is the first structural system that is ex-
posed to extremely high temperatures. The use of non-combustible materials prevents
the spread of fire and the release of harmful gases or burning dripping particles, which
are often the cause of numerous deaths.

• Temperature—temperatures on the surface of flat roofs, depending on the season
and the geographical location of the building, can range from −25 ◦C to +75 ◦C.
Often, in certain weather conditions, the temperature range in one day exceeds 80 ◦C,
which directly affects the final layer or roof membrane. This certainly affects the
layer of thermal insulation and the mode of passage of water vapor through the
roof structure. By choosing an adequate thickness of flat roof thermal insulation, we
reduce the building’s heat losses in the winter and prevent overheating of the premises
in the summer. It is recommended that the thermal insulation does not change its
dimensions with changes in temperature because, in this way, unwanted stretching
is caused, which thereby burdens the roof membrane or causes unwanted thermal
bridges at the contact of the insulation panels.

• Wind—wind loads at tall buildings are definitely significantly higher than at low ones.
With the static calculation of the roof structure, we must also calculate the impact of
wind load, which directly determines the method of attachment and the arrangement
of dowels for attaching the thermal insulation and the final layer of the roof to the
load-bearing structure. An important factor, in this case, is the weight of the thermal
insulation layer itself, which is affected by the negative wind pressure. In this case,
heavier materials, such as stone wool, have an advantage over light organic insulation.

• Mechanical load—static loads of a flat roof, such as the weight of its own structure
and the weight of snow, affect the dimensioning of the load-bearing structure of the
roof, while the dimensioning of the thermal insulation layer is affected by occasional
mechanical loads of the roof during the installation phase or later maintenance of the
roof surface. The key quality factor is not only the surface load-bearing capacity of
the insulation layer but also the resistance to individual point loads. They occur at
the places of mechanical fixing of the roof foil and also when walking on the roof.
Occasional walking on the roof cannot be avoided because sometimes the roof needs
to be maintained, and there may be subsequent works that require temporary use of
that surface.

• Moisture and vapor pressure—rain, snow and ice directly load the roof membrane
from the outside. In addition, moisture also stresses the roof structure from the inside.
The mode of vapor passage through the building envelope must be such that moisture
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does not stop in the thermal insulation layer. Excessive ingress of moisture into the
thermal insulation layer of a flat roof is prevented by installing a vapor barrier before
the insulation layer on the inside.

• Noise—when designing buildings in an urban environment, we are often faced with
the requirement of lowering the noise level from the surroundings to the interior
of the building. Stone wool, with its interwoven structure of stone fibers, absorbs
noise and vibrations from the environment much better than insulation materials of
organic origin. Sound energy is broken down in the fibrous structure of stone wool
and converted into other forms of energy.

2.2. Maintenance of Flat Roof

Maintaining a flat roof is an important segment of roof and building durability. The
maintenance of the flat roof, and especially the maintenance of the waterproofing protection,
should be approached immediately at the beginning of the exploitation of the flat roof and
the building. The reason for this is to remove possible hidden defects that occurred during
the execution of works and appeared during exploitation. Localized deformations and
damages should be removed immediately after they appear.

In the process of maintaining a flat roof, the important elements that should be taken
into account are as follows:

- not to stress the roof surface, more specifically, the waterproofing protection with
unforeseen subsequent loads;

- not to damage and penetrate the waterproofing protection;
- not to use the roof for purposes for which it was not intended (drying laundry,

sunbathing in the summer);
- to maintain and clean drains and bays (from leaves, paper, bags);
- when cleaning heavy snow so as not to damage the waterproofing protection.

The above procedures and actions can and should be performed only with the knowl-
edge and in the presence of an expert who knows how to evaluate and decide on actions
that are planned, that is, that are undertaken on the roof. Flat roof maintenance also in-
cludes smaller repairs on the roof. Such repairs should be carried out immediately after
they are noticed. If they are not removed as soon as possible, i.e., not immediately, they can
cause new major deformations and damage. Then, their removal will be of greater scope,
both physical and financial. Such minor procedures that should be carried out immediately
are as follows:

- repair of separate places of putty on the eaves sheets;
- repair of possible wind damage on the eaves sheets;
- repair of the drainage slits between the sheets;
- if the wind has moved the layer of gravel, it should be evenly distributed again;
- if the light protection on impenetrable roofs is washed or shed, repaint the surface

with suitable paint for roofs.

In addition to those mentioned, other, smaller alterations should be carried out, which
aim to extend the durability of the waterproofing protection and the flat roof. All these
works should be performed by a professional contractor specializing in this type of work.
A regular inspection should be performed on a flat roof twice a year. In this way, even for a
long time, the occurrence of further harmful phenomena will be prevented.

2.3. Renovation of Flat Roof

The condition of roofs depends on the wear and tear of the cover, the type of cover,
maintenance of the cover over time and other influences. Roofs must be properly main-
tained, which prolongs their life. Periodic inspections of the roofs are definitely recom-
mended, and if it is necessary to clean the roofs of leaves and other impurities through
annual plans and programs, depending on the needs of the building itself. Bigger problems
on roofs are caused by accumulated dirt in drainage pipes or gutters.
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Any reconstruction of a flat roof begins with identifying the problem. In most cases,
the roof leaks, and it is precisely this circumstance that leads to the realization of the need
for repair. The roof itself has three main functions: insulation, waterproofing and aesthetics.

• Aesthetics—in this case, classic general construction or repair work is carried out
related to the replacement of the existing finish coating or the decoration of the parapet
or the installation of equipment, etc. In the event of a violation of the thermal or
waterproofing of a flat roof, the repair will be significantly more difficult both from
an engineering point of view and with regard to the intensity of work and, as a rule,
considering the price of work.

• Repair of thermal insulation—a roof leak is not always related to a breach of water-
proofing. For example, the roof can simply “float” if the vapor barrier is not installed.
A related but different case is insufficient roof insulation. In this case, the dew point
is not located in the insulation, as it should be, but directly on the floor plate, thus
causing abundant condensation. The recipe for “healing” this roof is quite effective—it
needs to be re-insulated. If this is not feasible from above due to the already finished
finish or for other reasons, it is possible to do it from the inside. To do this, it is
necessary to attach an additional layer of insulation under the floorboard to the ceiling
and install a vapor barrier. The simplest option is something made of self-adhesive
tape. After that, the thickness of the insulation will be sufficient; the dew point will be
in the insulation, a vapor barrier will be created and the roof will stop floating. Again,
it is unprofitable to do it from the top because of the roof disassembly, but to do it
from the bottom, under the floorboard, is quite simple and convenient.

• Repair of waterproofing—the most difficult case from the point of view of repairing a
flat forge is a violation of waterproofing (its damage or leakage due to natural wear). If
the roof waterproofing is open, that is, if the final layer is not laid on the roof, the repair
is quite simple—first of all, you need to find holes and patch them. It is recommended
to repair a flat roof using modern waterproofing materials. It is necessary to make
waterproofing over the entire surface of the waterproofing because if it is a bitumen
roof that has really lasted its term, then it has been destroyed in many places. If
stone wool insulation was used and it got wet, in that case, the roof would have to
be completely dismantled, the insulation replaced and a new waterproofing layer
installed. In the event that the waterproofing is covered with gravel, tiles or some
other finish, the repair will be a rather difficult task, as the search for damage may
take a long time. In this case, the works are carried out with the complete removal of
the roof, and depending on the condition of the waterproofing and insulation, either
their replacement is performed or the waterproofing is repaired.

• Repair of local damage (cuts, punctures)—mechanical damage can occur as a result
of snow removal in winter, city encroachment and human movement. Other poten-
tial reasons are base deformation and initial imperfections allowed during coating
application. Local defects are removed by placing a patch on the damaged area. The
patch should be made of the same material as the base cover. Its edges are usually
rounded to reduce the probability of laying, and the size is made to cover the defect
by 10–15 cm in all directions.

Therefore, repairing a flat roof is a complex and expensive task, usually associated with
its disassembly completely or in separate sections. All linings and roof coverings are not
eternal; even the most modern of them are subject to wear and gradual loss of protective
properties. Under the influence of precipitation, temperature changes and mechanical
factors, the roofing material collapses, cracks, bubbles, defects, etc., appear on it, and then
leakage is just one step further.

2.4. Fuzzy Multi-Criteria Analysis

Multi-criteria analysis refers to structuring, planning and problem-solving. The analy-
sis is approached only if it is determined with certainty that the problem is characterized
by a number of alternative solutions. Therefore, if a multi-criteria analysis is used to solve
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the problem, it is necessary to define all possible solutions to the problem. The aim of
the multi-criteria analysis is to support the decision maker when there is a wide choice
of alternatives when solving a problem. When using multi-criteria decision-making, it
is necessary to use the personal wishes of the decision-maker. A problem for solution
may have the best of the alternatives offered, the best alternative or a small set of good
alternatives.

The characteristics of multi-criteria analysis are a large number of criteria, inconsisten-
cies between criteria, incomparable measurement units of criteria, the choice of the best
solution and the ranking of alternatives.

Fuzzy multi-criteria analysis combines multi-criteria methods with fuzzy logic, in this
case, is PROMETHEE II method. Some of the aspects of fuzzy set theory are given in the
following:

Definition 1. [36] Let a be a triangular fuzzy number defined as a = (aL, aM, aU), where 0 <
aL < aM < aU < 1, then the membership function can be written as

fa(x) =





x−aL
aL−aM

aL ≤ x ≤ aM
aU−x

aU−aM
aM ≤ x ≤ aU

0 else





(1)

2.5. The Approach for Flat Roofs Ranking Using F-PROMETHEE II Method

In this research, the PORMETHEE II method based on fuzzy set theory is used for
ranking flat roofs for the activity of renovation. Fusing fuzzy theory with multi-criteria
methods has proven to be more effective in numerous studies than traditional methods
when dealing with uncertain and vague data and information. Compared to traditional
decision-making methods, the F-PROMETHEE II approach presented here has several
advantages and innovations, such as

1. The fuzzy logic component of the method allows for the handling of imprecise and
uncertain data. This is particularly useful when data are incomplete or subjective, as
the fuzzy logic can provide a more nuanced evaluation of different options.

2. The multi-criteria method allows for the evaluation of multiple criteria simultaneously,
which can provide a more comprehensive evaluation of different options. The fuzzy
logic component of the method allows the inclusion of subjective or qualitative criteria,
which may not be easily quantifiable.

3. The F-PROMETHEE II method provides a clear and easy-to-interpret ranking of
different options. The use of decision matrices and preference functions can help
stakeholders understand and compare the relative strengths and weaknesses of differ-
ent options.

4. The method is flexible and can be adapted to different decision-making contexts
and criteria. This makes it useful in a wide range of applications, including flat roof
renovation decision-making.

Overall, the biggest innovation and advantage of the F-PROMETHEE II method is its
ability to handle imprecise and uncertain data while incorporating multiple criteria and
providing a clear and robust outcome of different options. This can lead to more informed
and transparent decision-making processes, particularly when dealing with incomplete or
subjective data.

The F-PROMETHEE method is composed of three phases. In the first phase, stake-
holders are selected and gathered together to discuss the problem and generate alternatives.
In the second phase, adequate criteria are defined and their weights are assigned, while in
the third phase, alternatives are evaluated according to criteria. The approach for flat roofs
ranking using the F-PROMETHEE II method is presented in Figure 1 and in the following
steps:

Step 1. Gathering of DMs and defining their importance.
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Let D be a set of decision-makers, where D = {DM1, . . . , DMl}, then the weight of
each DM wDM ={wDM1 , . . . , wDMl }.

Step 2. Definition of the linguistic variables and their triangular fuzzy numbers.
Linguistic variables in the form of scale are defined with their triangular fuzzy num-

bers. These variables are used to define criteria weights and evaluations of the alternatives.
Step 3. Fuzzy criteria weights determination.
Each DM defined criteria weights using linguistic variables and their triangular fuzzy

numbers. Aggregated weights are calculated as follows:

aL =
1
n

n

∑
n=1

aLn , aM =
1
n

n

∑
n=1

aMn , aU =
1
n

n

∑
n=1

aUn (2)

Step 4. Evaluation of the alternatives using linguistic values and triangular fuzzy
numbers.

Alternatives are evaluated according to each criterion by each DM, then the aggre-
gation of the alternatives evaluation is calculated. Finally, the normalized fuzzy decision
matrix is determined as follows [37]:

For maximized criteria:

xij =
aL_

j

aUij

, xij =
aL_

j

aMij

, xij =
aL_

j

aLij

j ∈ E aL_
j = min

i
aLij (3)

For minimized criteria:

xij =
aLij

aU+
j

, xij =
aMij

aU+
j

, xij =
aUij

aU+
j

j ∈ F aU+
j
max

i
aUij (4)

While normalized fuzzy decision matrix is

X =
[
xij
]

m×ni = 1, . . . , m j = 1, . . . , n (5)

where xij =
(
tij, vij, yij

)
is an evaluation by DMs based on jth criterion for ith alternative

which. uij, vij and yij denote the low boundary, medium boundary and up boundary of the
triangular fuzzy number, respectively.

Step 5. Assign the preference function Pj =
(

xij, xkj

)
for each criterion.

According to [38], there are six types of preference functions. Hereby, the authors,
together with stakeholders, decided to use the usual type and linear priority type, as they
were the most appropriate way to describe the type of criteria.

Usual preference function:

P(d) =
{

1, d > 0
0, d ≤ 0

(6)

Linear priority preference function:

P(d) =

{
1, d > p
d
p , d ≤ p (7)

where p is the threshold value between the indifferent and strict preference areas, and d
presents the Euclidean distance [37] between alternatives based on jth criterion. The value
of d is expressed for the maximized and minimized criteria as follows:

For maximized criteria:

d(xij, xkj) =





√
(tij−tkj)

2
+(vij−vkj)

2
+(yij−ykj)

2

2 ,
0,

xij > xkj
else

(8)
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For minimized criteria:

d(xij, xkj) =





√
(tij−tkj)

2
+(vij−vkj)

2
+(yij−ykj)

2

2 ,
0,

xij < xkj
else

(9)

where i 6= k and i, k = 1, 2, . . . , m.
Step 6. Preference index calculation.
By using the preference index, it is proved that the degree of the ith alternative is

higher than the jth alternative, which indicates the rank of the ith alternative. The index is
expressed as follows:

π(xi, xk) = ∑n
j=1 wj × Pj

(
xij, xkj

)
=
(

tπ
ij , vπ

ij , yπ
ij

)
i 6= k and i, k = 1, 2, . . . , m (10)

Moreover, the criteria weight is denoted with wij = {w1, . . . wm}.
Step 7. Calculation of positive (leaving) and negative (entering) flow for each alterna-

tive.
The positive flow Φ+(xi) defines the strength of the ith alternative, while the entering

flow Φ−(xi) measures its weakness. Following are the expressions of the positive and
negative flows:

Positive flow:

Φ+(xi) = ∑m
k=1 π(xi, xk) =

(
tΦ+

i , vΦ+

i , yΦ+

i

)
i 6= k and i, k = 1, 2, . . . , m (11)

Negative flow:

Φ−(xi) = ∑m
k=1 π(xi, xk) =

(
tΦ−
i , vΦ−

i , yΦ−
i

)
i 6= k and i, k = 1, 2, . . . , m (12)

Step 8. Definition of the net flow for each alternative.
An alternative with a higher net flow will have a higher ranking. The net flow of ith

alternative is expressed as

Φ(xi) = Φ+(xi)−Φ−(xi) =
(

tΦ
i , vΦ

i , yΦ
i

)
i = 1, 2, . . . , m (13)

Step 9. Net flow defuzzification for final ranking.
For the defuzzification of the alternatives evaluations defined with net flows, the

centroid method is used as follows [39]:

−
Φ(xi) =

tΦ
i + vΦ

i + yΦ
i

3
i = 1, 2, . . . , m (14)

If
−
Φ(x1) >

−
Φ(x2), it means that alternative 1 is higher ranked than alternative 2.

2.6. Criteria Definition

Multi-criteria decision-making includes four components: alternatives definition,
criteria determination, criteria weights assignment and decision maker’s attitude. The
decision-maker needs to rank the alternatives or choose between them, while criteria serve
to evaluate and compare alternatives. In order to better carry out the assessment of the
alternative, it is necessary to define measurement scales. By defining requirements for
problem-solving, the goals of multi-criteria problems are established. In order for the goals
to be defined as effectively as possible, the views of all stakeholders in the decision-making
process must be taken into account. Furthermore, in Table 1, criteria are presented with a
description, preference function and type regarding minimum or maximum. All criteria are
defined by decision-makers, which were the project manager, construction engineer and
user. Criteria C1, C2 and C3 are defined from the technical aspects of the problem, C4, C5
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and C6 from the economical and C7, C8 and C9 from the ecological aspect. All stakeholders
were gathered, and throughout the discussion, criteria were defined, considering the
importance of all stakeholders equally. Criteria from C1 to C6 are defined with linear
priority preference function, while criteria from C7 to C9 with usual. These functions were
chosen as they were the most appropriate to describe each criterion preference.
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Figure 1. The approach for the flat roofs renovation ranking.

Table 1. Defined criteria, with preference functions, for renovation planning of flat roofs.

Label Criteria Name Description Preference
Function Min/Max

C1 Condition of the roof The current state of the roof is regarding
mechanical stability and resistance. Linear priority min

C2 Selected material Quality and durability of the material. Linear priority max

C3 The simplicity of
renovation It refers to the simplicity of roof renovation. Linear max

C4 Renovation cost It refers to the price of materials for the roof
construction and the costs of carrying out the work. Linear priority min

C5 Maintenance cost Includes roof maintenance costs after renovation. Linear priority min

C6 Renovation duration It includes the time required for the renovation of
the roof structure and rainwater drainage. Linear priority min

C7 Thermal efficiency Meeting the minimum requirements regarding the
improvement of the thermal protection properties. Usual max

C8 Sound efficiency Attenuation from noise and external sounds. Usual max

C9 Waterproofing It includes protection against water penetration
into the interior of the building. Usual max

3. Results

In this section, the effectiveness and applicability of the defined criteria and F-PROMET
HEE II method are verified in the assessment of the flat roofs for the activity of renovation.

3.1. Case Study

The FCEAG’s building consists of three interconnected parts. Firstly, they were
constructed separately, but today they represent a physical unit, sharing a common entrance,
communication areas and other service areas. The building serves as a higher education
institution. The analyzed flat roofs are located on three construction plots of the building,
meaning building A at lot no. 6474/4, building B at lot no. 6474/8, and building C, at
lot no. 6474/5. Building A consists of a basement, ground floor, three floors, roof and
superstructure. Building B consists of a basement, ground floor, five floors, roof and
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superstructure. Building C consists of a basement, a ground floor, three floors and a roof.
The roofs are presented in Figure 2.
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Figure 2. The FCEAG’s building with A, B and C buildings.

Building A was completed in 1976, and building B in 1978. The first of the reconstruc-
tions was in 2005 when building C was completed. After the construction of building C,
the outer envelope of building A and building B was reconstructed, including all the outer
walls, i.e., facades, flat roofs and openings. The construction of the building consists of
a system of load-bearing reinforced concrete beams and monolithic reinforced concrete
slabs. The roof is solved as a flat structure, and the facades are in good condition. The roof
of building A, located above the third floor, was renovated in 2021 when old layers were
completely removed with new ones. The roof of building A above the first floor has not
been renovated since the construction of the building in 1976, and considering that it has
no thermal insulation at all, as determined from the existing project documentation, it does
not meet the standards of thermal resistance of the building’s outer envelope. Based on
field inspection, the roof is in an unmaintained state. Indentations on the roof slab, cracked
concrete slabs and weeds are visible.

Building B consists of two flat roofs on the first and fifth floors, both of which were
renovated in 2019. Moreover, in building B old layers were removed and new ones were
constructed on the existing concrete. Gravel was placed on the roof above the first floor,
while concrete slabs were placed on the roof above the fifth floor.

The roof of building C was built in 2005 and has not been renovated since then.
Although it is visibly in satisfactory condition, it does not meet the thermal resistance
standards of the building’s outer envelope and requires renovation [19].

Overall, seven roofs have been evaluated, which are as follows:

• building A: roof above the 1st flour (A1), roof A above the 4th flour (A2);
• building B: roof above the 1st flour (B1), roof B above the 5th flour (B2);
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• roof above the corridor (H);
• building C: roof above the 1st flour (K1), and roof above the 4th flour (K2).

3.2. The Ranking of Flat Roofs

In this section, the ranking of seven flat roofs is obtained by the methodology presented
in Section 2.4.

There are three decision makers (DM) with many years of experience in structural
engineering. All three DMs are equally important, and for that reason, their weights are all
defined with a crisp value of 1.

Furthermore, in Table 2, linguistic values with corresponding triangular fuzzy num-
bers are given. By using these values, DMs defined criteria weights and by Equation (2),
aggregated fuzzy weight is calculated, as is presented in Table 3.

Table 2. The linguistic variables and corresponding fuzzy numbers.

Linguistic Variable Fuzzy Numbers

Very Low/Poor (VL/VP) (0.0, 0.0, 0.1)
Low/Poor (L/P) (0.0, 0.1, 0.25)

Medium Low/Poor (ML/MP) (0.1, 0.25, 0.4)
Fair (F) (0.25, 0.4, 0.6)

Medium-High/Good (MH/MG) (0.4, 0.6, 0.8)
High/Good (H/G) (0.6, 0.8, 1.0)

Very High/Good (VH/VG) (0.8, 1.0, 1.0)

Table 3. Criteria fuzzy weight and aggregated fuzzy weight.

Criteria DM1 DM2 DM3 Aggregated Fuzzy Weight

C1 VH VH VH (0.8, 9.97, 1.0)
C2 VH H H (0.67, 0.87, 1.0)
C3 H MH H (0.53, 0.73, 0.93)
C4 MH F MH (0.35, 0.53, 0.73)
C5 MH F MH (0.35, 0.53, 0.73)
C6 H MH H (0.53, 0.73, 0.93)
C7 H VH H (0.67, 0.87, 1.0)
C8 VH H VH (0.73, 0.93, 1.0)
C9 VH H VH (0.73, 0.93, 1.0)

Likewise, the evaluations of alternatives are given by DMs according to the values in
Table 2, and aggregated fuzzy evaluations are calculated. The normalized fuzzy decision
matrix is calculated using Equations (3) and (4), respectively. Table 4 presents the evaluation
of each alternative according to each criterion by each DM, their aggregated evaluations
and the normalized decision matrix.

Table 4. The evaluation of each alternative and aggregated fuzzy evaluation.

Criteria Roof DM1 DM2 DM3 Aggregated Fuzzy
Evaluation

Normalized Fuzzy
Decision Matrix

C1 A1 P P P (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
A2 H VH H (0.67, 0.87, 1.0) (0.1, 0.12, 0.15)
B1 H VH VH (0.73, 0.93, 1.0) (0.1, 0.11, 0.14)
B2 H VH VH (0.73, 0.93, 1.0) (0.1, 0.11, 0.14)
H H H VH (0.67, 0.87, 1.0) (0.1, 0.12, 0.15)
K1 F H MH (0.42, 0.6, 0.8) (0.13, 0.17, 0.24)
K2 F H MH (0.42, 0.6, 0.8) (0.13, 0.17, 0.24)
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Table 4. Cont.

Criteria Roof DM1 DM2 DM3 Aggregated Fuzzy
Evaluation

Normalized Fuzzy
Decision Matrix

C2 A1 H H H (0.6, 0.8, 1.0) (0.6, 0.8, 1.0)
A2 MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
B1 MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
B2 MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
H MH MH F (0.35, 0.53, 0.73) (0.35, 0.53, 0.73)
K1 MH F MH (0.35, 0.53, 0.73) (0.35, 0.53, 0.73)
K2 MH F MH (0.35, 0.53, 0.73) (0.35, 0.53, 0.73)

C3 A1 P MP MP (0.1, 0.25, 0.4) (0.1, 0.25, 0.4)
A2 MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
B1 MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
B2 MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
H MH MH MH (0.4, 0.6, 0.8) (0.4, 0.6, 0.8)
K1 MH MH F (0.35, 0.53, 0.73) (0.35, 0.53, 0.73)
K2 F MH F (0.3, 0.47, 0.67) (0.3, 0.47, 0.67)

C4 A1 H H H (0.6, 0.8, 1.0) (0.1, 0.13, 0.17)
A2 MH MH MH (0.4, 0.6, 0.8) (0.13, 0.17, 0.25)
B1 F F F (0.25, 0.4, 0.6) (0.17, 0.25, 0.4)
B2 F F F (0.25, 0.4, 0.6) (0.17, 0.25, 0.4)
H MP MP MP (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
K1 VH VH VH (0.8, 1.0, 1.0) (0.1, 0.1, 0.13)
K2 VH VH VH (0.8, 1.0, 1.0) (0.1, 0.1, 0.13)

C5 A1 H H H (0.6, 0.8, 1.0) (0.1, 0.13, 0.17)
A2 F F F (0.25, 0.4, 0.6) (0.17, 0.25, 0.4)
B1 MP MP MP (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
B2 F F F (0.25, 0.4, 0.6) (0.17, 0.25, 0.4)
H MP MP MP (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
K1 MH MH MH (0.4, 0.6, 0.8) (0.13, 0.17, 0.25)
K2 VH VH VH (0.8, 1.0, 1.0) (0.1, 0.1, 0.13)

C6 A1 VH VH VH (0.67, 0.87, 0.93) (0.11, 0.12, 0.15)
A2 F F F (0.25, 0.4, 0.6) (0.17, 0.25, 0.4)
B1 MP MP MP (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
B2 MP MP MP (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
H MP MP MP (0.1, 0.25, 0.4) (0.25, 0.4, 1.0)
K1 H H H (0.6, 0.8, 1.0) (0.1, 0.13, 0.17)
K2 H H H (0.6, 0.8, 1.0) (0.1, 0.13, 0.17)

C7 A1 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
A2 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
B1 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
B2 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
H VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
K1 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
K2 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)

C8 A1 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
A2 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
B1 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
B2 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
H VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
K1 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
K2 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)

C9 A1 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
A2 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
B1 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
B2 VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
H VH VH VH (0.8, 1.0, 1.0) (0.8, 1.0, 1.0)
K1 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
K2 VP VP VP (0.0, 0.0, 0.1) (0.0, 0.0, 0.1)
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The preference intensity P is determined according to Equations (6) and (7), where
d is Euclidian distance calculated for the maximized and minimized criteria as defined
in Equations (8) and (9), respectively. The P values are shown in Table 5. Consequently,
shown in Table 6, the preference index for each alternative is calculated by Equation (10).

Table 5. The preference intensity of each alternative by each criterion.

C1 C2 C3 C4 C5 C6 C7 C8 C9

P(A1,A2) 0.64 0.00 0.53 0.00 0.00 0.00 1.00 1.00 1.00
P(A1,B1) 0.65 0.00 0.53 0.00 0.00 0.00 1.00 1.00 1.00
P(A1,B2) 0.65 0.00 0.53 0.00 0.00 0.00 1.00 1.00 1.00
P(A1,H) 0.64 0.00 0.53 0.00 0.00 0.00 1.00 1.00 1.00
P(A1,K1) 0.57 0.00 0.46 0.00 0.00 0.01 0.00 0.00 0.00
P(A1,K2) 0.57 0.00 0.41 0.00 0.00 0.01 0.00 0.00 0.00
P(A2,A1) 0.00 0.24 0.00 0.11 0.19 0.21 0.00 0.00 0.00
P(A2,B1) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(A2,B2) 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(A2,H) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(A2,K1) 0.00 0.00 0.00 0.12 0.12 0.19 0.00 0.00 0.00
P(A2,K2) 0.00 0.00 0.00 0.12 0.23 0.19 0.00 0.00 0.00
P(B1,A1) 0.00 0.24 0.00 0.22 0.63 0.64 0.00 0.00 0.00
P(B1,A2) 0.00 0.00 0.00 0.20 0.44 0.44 0.00 0.00 0.00
P(B1,B2) 0.00 0.00 0.00 0.00 0.44 0.00 0.00 0.00 0.00
P(B1,H) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(B1,K1) 0.00 0.00 0.00 0.59 0.56 0.63 0.00 0.00 0.00
P(B1,K2) 0.00 0.00 0.00 0.24 0.66 0.63 0.00 0.00 0.00
P(B2,A1) 0.00 0.24 0.00 0.22 0.19 0.64 0.00 0.00 0.00
P(B2,A2) 0.00 0.00 0.00 0.20 0.00 0.44 0.00 0.00 0.00
P(B2,B1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(B2,H) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(B2,K1) 0.00 0.00 0.00 0.59 0.12 0.63 0.00 0.00 0.00
P(B2,K2) 0.00 0.00 0.00 0.24 0.23 0.63 0.00 0.00 0.00
P(H,A1) 0.00 0.32 0.00 0.66 0.63 0.64 0.00 0.00 0.00
P(H,A2) 0.00 0.08 0.00 0.62 0.44 0.44 0.00 0.00 0.00
P(H,B1) 0.01 0.08 0.00 0.57 0.00 0.00 0.00 0.00 0.00
P(H,B2) 0.01 0.08 0.00 0.57 0.44 0.00 0.00 0.00 0.00
P(H,K1) 0.00 0.00 0.00 0.68 0.56 0.63 0.00 0.00 0.00
P(H,K2) 0.00 0.00 0.00 0.68 0.66 0.63 0.00 0.00 0.00
P(K1,A1) 0.00 0.32 0.00 0.00 0.07 0.00 0.00 0.00 0.00
P(K1,A2) 0.08 0.08 0.35 0.00 0.00 0.00 0.00 0.00 0.00
P(K1,B1) 0.09 0.08 0.35 0.00 0.00 0.00 0.00 0.00 0.00
P(K1,B2) 0.09 0.08 0.35 0.00 0.00 0.00 0.00 0.00 0.00
P(K1,H) 0.08 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00
P(K1,K2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P(K2,A1) 0.00 0.32 0.35 0.00 0.00 0.00 0.00 0.00 0.00
P(K2,A2) 0.08 0.08 0.35 0.00 0.00 0.00 1.00 1.00 1.00
P(K2,B1) 0.09 0.08 0.35 0.00 0.00 0.00 1.00 1.00 1.00
P(K2,B2) 0.09 0.08 0.35 0.00 0.00 0.00 1.00 1.00 1.00
P(K2,H) 0.08 0.00 0.33 0.00 0.00 0.00 1.00 1.00 1.00
P(K2,K1) 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.00

Finally, in Table 7, the fuzzy positive and negative flows and fuzzy net flow are defined
by Equations (11)–(13), while in Table 8, defuzzified net flow, defined by centroid method
(14), and ranking positions of flat roofs are presented. Centroid method values are also
presented in Table 7, and the final ranking of alternatives is obtained.
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Table 6. Preference index for each alternative.

Π TFN Π TFN

Π(A1,A2) (0.33, 0.42, 0.46) Π(B2,H) (0.0, 0.0, 0.0)
Π(A1,B1) (0.33, 0.42, 0.46) Π(B2,K1) (0.07, 0.09, 0.12)
Π(A1,B2) (0.33, 0.42, 0.46) Π(B2,K2) (0.06, 0.08, 0.1)
Π(A1,H) (0.33, 0.42, 0.46) Π(H,A1) (0.11, 0.16, 0.21)
Π(A1,K1) (0.08, 0.1, 0.11) Π(H,A2) (0.07, 0.11, 0.14)
Π(A1,K2) (0.08, 0.1, 0.11) Π(H,B1) (0.03, 0.04, 0.06)
Π(A2,A1) (0.04, 0.06, 0.07) Π(H,B2) (0.05, 0.07, 0.09)
Π(A2,B1) (0.0, 0.0, 0.0) Π(H,K1) (0.9, 0.12, 0.17)
Π(A2,B2) (0.0, 0.0, 0.0) Π(H,K2) (0.9, 0.13, 0.17)
Π(A2,H) (0.0, 0.0, 0.0) Π(K1,A1) (0.03, 0.03, 0.04)
Π(A2,K1) (0.02, 0.03, 0.04) Π(K1,A2) (0.03, 0.04, 0.05)
Π(A2,K2) (0.02, 0.03, 0.04) Π(K1,B1) (0.03, 0.04, 0.05)
Π(B1,A1) (0.09, 0.13, 0.16) Π(K1,B2) (0.03, 0.04, 0.05)
Π(B1,A2) (0.05, 0.07, 0.1) Π(K1,H) (0.03, 0.04, 0.04)
Π(B1,B2) (0.02, 0.03, 0.04) Π(K1,K2) (0, 0.01, 0.01)
Π(B1,H) (0.0, 0.0, 0.0) Π(K2,A1) (0.04, 0.06, 0.07)
Π(B1,K1) (0.08, 0.12, 0.16) Π(K2,A2) (0.27, 0.35, 0.39)
Π(B1,K2) (0.07, 0.1, 0.14) Π(K2,B1) (0.27, 0.35, 0.39)
Π(B2,A1) (0.07, 0.1, 0.13) Π(K2,B2) (0.27, 0.35, 0.39)
Π(B2,A2) (0.03, 0.05, 0.06) Π(K2,H) (0.26, 0.34, 0.38)
Π(B2,B1) (0.0, 0.0, 0.0) Π(K2,K1) (0.02, 0.03, 0.03)

Table 7. The positive and negative flows.

Roof Φ+xi Φ−xi Φ(xi)

A1 (1.46, 1.86, 2.06) (0.39, 0.54, 0.68) (1.07, 1.32, 1.38)
A2 (0.09, 0.13, 0.16) (0.79, 1.03, 1.20) (−0.7, −0.91, −1.03)
B1 (0.31, 0.45, 0.59) (0.66, 0.85, 0.96) (−0.35, −0.4, −0.36)
B2 (0.23, 0.32, 0.42) (0.69, 0.91, 1.03) (−0.47, −0.58, −0.61)
H (0.43, 0.63, 0.84) (0.62, 0.79, 0.88) (−0.18, −0.16, −0.04)
K1 (0.16, 0.21, 0.25) (0.35, 0.5, 0.64) (−0.19, −0.29, −0.38)
K2 (1.14, 1.47, 1.64) (0.32, 0.45, 0.58) (0.82, 1.02, 1.06)

Table 8. The defuzzified net flows and rank of the flat roofs.

Roof
−
Φ(xi) Rank

A1 1.26 1
A2 −0.88 7
B1 −0.37 5
B2 −0.56 6
H −0.13 3
K1 −0.29 4
K2 0.97 2

4. Conclusions

This research presented theoretical features related to flat roofs, and a fuzzy multi-
criteria analysis of the renovation problem of flat roofs on public buildings was carried
out. The fuzzy multi-criteria approach is developed for the activity of renovation of flat
roofs, using the F-PROMETHEE II method. Relevant stakeholders and their attitudes were
identified, as well as their inclusion in the planning process of renovation activities was
achieved. The approach is validated on the flat roofs of the Faculty of Civil Engineering,
Architecture and Geodesy in Split. A total of seven roofs were analyzed, and an evaluation
of each of them according to all defined criteria was carried out.

21



Sustainability 2023, 15, 6280

The final ranking is achieved when roof A1 is ranked first. This roof is ranked as the

most priority for renovation, with a net flow value of
−
Φ(xi) = 1.26, and the least priority is

roof A2, with
−
Φ(xi) = −0.88.

Considering the obtained results, which were presented to the final decision makers
and accepted by them, the following can be concluded about the proposed model:

• The proposed fuzzy multi-criteria approach is useful and effective for evaluating
different flat roof renovation options, particularly in contexts where there is a high
degree of uncertainty and imprecision.

• The use of a decision-making process where different stakeholders are involved in the
evaluation and ranking of flat roofs ensures that all relevant factors are considered
and that the final decision is widely accepted.

• The criteria are selected based on their relevance to the flat roof renovation context
and are weighted appropriately based on their relative importance.

• The use of fuzzy set theory allowed the handling of imprecise and uncertain data,
which is particularly important in the context of flat roof renovation where data are
incomplete or unreliable.

• The F-PROMETHEE II method is a particularly effective method for flat roof renova-
tion decision-making, as it provides a clear and easy-to-interpret ranking of different
options based on the selected criteria.

While the proposed approach has shown to be useful and effective in the decision-
making process for flat roof renovation, there may be several potential gaps in research
and analysis that should be considered, including the identification of criteria. The se-
lection of appropriate criteria for evaluating flat roofs for renovation can be challenging,
particularly when considering the varying needs and preferences of different stakeholders.
The proposed approach is designed to be used in a participatory decision-making process,
where different stakeholders are involved in the evaluation and ranking of flat roofs for
the activity of renovation. However, the involvement of stakeholders can be challenging,
particularly when dealing with complex technical issues. Moreover, flat roof renovation
decision-making often involves a high degree of uncertainty, particularly when considering
the long-term performance and durability of different roofing materials and technologies.
For this reason, it is important to handle a high uncertainty. Finally, for some non-experts,
the proposed design might be complex and difficult to understand.

The future study will consider the wider application of the methodology on all public
buildings in the town of Split, Croatia. Considering all the variants regarding green,
standard and cool roofs, more research will be implemented to identify the most important
criteria for different flat roof renovation contexts and to determine how to weigh and
combine these criteria in the evaluation process. To handle missing or incomplete data,
the most appropriate methods for collecting and analyzing data for flat roof renovation
decision-making will be determined. Moreover, the methodology based on mixed integer
programming will be used to obtain managers’ approaches regarding the financial cycle
with defined required constraints. This way, the managing process of roof renovation will
be more systematic, as each year, it will be known which roofs are going to be reconstructed.
Moreover, an approach for predicting the future condition of roofs using fuzzy neural
networks will be proposed to enable managers to maintain roofs for longer periods properly.
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29. Ozsahin, D.U.; Uzun, B.; Musa, M.S.; Şentürk, N.; Nurçin, F.V.; Ozsahin, I. Evaluating nuclear medicine imaging devices using
fuzzy PROMETHEE method. Procedia Comput. Sci. 2017, 120, 699–705. [CrossRef]

30. Wang, T.C.; Chen, L.Y.; Chen, Y.H. Applying fuzzy PROMETHEE method for evaluating IS outsourcing suppliers. In Proceedings
of the Fifth International Conference on Fuzzy Systems and Knowledge Discovery, Jinan, China, 18–20 October 2008; Volume 3,
pp. 361–365.

31. Moradpour, S.; Ebrahimnejad, S.; Mehdizadeh, E.; Mohamadi, A. Using hybrid fuzzy PROMETHEE II and fuzzy binary goal
programming for risk ranking: A case study of highway construction projects. J. Optim. Ind. Eng. 2011, 9, 47–55.

32. Ozsahin, D.U.; Uzun, B.; Musa, M.S.; Helwan, A.; Wilsona, C.N.; Nurçina, F.V.; Senturka, N.; Ozsahin, I. Evaluating cancer
treatment alternatives using fuzzy PROMETHEE method. Int. J. Adv. Comput. Sci. Appl. 2017, 8, 177–182.

33. Athawale, V.M.; Chatterjee, P.; Chakraborty, S. Decision making for facility location selection using PROMETHEE II method. Int.
J. Ind. Syst. Eng. 2012, 11, 16–30. [CrossRef]

34. Zdolec, M. Flat Roofs. Master’s Thesi, University of North, Koprivnica, Croatia, 2020.
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Abstract: The paper presents an innovative approach in the modelling of multi-storey timber-framed
buildings, where double-skin façade elements (DSF) are additionally considered as load-bearing
wall elements against a horizontal load impact. The mathematical model with a fictive diagonal
element developed for timber-framed wall elements with classical oriented strand boards (OSB)
or fibre–plaster sheathing boards (FPB) is upgraded for DSF elements. The diameter of the fictive
diagonal is determined with either experimental results or numerically obtained results using the
time-consuming FEM model with elastic spring elements, which simulates the bonding line between
the timber frame and both glazing panes. In the second part of the study, the numerical analysis
of a specially selected three-storey timber-framed building was performed using the developed
mathematical model with fictive diagonal elements. Two alternative calculations were performed
with the DSF elements as non-resisting and racking-resisting wall elements. It was demonstrated
on the selected case that the racking resistance (R) of a building can essentially increase up to 35% if
DSF elements are considered as resisting wall elements. As a secondary goal of the study, it is also
important to point out that by using DSF elements as racking-resisting elements, the distortion in
the first floor essentially decreased. It is demonstrated on the selected numerical example that this
torsional influence decreased notably (by almost 18%) when the load-bearing DSF elements were
used for seismic excitation in the X direction. Therefore, such an approach can open new perspectives
in designing multi-storey timber-framed buildings with a more attractive and dynamic floor plan
and structure.

Keywords: sustainability; timber; structures; multi-storey; numerical analysis; DSF; racking resistance

1. Introduction

In a sense, decreasing CO2 emissions and designing energy-efficient buildings has
been a topic of research since 1970. If the green house gas (GHG) emissions will continue to
grow as they currently are, the Earth’s average temperature will increase by at least 1.50 ◦C
until the end of 21st century [1]. Consequently, a new strategy to design buildings with net
zero emissions has to be adopted not only for new buildings, but also for a wide range of
building renovations [2,3], integrating a life-cycle approach as well [4]. Timber, as a natural
raw material with the potential to store CO2, has the capacity to rapidly decrease GHG
emissions, and seems to be the best possible solution to this problem.

A similar increasing trend may be observed in the construction of new multi-storey
(MSTB) and high-rise timber buildings (HRTB). However, a “high-rise” building is mainly
considered as such when surpassing 25 m [5,6] or having more than ten storeys [7,8]. On the
other hand, the term “multi-storey” tends to be a lot more defined and refers to buildings
of four storeys or more, which is why it will be used in this paper. Despite the increase and
advantages shown by numerous studies in recent years, the global spread of multi-storey
timber construction is still relatively low compared to massive steel construction with
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essentially higher lateral resistance compared to timber structures. An additional aspect
is the eventual non-regularity in a multi-storey building floor-plan, which can essentially
increase distortion effects in each storey and amounts to an additional limitation of multi-
storey timber buildings. As a result, buildings that could be built from timber are still
built from reinforced concrete or steel, which leads to an environmental performance that
is poorer than if this housing stock had been built with timber—even the new timber
structural systems that have been recently developed, such as those in [9].

On the other hand, the use of glazing in buildings has always contributed to open-
ness, visual comfort, and a better daylight situation. Over the years, manufacturers have
improved the thermal insulation and strength of glass [10], which enabled not only the
internal illumination of buildings with large glass surfaces which were primarily south
oriented, but also solar energy heating with increased solar heating gains through the
transparent areas. On the other hand, the installed glazing areas that are non-load bearing
in their planes in terms of assuming horizontal loads further aggravate the problem of
required horizontal load-bearing capacity from a structural perspective.

Therefore, it is crucial in such cases to develop a load-bearing timber–glass wall
element, which can significantly contribute to resisting the increased horizontal load impact.
With their racking stiffness, such elements can increase the horizontal stiffness of the whole
building and consequently decrease the torsional effects of seismic forces. In this sense,
so-called single-skin timber–glass wall elements were initially developed [11], where the
single-layer or thermal insulated two- or three-layered glass pane is rigidly connected to the
timber frame with the bonding line [12]. It was concluded by many experimental [12–14]
and numerical studies [15–17] that by using only single-skin timber–glass wall elements,
the racking stiffness in particular did not increase in the expected manner and was not in
the same range as the timber-framed walls with the classical sheathing boards, such as
OSB or fibre–plaster boards. Therefore, special double-skin façade (DSF) timber–glass wall
elements were further developed, supported by experimental [18] and further numerical
studies [19]. The DSF elements were first developed primarily to be used for the energy
and structural renovation of existing old buildings but can be used in new multi-storey
timber buildings as well, especially in cases of a strong asymmetric position of transparent
areas on the building envelope.

However, this numerical study was performed with a very time-consuming finite
element model (FE) of a composite timber–glass wall element using elastic springs for
simulating the bonding line between the timber frame and both glazing panes. Therefore,
such an FE model is not appropriate, in practice, for any engineering application in the
static or dynamical stability of multi-storey timber buildings and can be performed only in
theoretical studies and analyses of a single wall element.

To avoid such time-consuming calculations in the presented study, the developed DSF
timber element was integrated into a quite simple mathematical model with the fictive
diagonal for simulating the racking stiffness of the bracing timber–glass wall element
(Section 3). The FE model with the fictive diagonal was already developed in [20], but only
for the classical fibre–plaster and OSB sheathing boards, where the sheets are stapled to the
timber frame and not continuously bonded such as in the case of DSF elements. In Section 4,
such modelled DSF elements are integrated into the static model of a specially selected four-
storey timber-framed building with an asymmetrical position of transparent DSF elements.
The influence on seismic behaviour of this selected timber building is numerically studied
using an FE calculation programme SAP 2000 [21], with a special impact dedicated to the
influence of the developed DSF elements to increase the racking resistance and stiffness
of the building. Special attention is paid to a decrease in torsional effects caused by the
seismic force if the building is analysed without and with racking resisting DSF elements.
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2. Structural Stability of Multi-Storey Timber-Framed Buildings
2.1. Structural Design of Multi-Storey Timber Buildings

In the last decades, new timber products (cross-laminated timber, for instance, at the
beginning of the 1990s) changed the form and especially the maximum possible height of
timber buildings. In this sense, timber structures became competitive with other structures
built with conventional and commonly used structural materials. Furthermore, combining
timber structural elements with other commonly used building materials (brick, concrete,
steel, and lately also glass) can open new perspectives on the attractive architectural forms
of such hybrid timber buildings. Therefore, a combination with load-bearing glazing will
be presented at the end of this section.

There are many different basic structural systems which are commonly used in multi-
storey timber buildings schematically presented in Figure 1. They also differ from each
other in a horizontal load transfer, and therefore allow different limits in the maximal height
of timber structures. For instance, it is recommended to build timber frame-and-panel
structures with up to four storeys, and a solid timber construction with CLT elements with
up to ten storeys. Higher high-rise timber structures are constructed in a frame construction
(14-storey Tree building in Bergen with the maximal height of 52.8 m) or even as hybrid
structures combining timber primarily with a reinforced-concrete (RC) core (24-storey
HoHo timber building in Vienna with the maximal height of 84 m). The limits in the height
of timber buildings also strongly depend on the location of the building and the subsequent
horizontal load impact (wind or earthquake).
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Figure 1. Classification of timber structural systems according to their load-bearing function.

In most cases, the more problematic of these two horizontal load actions is an earth-
quake, which subjects a building to a high-intensity dynamic load often resulting in catas-
trophic consequences. One of the basic principles when designing a building to resist
seismic loads is trying to avoid plan irregularity, clearly described in, and prescribed by,
the Eurocode 8 (2005) standard [22]. This means that the centre of gravity (M), where the
resulting seismic force (Fb) acts, and the centre of rigidity/stiffness (R) of a building with a
resulting horizontal resisting force should be as close to each other as possible. Unfortu-
nately, this is an issue for energy efficient buildings with large glazing areas predominantly
placed on one side of the structure, resulting in an uneven stiffness of their floor plan and
an important dislocation between the centre of gravity (M) and the centre of rigidity (R), as
schematically presented in Figure 2. To avoid this distortion, it is important to consider
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the most external walls on the south façade as racking-resisting load-bearing elements.
This means that walls with fixed glazing areas (but not windows) should also be treated as
racking-resisting bracing elements and will be treated as composite elements in the timber
frame-and-panel system of a timber frame and a glass sheathing, which can transmit a
considerable share of horizontal forces to the basement. With such an approach, the racking
resistance and stiffness of the whole analysed building can be increased, and new limits
in the maximal height of multi-storey buildings constructed in a timber-framed structural
system can be set. The influence of such an approach will be numerically analysed on a
specially selected four-storey timber-framed building in Section 4.
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Figure 2. An example of dislocation between the centre of gravity (M) and the centre of rigidity
(R), [16].

It must be emphasised, however, that the final structural design of a multi-storey
timber-framed building additionally depends on its micro-location and height. It is gen-
erally known that according to Eurocode 1 [23], wind loads exponentially increase only
from a certain height of a building upwards, while earthquake loads according to Eurocode
8 [22] increase almost linearly with the height of a building as schematically shown in
Figure 3 for cases when higher loads are caused by earthquake loads. Consequently, a high
horizontal load impact is particularly significant in the first storey of the building where a
maximal load-bearing capacity has to be reached with all resisting wall elements. In lower
stories of middle-rise or high-rise timber buildings, it is therefore of the utmost importance
to consider all wall elements with fixed glass panes as resisting bracing elements, which
can contribute to the overall racking resistance and stiffness of the whole building in the
first storey.
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2.2. Load-Bearing Timber–Glass Wall Elements

As mentioned before, transparent glass areas in energy-efficient timber houses are
mainly installed on the south façade of the building envelope. To decrease the torsional
effects of seismic forces, it is crucial to develop load-bearing timber–glass wall elements,
which can contribute to the overall racking resistance and stiffness of the whole building and
decrease the torsional effects. In such timber–glass wall elements, a conventional sheathing
board (fibre–plaster or OSB, Figure 4b) is replaced with a glass pane (Figure 4c). The main
concept of such timber–glass wall elements is that according to the basic horizontal force
distribution (Figure 4a), the bonding line between the glass pane and the timber frame
will take over the shear flow and the glass pane will take over the diagonal tensile force
transmission (Figure 4c).
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In the case of timber–glass wall elements, the horizontal point load acting at the top of
the element is consequently transferred to the supports in the same manner as presented in
Figure 4a for any timber-framed wall elements for any sheathing boards:

• The adhesive takes over the shear stress in the gluing line;
• The tensile diagonal of the glass pane shifts the force to the support.

Timber–glass wall elements will be further separately treated as single-skin façades
(SSF) with a single-glass panel and double-skin façade (DSF) elements with two panes
of glazing.

2.2.1. Single-Skin Façade (SSF) Timber–Glass Wall Elements

The problem with single-skin glazing in timber-framed walls acting as racking resisting
elements actually began with substantial research work in [11,13,24]. In these studies, a
single-skin timber-framed load-bearing wall element with one-pane non-insulating glazing
was developed using experimental and numerical tests. In [24], a special substructure was
used to connect the glass pane to the timber frame. The most important technological
advantage of such a type of connection is a relatively simple replacement of the glazing if it
breaks. In the study of Blyberg [25], a shear wall element intended to be used as a load-
bearing façade element was designed. In contradiction to [24] in this case, a non-insulating
glass one-pane was rigidly bonded to a timber frame using different types of adhesives.

However, all such load-bearing timber–glass elements actually do not have any ther-
mal insulating function and cannot be used as building envelope elements at all. Therefore,
in the Wood Wisdom international research project [12], load-bearing timber–glass wall
elements were further developed, where a double- or even a three-layered thermal insu-
lating single-skin glazing was rigidly bonded directly to the timber frame structure. Such
elements can be treated as single-skin façade elements. Since various parameters (such
as the type and thickness of the adhesive, the type and thickness of the glass pane, wall
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element dimensions, etc.) can significantly affect the racking resistance and stiffness of
such timber–glass wall elements, a unique mathematical model was further developed
using special spring elements to simulate the slip in the bonding line between the glass
pane and the timber frame [15]. A major parametrical numerical study varying the most
influential parameters stated above was further performed. It was demonstrated in many
experimental and numerical studies that triple-insulating glazing can foster higher racking
resistance and stiffness compared with single non-insulating glazing. However, many
challenges still lie ahead to improve the type of the bonding line, the type of the used
adhesive, the position of the glazing, etc., to enhance the horizontal resistance and stiff-
ness of timber–glass wall elements, improving the structural stability of the whole timber
building. The racking stiffness with a polyurethane or silicone adhesive is not in the same
range as the compared timber-framed walls with conventional sheathing boards, such as
OSB or fibre–plaster boards, which are prescribed by standards as primary load-bearing
racking-resistant structural wall elements.

2.2.2. Double-Skin Façade (DSF) Timber–Glass Wall Elements

As presented in Section 2.2.1, many experimental and numerical studies highlight
that the racking resistance obtained with the developed timber single-skin façade (SSF)
elements is not sufficient to improve the structural behaviour of a whole building under a
horizontal load impact, especially if the building is exposed to a more significant horizontal
load impact as schematically presented in Figure 3. Consequently, it is crucial to develop a
new load-bearing timber–glass wall element as a resisting bracing element in another way,
not by using only two- or three-layer insulating single-skin (SSF) glazing, but by adding
a structurally important external non-insulating single-layer glass pane. Such façade
elements are treated as double-skin façade elements (DSF) and will be further presented.
The introduction of innovative solutions by applying the developed DSF elements would
thus expand the range of multi-storey timber building design options on account of said
structural advantages. In practice, this would mean that buildings with a slightly more
complex design could be built (a higher degree of floor plan or façade asymmetry, more
storeys, etc., are allowed) within the scope of the same boundary conditions, and better
energy efficiency could be achieved.

The schematic presentation of such a load-bearing DSF element is provided in Figure 5.
It is important to point out that the thermal-insulating three-layered float glazing is placed
on the internal side of the façade element and a single-layer non-insulating fully-tempered
glazing on the external side. Solar shading systems can be integrated within the cavity, and
the width of the cavity can vary from 200 mm to even more than 2 m. The installation of
any ventilation devices, which would also be optimal for the building, is not suitable for
load-bearing DSF elements. Ventilation requires openings in the load-bearing elements
of the DSF system, which significantly affect the horizontal load-bearing capacity of such
a DSF wall element as presented in our previous study on timber-framed wall elements
with fibre–plaster sheathing boards [26]. Within the scope of the Home+ development
project, the developed timber DSF wall elements constitute an additional potential of
transparent areas in multi-storey timber construction [18]. In addition to the foreseen
structural advantages, they provide better sound insulation of the building envelope and
better energy performance as compared to the regular triple-insulating glazing [27–35].

Recently, many studies have analysed the thermal and acoustic performance of DSF
elements, but almost none of them have analysed their structural behaviour, especially
in terms of determining their racking resistance. Such façade elements were in the past
primarily developed with the goal of essentially improving the thermal and acoustic
resistance of the building envelope [30–32]. Therefore, DSF elements have been proposed
as a promising passive building technology to enhance energy efficiency and improve
indoor thermal comfort [33]. Such a constructed envelope DSF element demonstrates better
acoustic resistance [29] in comparison with the widely used and previously described single-
skin façade (SSF) elements and can, therefore, be suitable for high-noise areas where a high
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level of sound insulation is required [34,35]. In wide research in Pomponi and D’Amico [28],
a structural approach with a timber DSF was studied, but only for the vertical load impact.
Consequently, a load-bearing DSF timber element must also be developed for a horizontal
load impact to increase the possibility of also using larger transparent glass areas in multi-
storey timber-framed buildings and consequently to increase the potential of wood as a
natural and eco-friendly material in a variety of multi-storey residential buildings.
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Figure 5. Schematic presentation of a DSF load-bearing structural wall element [19].

3. Mathematical Modelling of Multi-Storey Timber-Framed Buildings
3.1. Mathematical Modelling of Conventional Timber-Framed Wall Elements

To perform the numerical analysis, it was initially necessary to define a suitable math-
ematical model of the structure. For this purpose, the previously introduced mathematical
model with a fictive diagonal for determining the racking stiffness of timber-framed wall
elements with conventional OSB or fibre–plaster (FPB) sheathing material [20] was ap-
plied and further developed for the timber–glass wall elements stiffness simulation. It is
important to point out that in the case of OSB or FPB, sheathing boards are connected to
the timber frame with mechanical fasteners, usually located at a constant distance (seff).
Consequently, the effective bending stiffness (EI)eff of such a wall element can be calculated
in a semi-analytical way through Equation (1c) using the Gamma method. Following the
expressions presented in [20], the fictive diagonal diameter for conventional sheathing
boards (OSB or FPB) is further determined in the way that the horizontal displacement of
the actual wall element is the same as the horizontal displacement of the simplified model
with a fictive diagonal as schematically presented in Figure 6. Finally, the fictive diagonal
diameter (dfic) is expressed in the final analytical form, as follows:

Ad,fic =
kp · Ld

ED · cos2 α
(1a)

kp =
1

Dp
=

(
H3

3 · EIeff
+

H
GAs

)−1

(1b)

(EI)eff = EbIb + EtIt = Eb ·
nb · t · b3

12
+ Et ·

(
2 · a3 · c

12
+

d3 · c
12

+ 2 · γi · At · z2

)
(1c)

dfic = 2 ·
√

Ad,fic

π
(1d)

with Eb and Et being the moduli of elasticity of the board and the timber. ED is the modulus
of elasticity of the diagonal with the fictive cross-section of the diagonal (Ad,fic) and Ld is the
length of the diagonal. The horizontal stiffness of the panel is kp, Dp is the panel capacity,
H is the height of the panel, and GA is the shear stiffness of the panel. The geometrical
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characteristics in Equation (1c) are schematically presented in Figure 7. However, it is
important to point out that the mathematical model developed by [20] can be used only
for sheets that are mechanically fastened to the timber frame by staples or nails. The
effective stiffness (EI)eff is calculated using the Gamma method following the Eurocode
5 [36] expressions. The stiffness coefficient of fasteners γy is defined in accordance with
Eurocode 5 [36].
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3.2. Mathematical Modelling of DSF Timber Wall Elements

In case of timber–glass wall elements, where the glass pane is continuously bonded to
the timber frame, it is not possible to determine the gamma coefficient and consequently
the effective stiffness (EI)eff in Equations (1b) and (1c) directly with the known expressions
from the Eurocodes, as it is numerically performed for the conventional sheathing boards
(OSB or FPB) in Section 3.1. The diameter of the fictive diagonal (dfic) can be determined
using Equation (2):

dfic =

√
4·Fcr·Ld

wcr· (cosα)2·π·ED
(2)

in two alternative approaches:

• By using the experimental results from [37] with the measured values for force forming
the first crack in the glass pane (Fcr) and the corresponding horizontal displacement
(wcr) at the top of the wall element. However, this procedure is very expensive and
also time-consuming;

• By using the numerical finite element method (FEM) approach, where the flexibility of
the bonding line is simulated with elastic spring elements. This approach is briefly
described below.

Certain developed mathematical finite element (FE) models with spring elements
simulate the flexibility of the bonding line between the glass pane and the timber frame [24].
The model is based on an extensive numerical parametric study performed only for single-
skin façade (SSF) elements and presented in [15]. The adhesive bonding of the glazing
panes to the timber frame was modelled using elastic linear link elements (springs) as
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schematically presented in Figure 8 and introduced by Kreuzinger and Niedermaier [38].
In the computational model, the timber frame was modelled with one-dimensional finite
elements (beams and studs) and the glazing panels with two-dimensional finite elements
of the “composite shell” type, which allows the simulation of multilayer shells. The
timber material was considered as an isotropic elastic material (with the modulus of
elasticity E0,mean) and the elements of the timber frame were modelled as the simple plane
stress elements. As glass is a very brittle material, it was therefore modelled as acting
linearly elastic in tension and compression; in reality, the adhesive bonding is provided
continuously over the whole perimeter, and the stiffness properties of discrete spring
elements were defined based on the spacing of the springs (la) in the computational model
using Equations (3) and (4) for the bonding line of the inner and outer glass panes (see
Figure 5) separately:

K1 =
Ea·Aa

ta
=

Ea·(wa·la)
ta

(3)

K2 =
Ga·Aa

ta
=

Ga·(wa·la)
ta

(4)

where K1 is stiffness in the direction normal to the connected plane, while K2 is the shear
stiffness in the two perpendicular directions in the connected plane. Ea and Ga are the
modulus of elasticity and the shear modulus of the adhesive material, respectively, ta and
wa designate the thickness and the width of the adhesive layer, respectively, and la is the
impact length for a single spring element and is equal to the spacing between the springs.
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Figure 8. Spring model introduced by Kreuzinger and Niedermaier [38].

With the presented FE model force forming the first crack in the glass pane (Fcr), the
corresponding horizontal displacement (wcr) at the top of the wall element at this force can
be calculated. The diameter of the fictive diagonal (dfic) can be determined now using the
expression in Equation (2).

The calculated values of the diameter of the fictive diagonal element (dfic), considering
various values for the width (wa) and the thickness (ta) of the adhesive in the bonding
line, are presented in Tables 1 and 2. The diameter of the fictive diagonal (dfic) was first
determined for different widths of the adhesive layer, considering a constant adhesive
thickness of ta = 7 mm (Table 1), and also for different adhesive thicknesses, considering a
constant (experimental) width of the adhesive layer of wa = 28 mm (Table 2). Both tables
present the racking stiffness (R) of the DSF wall element calculated with the programme
SAP 2000 [21] using the spring mathematical model (Figure 8) and the values for fictive
diagonal diameters subsequently obtained by Equation (2).
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Table 1. Fictive diagonal diameter and stiffness at different widths of the adhesive layer wa

(Ea = 1.083 MPa).

Width of the Adhesive Layer
wa (mm)

Racking Stiffness
R (N/mm)

Diameter of the Fictive
Diagonal
dfic (mm)

24 792 8.194
28 * 857 8.521
exp. 909
32 917 8.817
36 976 9.092

* Additional experimental study performed on DSF elements [37].

Table 2. Fictive diagonal diameter and stiffness at different adhesive thicknesses ta (Ea = 1.083 MPa).

Adhesive Thickness
ta (mm)

Racking Stiffness
R (N/mm)

Diameter of the Fictive
Diagonal
dfic (mm)

3 1563 11.506
5 1080 9.566

7 * 857 8.521
exp. 909

9 765 8.052
* Additional experimental study performed on DSF elements [37].

A comparison of the numerical and experimental results for the analysed DSF elements
is very briefly presented in Figure 9. However, a deep analysis can be found in [19].
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The results show that the racking stiffness (R) increases with the increasing width
of the adhesive layer (wa) or the decreasing adhesive thickness (ta). In the opposite case,
stiffness decreases. This was expected, as a higher thickness or lower effective width of
the adhesive results in the higher yield strength of the joint between the timber frame and
the glass. Similar conclusions were obtained for SSF elements in the parametric numerical
study in [16] and will not be further analysed in this paper.

However, in the current form, there is no further developed possible mathematical
analytical or semi-analytical correlation between the spring stiffness (K1 in Equation (3) and
K2 in Equation (4)) and the effective bending stiffness (EIeff in Equation (1c)) to follow the
developed expressions from Equations (1a–1d) to analytically determine the needed value
of the fictive diagonal parameter (dfic), as it can be very simply analytically performed for
conventional FPB or OSB sheathing boards. The DSF modelling presented here is therefore
an extension of the previously developed mathematical models of this type by using spring
elements (schematically presented in Figure 8) to simulate the bonding line [19]. However,
at this point, it is of the utmost importance to point out that using the described FEM
procedure with spring elements to determine the racking stiffness of DSF elements is very
time consuming. Moreover, the calculation time is too lengthy to be implemented into
the whole structural building model for the practical engineering implementation for the
seismic analysis of the whole structure.

4. Special Numerical Study on Selected Three-Storey Timber-Framed Building

The seismic resistance of a three-storey prefabricated building in Ljubljana (LJ), with a
constant floor plan in each storey as shown in Figure 10, has been analysed. The points
ABCD are the corner points on the top storey of the building, where the racking stiffnesses
(R) and displacements (U) were calculated. The side view of the building is shown in
Figure 11, where the marks 1–8 and A–G are the axes where the load-bearing wall elements
are located. The aim of our study is to compare the seismic resistance of a three-storey
building, where DSF elements will be considered as load-bearing and non-load-bearing
elements, and to assess a possible contribution of the load-bearing DSF elements to the over-
all seismic resistance of the chosen timber building. Therefore, two alternative structural
analyses were performed:

(a) The DSF elements are considered as non-resisting structural wall elements;
(b) The DSF elements are considered as horizontal-load-resisting structural wall elements.

The analyses will be focused primarily on the following two items:

(a) An increase in the overall racking stiffness of the building if the DSF elements are
considered as racking resisting;

(b) A decrease in the distortional effect in the first storey if the DSF elements are consid-
ered as racking resisting.

The DSF elements are primarily positioned on the south façade (direction X) to in-
crease solar gains through the transparent areas. The seismic analysis of the building
was performed using a 3D mathematical model and a modal analysis of the structure by
using the commercial finite element model computer programme SAP 2000 Nonlinear v
23.0.0 [21]. Therefore, in alternative (a), only solid wall elements without any openings and
DSF wall elements were considered as load-bearing elements, and in the alternative (b),
DSF elements with ta = 7 mm and wa = 28 mm, which are marked in red on the floor plan
(Figure 10), were taken into account in the calculation, using fictive diagonal elements to
simulate the racking stiffness of such transparent elements.

Since the length of the wall elements is not ideal (multiples of 1.25 m), we made the
assumption for all wall elements that each wall is a multiple of 1.25 m. The principle is
that for each wall, the number of full wall elements (1.25 m long) is determined, and the
remaining length is considered a full element if the length of the remaining part of the wall
is more than half the length of the full wall, i.e., 0.625 m. All wall elements (external and
internal) consist of a timber frame and two 2.50 m high sheathing boards. Fibre–plaster
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boards (FPB) are generally used as sheathing boards. Where the wall elements must be
reinforced, OSB sheathing boards were used instead of fibre–plaster boards.
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The structure was modelled using the previously described model with a fictive steel
diagonal with a circular cross-section, where the stiffness of the wall element is simulated
by the fictive diameter of the diagonal (dfic). Table 3 shows the fictive diagonal diameters
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and the racking stiffness of each resisting wall element, the conventional sheathing boards
(with FPB or OSB sheathing boards for the external and internal wall timber-framed wall
elements) and the load-bearing DSF elements. Both values for the DSF element were
taken from Tables 1 and 2 by using Equations (2)–(4), while the values for the OSB or FPB
timber-framed wall elements were calculated according to Equations (1a)–(1d).

Table 3. Diameter of the fictive diagonals and load-bearing capacities of the wall elements.

Timber-Framed Wall
Elements

Racking Stiffness (R)
of the Resisting Wall

Elements (N/mm)

Diameter of the Fictive
Diagonal
dfic (mm)

DSF 857 8.52
OSB—external wall 2800 16.90
OSB—internal wall 2482 15.93
FPB—external wall 4192 20.70
FPB—internal wall 3962 20.10

The supports are also simulated as fully rigid. At the same time, the axial stiffness of
the frame in the calculation model should be high enough so that the influence of the frame
ductility can be eliminated and only the ductility of the diagonals can be considered [20].
The material used for the diagonals was steel with a modulus of elasticity of E = 210 GPa.
The surface load subjected to the floor slabs was 2 kN/m2. A computational model has
been carried out for a three-storey timber building with identical floor plan dimensions.
Figure 11 shows the 3D model for the three-storey building, while Figure 12 shows the
model of the wall in Axis 1 using a load-bearing and non-load-bearing DSF element.
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Figure 12. View of Axis 1 of the three-storey wall model using load-bearing (a) and non-load-bearing
DSF elements (b).

5. Discussion of Results

The numerical results for the three-storey prefabricated building have been compared,
considering the DSF elements as load-bearing (alternative (b)) and non-load-bearing (al-
ternative (a)). In the case of the load-bearing DSF elements, the thickness of the fictive
diagonal was 8.52 mm. The comparison was performed for the location in Ljubljana, where
the design ground acceleration ag is 0.25 g. First, the oscillation times of the structure were
calculated. Table 4 shows the oscillation times (the first three oscillation modes) of the
structure for the two analysed alternatives with resisting and non-resisting DSF elements.
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Table 4. Oscillation times of the three-storey building considering load-bearing and non-load-bearing
DSF wall elements.

DSF Element Non-Load-Bearing DSF
Elements (a) Load-Bearing DSF Elements (b)

Oscillation Mode Oscillation Times
T [s]

Oscillation Times
T [s]

1. 0.479 0.438
2. 0.367 0.363
3. 0.308 0.303

As expected, the oscillation times are higher when considering non-load-bearing DSF
elements, because the racking stiffness is in this case smaller and the mass is supposed to
be unchanged. The calculated horizontal (racking) stiffnesses (R) and displacements of
the structure (at the resultant force FH = 376 kN for non-load-bearing DSF elements and
FH = 386 kN for load-bearing DSF elements) in both global orthogonal directions of the
earthquake action (directions X and Y) for the individual selected control points (A–D),
considering both load-bearing and non-load-bearing DSF elements, are shown in Table 5.

Table 5. Racking stiffnesses (R) and displacements (U) of the corner points on the top storey of the
three-storey building.

DSF Element Load-Bearing DSF Elements Non-Load-Bearing DSF Elements

Earthquake Direction X Direction Y Direction X Direction Y

Location LJ LJ

Point Displacement
(mm)

A
Ux
Uy
UR

10.25 7.96 9.35 8.51
1.09 6.37 2.31 6.89

10.31 10.20 9.63 10.95

B
Ux
Uy
UR

10.25 7.95 9.35 8.51
7.87 10.90 11.13 10.44

12.92 13.49 14.54 13.47

C
Ux
Uy
UR

17.35 6.59 21.64 7.56
1.09 6.38 2.32 6.90

17.38 9.17 21.76 10.24

D
Ux
Uy
UR

17.35 6.59 21.64 7.56
7.88 10.91 11.14 10.45

19.06 12.75 24.34 12.90
R (N/mm) 15,198 18,859 11,314 18,953

The allowed value of the horizontal displacements for a multi-storey building, accord-
ing to [22] is H/500, which, in our case, amounts to 15 mm. For Ljubljana, the values of
horizontal displacements exceed the prescribed Eurocode limits by about 21% when DSF
are considered as resisting and by about 38% when DSF are considered as non-resisting.
These values are marked in red in the table. The overall racking stiffness (R) of the whole
building also essentially increases if load-bearing DSF elements are used, i.e., by 34% in
the X direction, while there is almost no influence for the Y direction because almost all
load-bearing DSF elements are placed in the X direction (south face) of the building façade
only. Therefore, the use of load-bearing DSF elements is very important in this case.

Table 6 shows acting horizontal forces (Fx and Fy, respectively) due to seismic action
in two global perpendicular directions (directions X and Y) and the resulting force (FR) in
the external walls of the building façade (axes 1, 8, A, G), which are shown in Figure 11.
The horizontal force acting on the corner timber-framed wall element 1 in Axis 1 with the
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conventional OSB sheathing boards (F1 marked in Figure 12b) is particularly controlled to
assess the influence of the DSF load-bearing elements in decreasing the distortion of the
first floor.

Table 6. Horizontal forces in the exterior walls of the building.

DSF Element Load-Bearing DSF Elements Non-Load-Bearing DSF Elements

Earthquake Direction X Direction Y Direction X Direction Y

Location LJ LJ

Axis Force
(kN)

1
Fx 52.82 21.67 30.77 11.55
Fy 126.01 64.38 130.11 58.53
FR 136.63 67.93 133.70 59.66

8
Fx 43.78 43.62 39.44 45.94
Fy 80.13 119.42 117.79 120.68
FR 91.31 127.14 124.22 129.13

A
Fx 13.68 76.43 31.71 83.51
Fy 161.29 138.69 183.43 147.10
FR 161.87 158.36 186.15 169.15

G
Fx 28.80 47.96 42.92 47.38
Fy 130.93 128.20 131.08 125.20
FR 134.06 136.88 137.93 133.87

Axis 1: F1 (kN) 20.20 24.76 24.56 24.68

It is evident from the presented results that the force F1 decreased notably (by almost
18%) when the load-bearing DSF elements were used for seismic excitation in the X direction.
On the other hand, there is practically no influence for seismic excitation in the Y direction,
as similar results were observed for the overall racking stiffness of the building in Table 5.
Consequently, it can be concluded that the distortion effect on the building can be essentially
decreased by using load-bearing DSF elements.

6. Conclusions

Based on the computational analyses performed, the use of the developed DSF ele-
ments as load-bearing structural elements to increase the racking load-bearing capacity
of the whole structure proved to be very reasonable, since the racking stiffness of the
entire building could be increased by up to 35% with the given fixed installation of the
DSF elements. It should be noted that the influence of the stiffness of the DSF elements
on the overall racking stiffness of the whole building depends on the floor layout of the
load-bearing DSF elements on each individual floor. Additionally, as a secondary goal of
the study, it is important to point out that by using the DSF elements as racking resistant,
the distortion on the first floor essentially decreased because the horizontal action in the
checked corner timber-framed wall elements with an OSB sheathing board in Axis 1 was
lower by almost 18%.

The development of such racking-resistant timber DSF elements can open many new
perspectives in designing contemporary multi-storey timber buildings located in seismic
areas with strong winds and with a strong asymmetrical position of the transparent glass
areas. On the other hand, this decreases the energy demand for heating and provides
better daylight, contributing to better living comfort in the building. However, this opens
many structural problems, especially for mid- and high-rise prefabricated timber buildings,
which can be solved by the developed lateral resistant DSF elements. The results of the
study can also have important socioeconomic effects, as they can significantly contribute to
the additional expansion of multi-storey timber buildings throughout Europe, resulting in
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the better use of forested areas, and thus significantly contributing to the reduction of the
environmental impacts of buildings.

However, there are still some problems with the mathematical modelling of resisting
DSF elements using a simplified fictive diagonal model, which is only acceptable for a
practical and rapid engineering static and dynamical analysis of multi-storey prefabricated
timber buildings. In the current stage, the fictive diagonal model can be widely used only
for conventional timber-framed wall elements with OSB or FPB boards. However, for
load-bearing DSF elements, the effective bending stiffness of the composite wall elements
still cannot be calculated in a semi-analytical way through Equation (1c) using the Gamma
method. Therefore, the results of experimental tests or the FEM model with spring elements
have to be used first to determine the diameter of the fictive diagonal using Equation (2).
However, the experimental approach is very expensive and the FEM approach with springs
presented in this paper is still very time consuming. Therefore, it is of the utmost impor-
tance for further research to develop a semi-analytical approach to determine the fictive
diagonal diameter.
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Abstract: The optimal design of prestressed concrete cylindrical walls is greatly beneficial for eco-
nomic and environmental impact. However, the lack of the available big enough datasets for the
training of robust machine learning models is one of the factors that prevents wide adoption of
machine learning techniques in structural design. The current study demonstrates the application
of the well-established harmony search methodology to create a large database of optimal design
configurations. The unit costs of concrete and steel used in the construction, the specific weight of
the stored fluid, and the height of the cylindrical wall are the input variables whereas the optimum
thicknesses of the wall with and without post-tensioning are the output variables. Based on this
database, some of the most efficient ensemble learning techniques like the Extreme Gradient Boosting
(XGBoost), Light Gradient Boosting Machine (LightGBM), Categorical Gradient Boosting (CatBoost)
and Random Forest algorithms have been trained. An R2 score greater than 0.98 could be achieved
by all of the ensemble learning models. Furthermore, the impacts of different input features on the
predictions of different machine learning models have been analyzed using the SHapley Additive
exPlanations (SHAP) methodology. The height of the cylindrical wall was found to have the greatest
impact on the optimal wall thickness, followed by the specific weight of the stored fluid. Also,
with the help of individual conditional expectation (ICE) plots the variations of predictive model
outputs with respect to each input feature have been visualized. By using the genetic programming
methodology, predictive equations have been obtained for the optimal wall thickness.

Keywords: optimization; machine learning; XGBoost; SHAP; prestressed concrete; post-tensioning;
genetic programming

1. Introduction

Prestressing has well-known benefits in terms of increasing the load-carrying capacity
and durability of concrete structures like liquid storage tanks, silos, and nuclear facilities [1].
It significantly reduces concrete cracks at the tension side by pre-compressing those parts
of the concrete structures under tensile strain before the service loads are applied thereby
countering the effects of tension caused by bending. Post-tensioning is a type of prestressing
where the tendons are stressed after the concrete has been poured and hardened. Post-
tensioning is a particularly favorable technique when the serviceability requirements on
a large-scale structure cannot be met using conventional reinforcement techniques while
keeping the dimensions of the structure in an economically feasible range [2].

Previous studies of the reinforced concrete structures optimization with and without
prestressing have demonstrated the applicability of metaheuristic optimization techniques
like the harmony search (HS) methodology to reduce the structural cost and environmental
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impact [2–6]. Metaheuristic optimization techniques have been applied to a variety of
problems in civil and structural engineering including the dimensioning of trusses [7–13],
retaining walls [14–22], laminated composite plates [23–30], and steel plate girders [31].
On the other hand, post-tensioning in structures is an area where metaheuristic optimiza-
tion techniques found relatively few applications. The research in the area of structural
post-tensioning can be grouped into studies related to beams [32], slabs [33–35], experi-
mental studies [33,34,36], and numerical studies [32,34–36]. Elbelbisi et al. [32] performed
a parametric study of post-tensioned fiber reinforced polymer (FRP) systems. The flexural
behavior of beams externally post-tensioned with FRP tendons was investigated using
finite element analysis. The application of external post-tensioning significantly increased
the load-carrying capacity of the beams. Elsheshtawy et al. [33] investigated the effect of
prestressing force and layout of strands on the punching shear strength of slab-column
connections and found that the banded layout of the post-tensioning strands was most
favorable to increase the punching shear strength of the post-tensioned flat slabs. Attia
et al. [34] examined the load-carrying capacity of two-way flat slabs under post-tensioning
with external FRP laminates using finite element analysis. A parametric study was car-
ried out and it was shown that post-tensioning with FRP laminates increase the ductility.
Furthermore, strengthening near the supports was shown to be more effective than in
the middle of the slab. Tahmasebinia et al. [35] investigated post-tensioned concrete flat
slabs under dynamic loading. According to finite element analysis, increasing the slab
thickness and damping ratio is favorable towards better vibration serviceability. Vavrus
and Kralovanec [36] investigated the application of steel fiber reinforced concrete in the
anchorage zones of post-tensioning tendons to increase the load-carrying capacity. Based
on numerical analysis, increasing the fiber content near the anchorage plate is favorable for
the increase of the load carrying capacity. In some of the more recent studies in the area of
post-tensioned structural members, bearing capacity of anchorage zones [37], precast post-
tensioned girders [38], and post-tensioned self-compacting concrete beams with recycled
coarse aggregate [39] have been experimentally and numerically investigated. Lei et al. [37]
proposed a new formula for the bearing capacity of anchorage zones using the stress field
approach. Joyklad et al. [38] carried out an experimental program with full-scale pre-cast
post-tensioned (PCPT) girders accompanied with numerical simulations. Two PCPT gird-
ers of 29.95 m length, 1.8 m depth and 0.69 m width were manufactured. The upward
deflection response of these girders, post-tensioning tendon strains, and reinforcement
strains were measured with displacement transducers and strain gauges for 120 days. Fur-
thermore, the thermal response of fresh concrete was measured using thermocouple wires.
All measured parameters were observed to increase during post-tensioning. Yu et al. [39]
carried out four-point bending tests on post-tensioned beams with and without recycled
coarse aggregate. The specimens made with recycled coarse aggregate and self-compacting
concrete were demonstrated to have similar flexural capacity as the specimens with natural
coarse aggregate. To the best of the authors’ knowledge the only research studies involv-
ing the application of metaheuristic optimization techniques to post-tensioned reinforced
concrete cylindrical containers was carried out by Bekdaş et al. [40]. It was found that the
addition of multiple layers of post-tensioning cables reduces the amount of carbon emission
associated with the manufacturing process. Harmony search (HS), teaching–learning based
optimization (TLBO), and flower pollination algorithm (FPA) were utilized for minimizing
the carbon footprint.

The current study aims to develop predictive models using ensemble machine learning
techniques and genetic programming in order to predict the optimal value of wall thickness
for a post-tensioned reinforced concrete cylindrical wall. In order to train these predictive
models a large database of optimal design configurations has been generated using the
harmony search algorithm. The statistical analysis of this data set as well as the harmony
search methodology have been presented in Section 2 which also contains the details of the
genetic programming and ensemble learning algorithms. Using the genetic programming
algorithm, closed-form equations have been proposed for the prediction of the optimal
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wall thickness for cylindrical walls with and without post-tensioning. The performances
of the ensemble learning and genetic programming algorithms in predicting the optimal
wall thickness have been presented in Section 3. In the same section also, the input feature
impact analysis has been carried out using SHAP and individual conditional expectation
plots. The major novelty of the current paper is the proposal of a new methodology to
overcome the data scarcity for the training of reliable predictive models using machine
learning algorithms. Since reliable machine learning models necessitate large data sets
which are not readily available in case of post-tensioned cylindrical walls, the current
proposed technique can make a valuable contribution to this area.

2. Machine Learning and Optimization Methods

In this section, the procedures of building data sets of optimum post-tensioned cylin-
drical walls and developing machine learning (ML) models based on these data sets are
explained. The database for the training of the ML models is generated using the har-
mony search optimization algorithm. In this process the serviceability requirements on the
cylindrical wall such as the limitation on the crack size according to ACI 318 code [41] are
considered as the constraints of the optimization. The structural analysis of the cylindrical
walls has been carried out using the superposition method (SPM), which is based on St.
Venant’s principle according to which stresses sufficiently far from an applied load are not
significantly altered if this load is changed to a statically equivalent load combination [42].
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Aβl = e−βl(cosβl + sinβl), Bβl = e−βlsinβl (5)

Cβl = e−βl(cosβl− sinβl), Dβl = e−βlcosβl (6)

The process of SPM has been visually depicted in Figure 1 where the beam in the top
left shows a section of length L from an infinite wall, q is a distributed load representing
the forces acting on the wall, MA, MB, QA, QB are the moments and shear forces at the
positions A and B, respectively and P0, M0 at the bottom left portion of Figure 1 are the end
conditioning forces and moments, respectively which should be statically equivalent and
in opposite direction to MA, MB, QA, QB such that these moments and shear forces at the
positions A,B are cancelled and the infinite wall is equivalent to a finite wall with free ends.
The end-conditioning forces can be found by solving Equations (1) to (4). Further details of
the SPM can be found in Hetenyi [43] and Bekdaş [2].

The post-tensioning forces are denoted with P1 to Pn in the right side of Figure 1. The
optimal distances of these forces from the ground as well as their optimal magnitudes
were determined using the harmony search technique. The wall thickness, radius of
the cylindrical wall and the height of the wall are denoted with t, r, and H, respectively.
Using the methodology described in the previous paragraph, data sets of 1925 samples
were generated for cylindrical walls with different numbers of post-tensioning loads. The
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data samples were generated by considering the total cost of the resulting structures and
minimizing the objective function given in Equation (7).

f(x) = CcVc + CsWs + CptWpt + CfwAfw (7)

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 21 
 

 
Figure 1. SPM for cylindrical walls. 

The post-tensioning forces are denoted with Pଵ to P୬ in the right side of Figure 1. 
The optimal distances of these forces from the ground as well as their optimal magnitudes 
were determined using the harmony search technique. The wall thickness, radius of the 
cylindrical wall and the height of the wall are denoted with t, r, and H, respectively. Using 
the methodology described in the previous paragraph, data sets of 1925 samples were 
generated for cylindrical walls with different numbers of post-tensioning loads. The data 
samples were generated by considering the total cost of the resulting structures and min-
imizing the objective function given in Equation (7). f(𝐱) = CୡVୡ + CୱWୱ + C୮୲W୮୲ + C୵A୵ (7)

In Equation (7), f(𝐱) denotes the function that outputs the total cost of the resulting 
structure, 𝐱 denotes a vector containing the values for the wall dimensions and unit costs, 
and Cୡ, Cୱ, C୮୲, C୵ are the cost of concrete per unit volume, cost of steel rebars per unit 
weight, cost of post-tensioning per unit weight and cost of formwork per unit area, re-
spectively. The details of the objective function can be found in [2]. The database consist-
ing of the optimal design configurations has been taken for the prediction of the optimal 
wall thickness. The height of the wall (H), the unit cost of concrete (Cୡ), specific weight of 
the liquid (γ), and unit cost of steel (Cୱ), have been used as the input features defining the 
load cases. The following section shows the details of each data set used in the develop-
ment of the predictive models. 

2.1. Analysis of the Data Set 
The data sets used in the prediction of the optimal wall thickness for the case with 

and without post-tensioning consist of 1908 and 1925 data samples, respectively. The data 
sets were generated using the harmony search algorithm to find the optimal wall thickness 
value corresponding to certain combinations of wall height, fluid specific weight and unit 
costs of concrete and steel. These data sets are split into a training set and a test set in 70% 
to 30% ratio. The ensemble learning models have been trained on the training set using 
the 10-fold cross-validation process. Afterward, the performances of these models have 
been measured on the test set which consists of data samples yet unseen by the models. 
In the 10-fold cross-validation process the training set is split into 10 disjoint subsets. The 
models are trained using 9 of these subsets while the tenth subset is being used for model 
validation. After 10 passes of the training set the best performing model is being selected 
which is used for performance evaluation on the test set. 

The correlation plots in Figures 2 and 3 show the Pearson correlation coefficients be-
tween different features in the upper right triangular parts. It can be seen that the wall 
height is the most correlated input feature with the wall thickness with correlation coeffi-
cients of 0.89 and 0.91 followed by the fluid specific weight (γ) with correlation coefficients 
of 0.34 and 0.37. The strength of the correlation is also denoted by stars in Figures 2 and 3. 
A Pearson correlation coefficient close to 1 would indicate a highly linear relationship be-
tween to variables. The computation formula for the Pearson correlation coefficient is 

Figure 1. SPM for cylindrical walls.

In Equation (7), f(x) denotes the function that outputs the total cost of the resulting
structure, x denotes a vector containing the values for the wall dimensions and unit
costs, and Cc, Cs, Cpt, Cfw are the cost of concrete per unit volume, cost of steel rebars
per unit weight, cost of post-tensioning per unit weight and cost of formwork per unit
area, respectively. The details of the objective function can be found in [2]. The database
consisting of the optimal design configurations has been taken for the prediction of the
optimal wall thickness. The height of the wall (H), the unit cost of concrete (Cc), specific
weight of the liquid (γ), and unit cost of steel (Cs), have been used as the input features
defining the load cases. The following section shows the details of each data set used in the
development of the predictive models.

2.1. Analysis of the Data Set

The data sets used in the prediction of the optimal wall thickness for the case with
and without post-tensioning consist of 1908 and 1925 data samples, respectively. The data
sets were generated using the harmony search algorithm to find the optimal wall thickness
value corresponding to certain combinations of wall height, fluid specific weight and unit
costs of concrete and steel. These data sets are split into a training set and a test set in 70%
to 30% ratio. The ensemble learning models have been trained on the training set using
the 10-fold cross-validation process. Afterward, the performances of these models have
been measured on the test set which consists of data samples yet unseen by the models.
In the 10-fold cross-validation process the training set is split into 10 disjoint subsets. The
models are trained using 9 of these subsets while the tenth subset is being used for model
validation. After 10 passes of the training set the best performing model is being selected
which is used for performance evaluation on the test set.

The correlation plots in Figures 2 and 3 show the Pearson correlation coefficients
between different features in the upper right triangular parts. It can be seen that the
wall height is the most correlated input feature with the wall thickness with correlation
coefficients of 0.89 and 0.91 followed by the fluid specific weight (γ) with correlation
coefficients of 0.34 and 0.37. The strength of the correlation is also denoted by stars in
Figures 2 and 3. A Pearson correlation coefficient close to 1 would indicate a highly linear
relationship between to variables. The computation formula for the Pearson correlation
coefficient is given in Equation (8) where xi, yi denote two data series of equal length, n is

46



Sustainability 2023, 15, 7890

the length of these data series, and rxy is the Pearson correlation coefficient between these
two data series.

rxy =
n∑ n

i=1xiyi −∑ n
i=1xi∑ n

i=1yi√
n∑ n

i=1x2
i −

(
∑ n

i=1xi
)2
√

n∑ n
i=1y2

i −
(
∑ n

i=1yi
)2

(8)

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 21 
 

given in Equation (8) where x୧, y୧ denote two data series of equal length, n is the length 
of these data series, and r୶୷ is the Pearson correlation coefficient between these two data 
series. r୶୷ = n ∑ x୧y୧୬୧ୀଵ − ∑ x୧ ∑ y୧୬୧ୀଵ୬୧ୀଵඥn ∑ x୧ଶ୬୧ୀଵ − (∑ x୧୬୧ୀଵ )ଶඥn ∑ y୧ଶ୬୧ୀଵ − (∑ y୧୬୧ୀଵ )ଶ (8)

In addition to the Pearson coefficient, Figures 2 and 3 also display the distributions 
of different features. The diagonals of each plot contain frequency distributions of the fea-
tures whereas the lower left triangular area contains bivariate scatter plots with regression 
lines. For each feature denoted on a diagonal tile, the value range of this feature is shown 
in both the horizontal and the vertical axis. 

 
Figure 2. Correlation plot of the data set with one layer of post-tensioning cables. 

 
Figure 3. Correlation plot of the data set without post-tensioning cables. 

2.2. Harmony Search Algorithm 
The harmony search (HS) algorithm was developed by Geem et al. [44] and has been 

used for solving numerous optimization problems in broad areas including the numerical 
solution of differential equations [45], project scheduling [46], weapon target assignment 

Figure 2. Correlation plot of the data set with one layer of post-tensioning cables.

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 21 
 

given in Equation (8) where x୧, y୧ denote two data series of equal length, n is the length 
of these data series, and r୶୷ is the Pearson correlation coefficient between these two data 
series. r୶୷ = n ∑ x୧y୧୬୧ୀଵ − ∑ x୧ ∑ y୧୬୧ୀଵ୬୧ୀଵඥn ∑ x୧ଶ୬୧ୀଵ − (∑ x୧୬୧ୀଵ )ଶඥn ∑ y୧ଶ୬୧ୀଵ − (∑ y୧୬୧ୀଵ )ଶ (8)

In addition to the Pearson coefficient, Figures 2 and 3 also display the distributions 
of different features. The diagonals of each plot contain frequency distributions of the fea-
tures whereas the lower left triangular area contains bivariate scatter plots with regression 
lines. For each feature denoted on a diagonal tile, the value range of this feature is shown 
in both the horizontal and the vertical axis. 

 
Figure 2. Correlation plot of the data set with one layer of post-tensioning cables. 

 
Figure 3. Correlation plot of the data set without post-tensioning cables. 

2.2. Harmony Search Algorithm 
The harmony search (HS) algorithm was developed by Geem et al. [44] and has been 

used for solving numerous optimization problems in broad areas including the numerical 
solution of differential equations [45], project scheduling [46], weapon target assignment 

Figure 3. Correlation plot of the data set without post-tensioning cables.

In addition to the Pearson coefficient, Figures 2 and 3 also display the distributions of
different features. The diagonals of each plot contain frequency distributions of the features
whereas the lower left triangular area contains bivariate scatter plots with regression lines.
For each feature denoted on a diagonal tile, the value range of this feature is shown in both
the horizontal and the vertical axis.

2.2. Harmony Search Algorithm

The harmony search (HS) algorithm was developed by Geem et al. [44] and has
been used for solving numerous optimization problems in broad areas including the
numerical solution of differential equations [45], project scheduling [46], weapon target
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assignment [47], law enforcement [48], internet of things [49], robotics [50], soil stability
analysis [51], and structural design [52–54]. The HS method is based on the evolutionary
improvement of an initially randomly generated population of optimal solution candidates
denoted with x in Equations (10) and (11). The size of this population is denoted with HMS
in Equation (9) which stands for harmony memory size. As the members of the population
go through the HS iterations given in Equations (9) to (12), new and better-performing
population members replace the members of the previous generations.

k = int(rand·HMS), rand ∈ (0, 1) (9)

xi,new = xi,min + rand·(xi,max − xi,min), if HMCR > rand (10)

xi,new = xi,k + rand·PAR·(xi,max − xi,min), if HMCR ≤ rand (11)

HMCR = 0.5
(

1− i
max(i)

)
, PAR = 0.05

(
1− i

max(i)

)
(12)

2.3. Ensemble Learning Algorithms

Ensemble learning methods are based on the idea of combining the predictions of
multiple predictive models to obtain a strong learning algorithm. In this study XGBoost,
Random Forest, LightGBM, and Catboost ensemble learning algorithms have been applied.
The ensemble learning models have been trained using the scikit-learn library available
for the Python programming language. The XGBoost algorithm iteratively generates
decision trees while each newly generated tree corrects the errors of the previous trees. In
these iterations the XGBoost algorithm aims at minimizing the objective function given in
Equation (13) where M is the size of the training set, N is the number of decision trees, l
is a loss function and Ω is a penalty function. The XGBoost algorithm is summarized in
Equation (14) where g denotes the strong learner model which is a linear combination of N
weak learners denoted with gk and ŷ is the model prediction [55].

L =
M

∑
i=1

l(yi, ŷi)+
N

∑
k=1

Ω(fk) (13)

g(x) =
N

∑
k=1

gk(x) = ŷ (14)

The LightGBM, Random Forest, and CatBoost algorithms function on similar princi-
pals as the XGBoost algorithm by iteratively adding weak learner trees to the model and
combining their output to build a strong learner model. The distinguishing feature of the
LightGBM algorithm is its computational speed. The LightGBM algorithm implements
techniques such as histogram-based algorithm, and Gradient-based One-Side Sampling
(GOSS) to achieve improved performance [56]. On the other hand, the CatBoost algorithm
stands out by its ability to work with categorical features more efficiently. The CatBoost
algorithm incorporates ordered boosting, greedy method, and L2-regularization to improve
model performance [57].

2.4. Genetic Programming

Genetic programming (GP) is a population based evolutionary algorithm. The al-
gorithm generates a population of programs where each program is represented by a
tree structure. Each node in these programs represents an operation (such as addition
or multiplication) or a numerical value. Figure 4 shows an example of representing a
program as a tree structure where nodes containing numerical values, unary operators and
binary operators are shown in different colors. The fitness of each program is evaluated by
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running on a test set, and the programs that perform the best are selected for producing
the next generation of programs through crossover and mutation [58–60]. The process of
producing new programs from the existing ones using crossover and mutation operations
is schematically explained in Figure 5. In the crossover part of Figure 5 the identical parts
of the programs are shown inside rectangles of the same color whereas in the mutation part
the mutated operator is shown inside a red rectangle.
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3. Results

This section gives a detailed presentation of the predictive performances of the machine
learning models. The predicted and actual optimal wall thickness values are plotted against
each other and the percentage deviations of the predicted values from the actual thickness
values have been shown. The prediction accuracies of ML models have been quantified
using root mean squared error, mean absolute error, and the coefficient of determination
(R2). ML models have been trained on datasets of wall geometries with and without
post-tensioning cables. Figure 6 shows the prediction of the optimal wall thickness as a
function of the concrete and steel unit costs, liquid specific weight, and wall height for a
cylindrical wall without post-tensioning. The wall radius has been fixed at a constant value
in all the databases in this study since the liquid pressure on the wall is not affected by this
quantity. It can be observed from Figure 6 that the predicted and actual optimal values for
the thickness perfectly overlap.
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cables using (a) XGBoost, (b) Random Forest, (c) LightGBM, (d) CatBoost.

The performances of four different ML models have been quantified and listed in
Table 1. It can be observed that all of the ML models were able to predict the optimal
wall thickness values with near-perfect accuracy since the R2 scores are close to 1 for
all ML models. Table 1 also lists the performance values for the genetic programming
model (GP). Clearly, in terms of both accuracy and computational efficiency the GP model
performed worse than the ensemble learning models. However, the GP algorithm has been
included in this study, because this algorithm delivers closed-form equations that could be
easily incorporated into practical engineering applications for the prediction of the optimal
wall thickness.

Table 1. Model accuracies in predicting the optimal wall thickness without post-tensioning.

Algorithm
R2 MAE RMSE

Duration [s]
Train Test Train Test Train Test

XGBoost 0.9999 0.9999 0.0001 0.0002 0.0003 0.0003 4.81
Random Forest 0.9999 0.9999 10−5 3 × 10−5 9 × 10−5 0.0002 3.87

LightGBM 0.9999 0.9999 0.0005 0.0006 0.0012 0.0014 4.52
CatBoost 0.9999 0.9999 0.0002 0.0003 0.0002 0.0004 32.82

GP 0.9584 0.9573 0.0465 0.0460 0.0573 0.0570 359

The predicted and actual optimal wall thickness values in the case of a single layer of
post-tensioning have been plotted in Figure 7. It can be observed that the introduction of
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post-tensioning into the models caused a slight reduction in the accuracy of the ML models.
However, Table 2 shows that all ensemble models were capable of predicting the optimal
wall thickness with an R2 score greater than 0.98 on the test set.
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Figure 7. Comparison of the predicted and actual optimal wall thicknesses with post-tensioning for
(a) XGBoost, (b) Random forest, (c) LightGBM, (d) CatBoost.

Table 2. Model accuracies in predicting the optimal wall thickness with post-tensioning.

Algorithm
R2 MAE RMSE

Duration [s]
Train Test Train Test Train Test

XGBoost 0.9967 0.9825 0.0087 0.021 0.0139 0.0346 5.66
Random Forest 0.9973 0.9850 0.0077 0.019 0.0126 0.0320 5.14

LightGBM 0.9908 0.9864 0.0153 0.019 0.0234 0.0305 4.39
CatBoost 0.9931 0.9863 0.0129 0.018 0.0203 0.0306 25.15

GP 0.9588 0.9581 0.0422 0.045 0.0501 0.0531 150

To have a clear visualization of the model performance, the percentage errors on the
training and test sets have been plotted for the CatBoost model in Figure 8. Figure 8a shows
the overlap between the actual and predicted optimal wall thickness values. According to
Figure 8b, the error percentages fluctuate in the ±10% and ±30% ranges for the training
and test sets respectively. Figure 8c,d show the distributions of the error percentages for
the training and test sets respectively. Figure 8d, shows that most of the error percentage
fluctuations on the test set are accumulated in the ±20% range whereas smaller error
percentages are observed in Figure 8c in the ±10% range. The entire data set was split into
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a training set and a test set in 70% to 30% ratio. In terms of mean absolute error (MAE), the
CatBoost model performed best on the test set, whereas the LightGBM model performed
best in terms of RMSE and R2. It should be noted that all of the four ensemble learning
models tested in this study demonstrated similar performances and the differences in
performance are deemed negligible. On the other hand, a significant difference in terms
of the computational speed could be observed for the CatBoost model. It was observed
that the duration of training and testing the models is significantly longer in the case of
CatBoost. The LightGBM model was observed to be the most efficient model in terms of
computational speed, although the XGBoost and Random Forest models also have similar
performances to LightGBM in terms of computational speed. Finally, the closed-form
equation obtained from the genetic programming (GP) algorithm performed less accurately
than the ensemble learning models.
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Figure 8. Error percentages of the CatBoost model.

Figure 9 shows the first of the decision trees that constitute the XGBoost model
developed for the case with one layer of post-tensioning cables. The XGBoost model
consists of a total of 100 iteratively added decision trees such that each new decision tree
corrects the errors of the trees before itself. The final prediction of the XGBoost model is the
sum of all the predictions made by the decision trees. The decision tree in Figure 9 consists
of a root node which is split according to the level of wall height, 41 internal nodes, and
43 leaf nodes. The internal nodes are split at different levels of the fluid specific weight,
and the unit costs of steel and concrete. The green colored leaf nodes contain the possible
contributions of the decision tree to the final model prediction.
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3.1. Interpretation of the Ensemble Learning Models Using SHAP Approach

The SHAP summary plots in Figures 10 and 11 visualize the impact of each input
feature on the CatBoost model predictions. The load cases with and without post-tensioning
are visualized in Figures 10 and 11, respectively. In the SHAP summary plots each dot
represents one of the data points in the data set. The SHAP value corresponding to an
input feature in a data point is represented on the horizontal axis, whereas the value of
the input feature is color coded as shown with a color bar on the right-hand side of the
plot. The higher values of an input feature are displayed with shades of red, while blue
colors represent the lower values of an input feature. The input features are sorted by
the magnitude of their impact, in decreasing order from top to bottom. The SHAP value
measures the contribution of a feature to the model prediction such that positive SHAP
values indicate an increasing effect of an input feature on the model output and negative
SHAP values indicate a decreasing effect on the model output. The computation of the
SHAP values can be described as in Equation (15) where F is the set of all input features
and S is a subset of F where the feature with the index i has been withheld. In Equation (15),
x and φi represent a vector of input feature values and the corresponding SHAP value
respectively [61].

φi = ∑
S⊆F\{i}

|S|!(|F| − |S| − 1)!
|F|!

[
fS∪{i}

(
xS∪{i}

)
− fS(xS)

]
(15)

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 21 
 

3.1. Interpretation of the Ensemble Learning Models using SHAP Approach 
The SHAP summary plots in Figures 10 and 11 visualize the impact of each input 

feature on the CatBoost model predictions. The load cases with and without post-tension-
ing are visualized in Figures 10 and 11, respectively. In the SHAP summary plots each dot 
represents one of the data points in the data set. The SHAP value corresponding to an 
input feature in a data point is represented on the horizontal axis, whereas the value of 
the input feature is color coded as shown with a color bar on the right-hand side of the 
plot. The higher values of an input feature are displayed with shades of red, while blue 
colors represent the lower values of an input feature. The input features are sorted by the 
magnitude of their impact, in decreasing order from top to bottom. The SHAP value 
measures the contribution of a feature to the model prediction such that positive SHAP 
values indicate an increasing effect of an input feature on the model output and negative 
SHAP values indicate a decreasing effect on the model output. The computation of the 
SHAP values can be described as in Equation (15) where F is the set of all input features 
and S is a subset of F where the feature with the index i has been withheld. In Equation 
(15), x and ϕ୧ represent a vector of input feature values and the corresponding SHAP 
value respectively [61]. ϕ୧ =  |S|! (|F| − |S| − 1)!|F|! ൣfୗ∪ሼ୧ሽ൫𝐱ୗ∪ሼ୧ሽ൯ − fୗ(𝐱ୗ)൧ୗ⊆\ሼ୧ሽ  (15)

 
Figure 10. SHAP summary plot with one layer of post-tensioning. 

 
Figure 11. SHAP summary plot without post-tensioning. 

According to Figures 10 and 11 the height of the cylindrical wall has the greatest im-
pact on the predicted optimal wall thickness for both load cases. The fluid specific weight 
is the second most impactful input feature whereas the concrete and steel unit costs have 
a relatively minor impact on the model predictions. Particularly, in the load case without 
post-tensioning, the impacts of the concrete and steel unit costs are significantly less than 
the fluid specific weight and the wall height. 

Figures 12 and 13 show feature dependence plots where the y-axis represents the 
SHAP value for the feature of interest, and the x-axis represents the actual value of the 

Figure 10. SHAP summary plot with one layer of post-tensioning.

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 21 
 

3.1. Interpretation of the Ensemble Learning Models using SHAP Approach 
The SHAP summary plots in Figures 10 and 11 visualize the impact of each input 

feature on the CatBoost model predictions. The load cases with and without post-tension-
ing are visualized in Figures 10 and 11, respectively. In the SHAP summary plots each dot 
represents one of the data points in the data set. The SHAP value corresponding to an 
input feature in a data point is represented on the horizontal axis, whereas the value of 
the input feature is color coded as shown with a color bar on the right-hand side of the 
plot. The higher values of an input feature are displayed with shades of red, while blue 
colors represent the lower values of an input feature. The input features are sorted by the 
magnitude of their impact, in decreasing order from top to bottom. The SHAP value 
measures the contribution of a feature to the model prediction such that positive SHAP 
values indicate an increasing effect of an input feature on the model output and negative 
SHAP values indicate a decreasing effect on the model output. The computation of the 
SHAP values can be described as in Equation (15) where F is the set of all input features 
and S is a subset of F where the feature with the index i has been withheld. In Equation 
(15), x and ϕ୧ represent a vector of input feature values and the corresponding SHAP 
value respectively [61]. ϕ୧ =  |S|! (|F| − |S| − 1)!|F|! ൣfୗ∪ሼ୧ሽ൫𝐱ୗ∪ሼ୧ሽ൯ − fୗ(𝐱ୗ)൧ୗ⊆\ሼ୧ሽ  (15)

 
Figure 10. SHAP summary plot with one layer of post-tensioning. 

 
Figure 11. SHAP summary plot without post-tensioning. 

According to Figures 10 and 11 the height of the cylindrical wall has the greatest im-
pact on the predicted optimal wall thickness for both load cases. The fluid specific weight 
is the second most impactful input feature whereas the concrete and steel unit costs have 
a relatively minor impact on the model predictions. Particularly, in the load case without 
post-tensioning, the impacts of the concrete and steel unit costs are significantly less than 
the fluid specific weight and the wall height. 

Figures 12 and 13 show feature dependence plots where the y-axis represents the 
SHAP value for the feature of interest, and the x-axis represents the actual value of the 

Figure 11. SHAP summary plot without post-tensioning.

According to Figures 10 and 11 the height of the cylindrical wall has the greatest
impact on the predicted optimal wall thickness for both load cases. The fluid specific
weight is the second most impactful input feature whereas the concrete and steel unit costs
have a relatively minor impact on the model predictions. Particularly, in the load case
without post-tensioning, the impacts of the concrete and steel unit costs are significantly
less than the fluid specific weight and the wall height.
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Figures 12 and 13 show feature dependence plots where the y-axis represents the SHAP
value for the feature of interest, and the x-axis represents the actual value of the feature for
each point in the dataset for the cases with and without post-tensioning respectively. The
color of each dot on the feature dependence plots represents the value of a second feature
that is most correlated with the main feature represented in the horizontal axis. The feature
dependence plots convey information about how the predictions of the model are affected
as the value of an input feature varies. A positive relationship between a feature’s value
and its corresponding SHAP value indicates that an increase in that feature’s value will
result in an increase in the model predictions. In both Figures 12 and 13, there is a positive
relationship between the height of the wall and the corresponding SHAP values which
indicates that increased wall height leads to increased predictions of the wall thickness. The
coloring of the dots in Figures 12 and 13 indicate that for any given value of the wall height,
an increase in the fluid specific weight is associated with a greater increasing impact on the
model output wall heights greater than 10 m. On the other hand, for wall heights less than
10 m, in both load cases with and without post-tensioning, the fluid specific weight has
the opposite effect on the predicted wall thickness. A similar relationship is also observed
between the fluid specific weight and its SHAP value. For values greater than 10 kN/m3

the addition of this variable into the models has an increasing impact on the model output
whereas specific weight values less than 10 kN/m3 are associated with a decrease in the
predicted wall thickness values. Furthermore, for any given value of the fluid specific
weight, increased wall height also increases the impact of γ on the model output as the
coloring of the data points shows.
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with the wall height while the range of optimal wall thickness values becomes wider as 
the wall height increases. A less steep increase in the optimal wall thickness values can be 
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Individual conditional expectation (ICE) plots are helpful for gaining a better un-
derstanding of how a single feature affects the predictions made by a machine learning
model. The ICE plots in Figures 14 and 15 show the variation of the model predictions
concerning a single input feature while the values of the remaining input features are kept
constant. Each line in the ICE plot represents one of the data points in the data set and
the average value of the predictions for all the data points is plotted with a thick blue line.
Figures 14a and 15a clearly show that the predicted optimal wall thickness values increase
with the wall height while the range of optimal wall thickness values becomes wider as
the wall height increases. A less steep increase in the optimal wall thickness values can
be observed with respect to the γ values in Figures 14b and 15b. Also, for any given γ

value, the optimal wall thicknesses take values on a much wider range compared to the
wall height. Finally, the ICE plots of Cc and Cs show that these features have significantly
less impact on the model output compared to H and γ.
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3.2. Genetic Programming

Equations (16) and (17) have been obtained by the genetic programming algorithm
for the prediction of the optimal wall thickness as a function of the wall height and liquid
specific weight for the case of no post-tensioning and one post-tensioning cable, respectively.
The tree representations of Equations (16) and (17) are shown in Figure 16. The tree
population size was 5000 and mean absolute error (MAE) was used as the error metric.
MAE values of 0.041 and 0.046 could be achieved in less than 50 iterations in cases with
and without post-tensioning, respectively.

t(H,γ) = 0.095·H·log(0.878·log(γ)) (16)

t(H,γ) = tan
(

tan
(

0.093·H·tan
(

log
(√

log(γ)
))))

(17)
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Figures 17 and 18 show the development of the equation length and accuracy through-
out the generations. It can be seen from Figure 17 that after 50 iterations an MAE value of
0.046 could be achieved with a predictive equation that consists of 9 components in the load
case without post-tensioning. These 9 components consist of the log function which appears
2 times, the multiplication operator which appears 3 times, the coefficients 0.095 and 0.878,
and the variables H and γ. Figure 18 shows that after 50 iterations an MAE value of 0.041
is achieved with a predictive equation consisting of 11 components. These components
are the tangent function which appears 3 times, the log function which appears 2 times,
the square root function which appears 1 time, the multiplication operator which appears
2 times, the coefficient 0.093, and the variables H and γ. The larger MAE value associated
with the case without post-tensioning is due to the larger wall thicknesses necessary in the
absence of post-tensioning. A complete list of the hyperparameters modified in obtaining
Equations (16) and (17) is given in Table 3. For the remaining hyperparameters, the default
values have been used.
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Table 3. Hyperparameters for the Genetic Programmin (GP) Model of the wall thickness.

Model Parameter Name Value

GP population_size 5000
p_crossover 0.7

p_subtree_mutation 0.1
p_hoist_mutation 0.05
p_point_mutation 0.1
tournament_size 150

function_set (‘add’, ‘sin’, ‘cos’, ‘tan’, ‘log’,
‘sub’, ‘mul’, ‘div’, ‘sqrt’)

4. Discussion

The current study demonstrates the application of the harmony search optimization
algorithm in generating large data sets for training state-of-the-art machine learning mod-
els. The problem of predicting the optimal wall thickness of a cylindrical post-tensioned
reinforced concrete wall of a liquid container has been investigated. In addition to en-
semble learning models such as XGBoost and CatBoost also, the genetic programming
methodology has been utilized to obtain closed-form predictive equations. The ensemble
learning models have been trained with the height of the wall, specific weight of the liquid,
and unit costs of steel and concrete as the input features. It was shown that the inclusion
of post-tensioning cables leads to a decrease in the optimal wall thickness. The output of
the ensemble learning models has been further analyzed using the SHAP approach and
individual conditional expectation plots. The SHAP analysis showed that the wall height
is the most impactful input feature affecting the model predictions of the optimal wall
thickness followed by the liquid specific weight. An increase in the wall height and liquid
specific weight was shown to also increase the optimal wall thickness. Furthermore, the
genetic programming methodology provided predictive equations as functions of wall
height and liquid specific weight for the load cases with and without post-tensioning. All
predictive models were able to provide highly accurate predictions of the optimal wall
thickness, with of the ensemble learning models achieving R2 scores greater than 0.98 on
the test sets. The LightGBM model delivered the fastest and most accurate predictions in
the case of walls with post-tensioning whereas the CatBoost model was the slowest.
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5. Conclusions

The application of optimization techniques to generate big data sets is a novel approach
to overcome the lack of experimental data points for the training of ML models related
to structural engineering. Furthermore, the availability of closed-form equations for the
prediction of optimal design configurations has significant practical benefits. The current
study demonstrated the application of the genetic programming methodology in obtaining
closed-form equations for the prediction of the optimal wall thickness for a liquid containing
post-tensioned cylindrical wall. The data set necessary for this procedure was generated
using the harmony search optimization technique. The obtained predictive equations could
be incorporated into the engineering design process to facilitate structural optimization.
However, further research needs to be done with larger data sets for the performance
validation of the presented equations. On the other hand, higher R2 scores could be
obtained from the ensemble learning algorithms. A limitation of the current study is the
range of design variables included in the data set generation process. Future research in
this area can incorporate additional input features into the data set such as the mechanical
properties of steel and concrete or the positions of post-tensioning cables. Data sets can
also be further enhanced with the results of numerical studies.
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Nomenclature

Cc Unit cost of concrete Cc Unit cost of steel
Cpt Unit cost of post-tensioning Cfw Unit cost of formwork
F Set of all input features FPA Flower pollination algorithm
FRP Fiber reinforced polymer HMCR Harmony memory consideration rate
HMS Harmony memory size i Index of a design variable
γ Specific weight of the liquid GOSS Gradient-based One-Side Sampling
GP Genetic programming H Height of the wall
HS Harmony search ICE Individual conditional expectation
k Index of a population member M Size of the training set
MAE Mean absolute error ML Machine learning
N Number of decision trees Ω Penalty function
P1 . . . Pn Post-tensioning forces PAR Pitch adjustment rate
φi SHAP value of the i-th feature PCPT Pre-cast post-tensioned
r Radius of the cylindrical wall R2 Coefficient of determination
RMSE Root mean squared error rxy Pearson correlation coefficient
SHAP SHapley Additive exPlanations t Wall thickness
TLBO Teaching learning based optimization SPM Superposition method
Vc Volume of concrete Wpt Weight of post-tensioning cables
Ws Weight of steel ŷ Model prediction
Afw Area of formwork
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22. Cakiroglu, C.; Islam, K.; Bekdaş, G.; Nehdi, M.L. Data-driven ensemble learning approach for optimal design of cantilever soldier
pile retaining walls. Structures 2023, 51, 1268–1280. [CrossRef]

23. Jalili, S.; Khani, R.; Maheri, A.; Hosseinzadeh, Y. Performance assessment of meta-heuristics for composite layup optimisation.
Neural Comput. Appl. 2021, 34, 2031–2054. [CrossRef]

24. Nicholas, P.E.; Dharmaraja, C.; Sofia, A.S.; Vasudevan, D. Optimization of laminated composite plates subjected to nonuniform
thermal loads. Polym. Polym. Compos. 2019, 27, 314–322. [CrossRef]
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Abstract: An optimization model for reinforced concrete circular columns based on the Eurocodes is
presented. With the developed optimization model, which takes into account the exact distribution
of the steel reinforcement, which is not the case when designing with conventional column design
charts, an optimal design for the reinforced concrete cross section is determined. The optimization
model uses discrete variables, which makes the results more suitable for actual construction practice
and fully exploits the structural capacity of the structure. A parametric study of the applied axial load
and bending moment was performed for material cost and CO2 emissions. The results based on a
single objective function show that the optimal design of the reinforced concrete column cross section
obtained for the material cost objective function contains a larger cross-sectional area of concrete and
a smaller area of steel compared with the optimization results when CO2 emissions are determined
as the objective function. However, the optimal solution in the case where the material cost was
assigned as the objective function has much more reserve in axial load capacity than in the optimal
design where CO2 was chosen as the objective function. In addition, the multi-objective optimization
was performed to find a set of solutions that provide the best trade-offs between the material cost
and CO2 emission objectives.

Keywords: reinforced concrete columns; circular cross section; cost; CO2 emissions; multi-objective
optimization; genetic algorithm

1. Introduction

Column design charts are commonly used to determine the steel reinforcement re-
quired for a given axial loading and bending moment (Figure 1a). Each pair of axial load (N)
and bending moment (M) corresponds to a specific neutral axis position and can be plotted
as a point on an N-M graph. Connecting those points to a curve forms an envelope of col-
umn resistance against the axial load and bending moment. A stress state (caused by axial
and bending) outside the curve is not possible since the column resistance is overreached.
Alternatively, the area of steel reinforcement required is determined by non-dimensional
design charts such as those presented in Figure 1b. Steel reinforcement configuration affects
the column axial and bending resistances. As steel reinforcement increases the cross section,
the overall load-carrying capacity of the member increases, making it more resistant to
cracking and failure under applied loads. With more steel, the cross section also becomes
more ductile, allowing it to deform more before failure. This results in a more gradual and
favorable load–moment interaction diagram, as the capacity of the cross section is utilized
to a greater extent. In the design of reinforced concrete, a balanced steel reinforcement ratio
is often sought. This ratio is the point at which the concrete and steel simultaneously reach
their respective limits so that both materials can be used as efficiently as possible.
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Figure 1. Typical column design charts. (a) Axial and bending resistance, (b) non-dimensional design
charts.

Research on the optimization of reinforced concrete columns shows the evolution of
optimization methods, from linear programming to nonlinear programming [1] to genetic
algorithms [2] and particle swarm optimization [3]. Recent research has also introduced
multi-objective optimization methods that can simultaneously consider different objectives
and constraints, which enables cost-effective, environmentally friendly, and safe design
of reinforced concrete columns. The main objective of the optimization models is to find
the optimal cross-sectional dimensions and arrangement of steel reinforcement that can
support the applied loads with minimum cost, minimum CO2 emissions, and maximum
safety.

In the field of optimization and sustainability within structural engineering, re-
searchers have introduced various optimization techniques and objectives for different
types of structural elements. One such study, conducted by Zaforteza et al. [4], focused on
the application of the simulated annealing algorithm (SA) in optimizing reinforced concrete
frames. They considered two objective functions: the embedded CO2 emissions and the
economic cost. Another study, by Camp and Huq [5], utilized a hybrid algorithm called
big bang–big crunch (BB-BC) for the optimal design of reinforced concrete frames. Their
objective was to minimize either the total cost or the CO2 emissions associated with the
structures. Trinh et al. [6] employed a branch-and-reduce deterministic algorithm to opti-
mize the design of flat plate buildings based on carbon footprint. Alonso and Berdasco [7]
proposed a method to assess the carbon footprint of sawn timber products. Yeo and Gab-
bai [8] introduced a sustainable design approach for rectangular beams, aiming to minimize
both the embodied energy and cost. Zhang and Zhang [9] presented a study where a multi-
objective genetic algorithm was adopted for the sustainable design of reinforced concrete
members, considering both the embodied emissions and costs. Jayasinghe et al. [10] mini-
mized the embodied carbon in three different optimization approaches, namely theoretical
optimum shape finding, feasible optimum shape finding, and optimizing prismatic beams.
Sahebi and Dehestani [11] considered the objectives of cost and CO2 footprint in optimizing
the sustainable design of reinforced beams.

The work of Ahmed et al. [12] and Tayem and Najmi [13] concerned with the optimal
design of circular reinforced concrete columns using a nonlinear optimization approach to
minimize the material cost considering constraints on axial load capacity, bending capacity,
and maximum steel ratio. The hybrid optimization algorithm was also used to minimize the
total material cost and for predictive modeling of circular reinforced concrete columns [14].
Camp and Assadollah [15] also presented a hybrid optimization algorithm for the CO2 and
cost optimization of reinforced concrete foundations. The work of Zhao et al. [16] aimed to
optimize the design of reinforced concrete columns strengthened with square steel tubes
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and sandwiched concrete. Jelušič and Žlender [17] optimized the reinforced cross sections
of the geothermal energy piles using design column charts fitted with approximation
functions. Payá-Zaforteza et al. [18] proposed a multi-objective optimization approach to
optimize the cost and sustainability of reinforced concrete building frames considering
the constraints on structural performance, environmental impact, and economic feasibility.
Hong et al. [19] investigated an artificial-neural-network-based Lagrangian optimization
approach for a multi-objective optimization model in which both the cost and performance
of the reinforced concrete circular columns were optimized.

In this paper, a genetic algorithm is used to solve a multi-objective optimization prob-
lem, since it offers several advantages over other optimization techniques [20–22]. Genetic
algorithms preserve diversity within the population, which helps to explore a wide range
of solutions and avoid premature convergence to suboptimal solutions. This is important
in multi-objective optimization, where there may be multiple solutions that are equally
good but differ in terms of the tradeoffs between objectives. In addition, genetic algorithms
do not require differentiable functions, which is advantageous for complex nonlinear
functions that are common in multi-objective optimization. Finally, the genetic algorithm
can be easily parallelized to perform multiple evaluations simultaneously, allowing faster
convergence to optimal solutions. This is useful in multi-objective optimization, where
the evaluation of solutions can be computationally expensive. However, using genetic
algorithms for multi-objective optimization also has drawbacks, such as slow convergence
speed, non-deterministic results, and scalability issues. Tuning parameters or selecting ap-
propriate values such as population size, mutation rate, crossover probability, etc., can also
be challenging, and incorrect selection can affect the performance of the genetic algorithm.

The main objective of this paper is to present an optimization model based on mixed-
integer nonlinear programming solved by a genetic algorithm. The optimization model was
developed, and optimal designs were determined using MATLAB [23]. The development
optimization model is used to determine the difference in the design of reinforced concrete
circular columns in terms of the environmental and economic aspects.

Parametric optimization is performed separately for different combinations of applied
axial load and bending moments and for the two objective functions of material cost and
CO2 emissions, which are generated during the production of the reinforced concrete.
Furthermore, a multi-objective optimization was executed with the aim of identifying a
range of solutions that offer optimal balances between material cost and CO2 emission
objectives.

2. Optimization Model: Reinforced Circular Concrete Section (RCCS)

The optimization model, named the reinforced circular concrete section (RCCS), was
developed to minimize material cost, minimize CO2 consumption, or minimize both ma-
terial cost and CO2 consumption simultaneously through multi-objective optimization.
Therefore, the optimization model includes input data, two objective functions, and con-
straints derived from the structural analysis of a reinforced circular concrete section. The
structural analysis of the reinforced concrete section considers the relationship between the
axial force and the bending moment in the different positions of the neutral axis.

The input data represent the design and economic data (constants) for the optimization.
The design data comprise the design value of the applied axial load NEd (kN), the design
value of the applied bending moment MEd (kNm), the length of the column section L (m), the
characteristic value of the compressive strength of the concrete fck (MPa), the characteristic
value of the tensile strength of the steel fyk (MPa), the modulus of elasticity of steel Es (MPa),
the steel density ρsteel (kg/m3), the diameter of shear reinforcement Φlink (mm), a coefficient
taking account of sustained compression αcc, the safety factor for concrete γc, safety factor
for steel γs, and the concrete cover ccon. The input data also included all the defined values
of the necessary material cost and CO2 consumption coefficients included in the objective
functions, as well as all the other coefficients included in the objective function and the
structural analysis of a circular reinforced concrete section (see Table 1) and the discrete
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alternatives of the circular reinforced concrete column section (see Table 2). It should be
noted that the construction costs and the CO2 emissions that arise during the construction
of reinforced concrete are not included in the objective functions. The circular reinforced
concrete section has the following design variables: column diameter (Φ), location of
neutral axis (cx), steel reinforcement area (As,main), which is determined by the number of
rebars (n), and reinforcement diameter (Φmain), see Figure 2.
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2.1. Objective Functions of the Optimization Model RCCS

Material cost optimization refers to the process of reducing the cost of producing a
product or service by selecting the least expensive materials or minimizing the amount
of materials used. This process is primarily focused on reducing the financial cost of
producing a product. Optimizing the amount of CO2 generated by the use of materials, on
the other hand, refers to the process of reducing the greenhouse gas emissions generated
in the production of a product or service. This process is primarily aimed at reducing the
environmental impact of producing a product. Although these two concepts may overlap to
some degree, they are ultimately different. For example, it is possible to reduce the material
cost of a product by selecting a cheaper material, but this may result in a higher amount
of CO2 emissions during production. Conversely, it is possible to reduce the amount of
CO2 emissions by using more environmentally friendly materials, but this may result in
higher material costs. Ultimately, companies and investors need to find a balance between
optimizing the cost of materials and optimizing the amount of CO2 generated by the use
of materials in order to achieve their economic and environmental goals. Therefore, the
two objective functions are determined in the optimization model RCCS. The material cost
objective function is defined with Equation (1):

min : COST = ccon ·
(

π · Φ2/4
)
· L + csteel · ρsteel ·

(
π · Φmain

2/4
)
· L · n (1)

whereas the objective function for the quantity of CO2 emissions during the production of
reinforced concrete sections is defined by Equation (2):

min : CO2 = CO2,con ·
(

π · Φ2/4
)
· L + CO2,steel · ρsteel ·

(
π · Φmain

2/4
)
· L · n (2)

In Equation (1), ccon (€/m3) represents the unit price of concrete and csteel (€/kg) is
the unit price of the steel reinforcement, whereas in Equation (2), the CO2,con (kgCO2/m3)
represents the unit emissions of CO2 generated by the use of concrete and the CO2,steel
(kgCO2/kg) is the unit emissions of CO2 generated by the use of steel reinforcement.

2.2. Structural Analysis of a Reinforced Circular Concrete Section and Design Constraints

Both objective functions aim to minimize the amount of concrete and steel reinforce-
ment; however, the circular reinforced concrete cross section must be able to resist the
applied loads with a sufficient amount of material. The resistance of a circular reinforced
concrete section is calculated based on the location of the neutral axis. The neutral axis is
located at a distance cx below the compression face, where the cross section experiences
neither compression nor tension, resulting in zero strain at that level. Five main conditions
are defined in accordance with the Eurocode 2 [24] standard in the form of five inequality
constraints:

Condition 1: the design bending moment MEd in the circular reinforced concrete cross
section needs to be limited to under the design bending resistance MRd, see Equation (3).

MEd ≤ MRd (3)

Condition 2: the design axial load NEd applied to the circular reinforced concrete cross
section needs to be limited to under the design axial resistance or cross section NRd, see
Equation (4).

NEd ≤ NRd (4)

Condition 3: the minimum area of the main reinforcement must be provided, see
Equation (5).

As,total ≥ As,min (5)
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Condition 4: the distance between the neutral axis cx and the edge of the cross section
must always be positive, see Equation (6).

cx ≥ 0 (6)

Condition 5: the maximum area of the main reinforcement must not be exceeded, see
Equation (5).

As,total ≤ As,max (7)

The calculation procedure to determine the design bending resistance MRd and the de-
sign axial resistance NRd of the reinforced concrete circular cross section is presented
in Equations (8)–(50). First, the design compressive strength of the concrete fcd (see
Equation (8)) and the design tensile strength of the steel fyd (see Equation (9)) are cal-
culated:

fcd = αcc · fck/γc, (8)

fyd = fyk/γs (9)

In the proposed model, each rebar is assigned a unique identification number (ID)
along with its exact position in the coordinate system. The diameter of circle that joins the
centroid of the rebars can be calculated with Equation (10), and the circumference of this
internal circle is calculated by Equation (11):

Φin = Φ − 2·ccon − 2·Φlink − Φmain, (10)

Pin = π · Φin (11)

It should be noted that ccon represents the depth of concrete cover. The center to center
spacing between rebars that are evenly placed is calculated by using Equation (12):

smain = π · Φin/n (12)

The clear spacing between rebars sclear is therefore calculated by Equation (13); the
angle between each adjacent rebar θr is calculated by Equation (14):

sclear = s − Φmain, (13)

θr = smain/r (14)

where
r = Φin/2, (15)

s = 0.8 · cx (16)

The steel reinforcement of area As of a single rebar is calculated as:

As = π · Φmain
2/4 (17)

For each rebar (where i is from 1 to n), the position relative to the center of the circular
cross section can be defined with:

xnc,i = r · cos θcumm,i, (18)

ync,i = r · sin θcumm,i (19)
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where the cumulative angle from the vertical in a clockwise direction is determined as:

θcumm,i = (i − 1) · θr (20)

The location according to selected coordinate system (see, Figures 1 and 2) is therefore
defined with:

xn,i = Φmain/2 − xnc,i, (21)

yn,i = ync,i, (22)

To calculate the strain in each rebar εi at various locations of neutral axis,
Equations (23)–(31) are used:

xii = cx · (i − (i − 1)), (23)

Ti = xii − xn,i, (24)

Ui = xn,i − xii, (25)

Ai = 0.0035 · (Ti/xii), (26)

Bi = 0.0035 · (Ui/xii), (27)

Ci = fyd/Es, (28)

Di = min(Bi; Ci), (29)

zeroi = 0, (30)

εi =





Ai; Ti ≥ zeroi and s ≤ Φ
Di; Ti < zeroi

0.00175
(31)

The resistance force developed in rebars (NRd5,s,i) under compression (NRd3,s,i) or under
tension (NRd4,s,i) is determined by Equations (32)–(36):

NRd1,s,i = min
(

Es · εi · As; fyd · As

)
, (32)

NRd2,s,i = min
(
(Es · εi − (αcc/γc) · fck) · As;

(
fyd − (αcc/γc) · fck

)
· As

)
, (33)

NRd3,s,i =

{
NRd1,s,i; s ≤ xn,i

NRd2,s,i
, (34)

NRd4,s,i = −min
(

Es · εi · As; fyd · As

)
, (35)

NRd5,s,i =

{
NRd3,s,i; Ti > zeroi

NRd4,s,i
(36)

The design bending resistance of concrete and reinforcing bars is calculated by mul-
tiplying the developed resistance force by the lever arm from the center of the column
cross section, as determined in Figure 2. Since the cross section is symmetrical, the center
point is located at the center of the column cross section. The lever arm for concrete varies
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with the position of the neutral axis, but the lever arm for each rebar can be determined by
Equation (37):

ln,i = Φ/2 − xn,i (37)

Once the resistance force and the lever arm for each rebar is determined, the bending
moment resistance (MRd,s,i) for each rebar is calculated by Equation (38):

MRd,s,i = NRd5,s,i · ln,i (38)

Finally, the total axial load resistance (NRd,s,total) and the total bending moment re-
sistance (MRd,s,total) due to all reinforcing bars are calculated using Equation (39) and
Equation (40), respectively:

NRd,s,total = ∑n
i=1 NRd5,s,i, (39)

MRd,s,total = ∑n
i=1 MRd,s,i (40)

The distance from neutral axis and the center of the section hc is determined as:

hc =





Φ/2 − s ; s ≤ Φ/2
s − Φ/2; s ≤ Φ and s > Φ/2

0
(41)

To calculate the bending moment resistance due to the concrete resisting force, the
lever arm for the concrete force (cg,1 or cg,2) and the concrete area under compression (Ac)
are calculated using Equations (42)–(47), see Figure 2:

Ac =





θ
2 · π · π · Φ2

4 − 1
2 ·
(

Φ
2

)2
· sin θ; s ≤ Φ/2

(2 · π−θ)
2 · π · π · Φ2

4 + 1
2 ·
(

Φ
2

)2
· sin θ; s ≤ Φ and s > Φ/2

π · Φ2

4 ; s > Φ

(42)

where the inner angle θ is calculated as:

θ = 2 · cos−1
(

hc

(Φ/2)

)
, (43)

Ac1 =
1
2
· π · Φ2

4
, (44)

Ac2 =
θ

2 · π
· π · Φ2

4
− 1

2
·
(

Φ
2

)2
· sin θ, (45)

cg,1 =





4 · (Φ
2 ) · sin3( θ

2 )
3 · (θ−sinθ)

; s ≤ Φ/2
4 · (Φ

2 ) · sin3(π
2 )

3 · (π−sinπ)

, (46)

cg,2 =

{
4 · (Φ

2 ) · sin3( θ
2 )

3 · (θ−sinθ)
; s < Φ/2

0
(47)

Therefore, the bending moment resistance provided by concrete for any position of the
neutral axis (MRd,c) is determined by Equation (48), whereas the axial resistance of concrete
(NRd,c) is determined by Equation (49):

MRd,c =





Ac · fcd · cg,1; s ≤ Φ/2
Ac1 · fcd · cg,1 −

(
Ac1 · fcd · cg,1 − Ac2 · fcd · cg,2

)
; s ≤ Φ and s > Φ/2

0
, (48)
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NRd,c = fcd · Ac (49)

Summing the total axial resistance of all reinforcing bars (NRd,s,total) and the axial
resistance of the concrete (NRd,c) gives the design axial resistance or cross section (NRd)
according to Equation (50), whereas summing the total bending moment resistance of all
reinforcing bars (MRd,s,total) and the bending moment resistance of the concrete (MRd,c) gives
the design moment resistance or cross section (MRd) according to Equation (51).

NRd = NRd,c + NRd,s,total , (50)

MRd = MRd,c + MRd,s,total (51)

Once the design axial and bending moment resistance or cross section is available,
conditions 1 and 2 can be verified. However, for the verification of condition 3, the required
minimum area of steel reinforcement (As,min) and the total area of steel reinforcement
(As,total) must be calculated according to Equation (52) and Equation (53), respectively:

As,min = max

(
0.1 · NEd

fyd
; 0.002 · π · Φ2

4

)
, (52)

As,total = As · n (53)

The upper limit of the steel reinforcement area (As,max) is determined by Equation (54).

As,max = 0.04 ·
(

π · Φ2

4

)
(54)

The structural analysis of a circular reinforced concrete cross section also includes
design (in)equality constraints that ensure that the dimensions of the circular reinforced con-
crete cross section do not lie outside the specified limits. In addition, the
discrete/standardized values for the dimensions are used in the RCCS optimization model
(see Table 2). However, the diameter of the concrete cross section Φ (m) is limited by
Equation (55), the number of reinforcing bars n (-) varies between the lower and upper
limits, see Equation (56), and, finally, the diameter of the reinforcing bars Φmain (mm) is
limited by Equation (57).

ΦLO ≤ Φ ≤ ΦUP, (55)

nLO ≤ n ≤ nUP, (56)

ΦLO
main ≤ Φmain ≤ ΦLO

main (57)

Table 1. The input data involved in objective functions and structural analysis of a reinforced circular
concrete section.

Symbol Description Value

ccon unit price of concrete C30/37 115 EUR/m3

csteel
unit price of the steel
reinforcement S500 1.45 EUR/kg

CO2,con * unit emissions of CO2 for
concrete 308.2 kgCO2/m3

CO2,steel * unit emissions of CO2 for steel
reinforcement 0.87 kgCO2/kg
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Table 1. Cont.

Symbol Description Value

ρsteel steel density 7850 kg/m3

L length of the column section 1 m

fck
the compressive strength of
the concrete 30 MPa

fyk tensile strength of the steel 500 MPa
Es modulus of elasticity of steel 200,000 MPa
γc safety factor for concrete 1.5
γs safety factor for steel 1.15

αcc
coefficient for sustained
compression 0.85

Φlink
diameter of shear
reinforcement 6 mm

ccon concrete cover 30 mm
* The carbon footprint emission factors used in the study are taken from the literature [25].

Table 2. Discrete alternatives for the dimensions of the circular reinforced concrete cross section.

Variable Discrete Alternatives

Φ (mm) 400, 450, 500, 550, 600, 650, 700, 750, 800, 850,
900, 950, 1000

n (-) 6, 8, 10, 12, 14, 16, 18, 20, 22
Φmain (mm) 12, 14, 16, 18, 20, 22, 24, 26, 28

2.3. Genetic Algorithm

In MATLAB [23], the genetic algorithm (GA) provides built-in functions for implement-
ing genetic algorithms. To use GAs for mixed-integer design problems, the following steps
were performed: First, the objective functions (COST and CO2 emissions) and constraints
(four conditions) were defined. The design variables were also defined. One variable is
continuous (neutral axis location), whereas the other three variables are discrete (number
of rebars, diameter of steel reinforcement, and diameter of column). The fitness function
was determined to evaluate the objective(s) of the optimization problem. This function was
included in the design variables and returns a scalar fitness value. Constraints that must be
satisfied are also defined, such as upper and lower bounds for the design variables. The
parameters of GA, such as population size, maximum number of generations, tolerance
threshold for the fitness function, mutation rate, and crossover proportion, are selected to
improve the optimization results. Once the best solution is found, the integer variables are
mapped to a discrete set. To map integer variables to a discrete set, the MATLAB toolbox
provides built-in options for integer constraints. These methods were used to constrain
integer variables to a finite set of values. The results of the optimization, including the
fitness value and the values of the design variables, are evaluated separately for each
objective function in the multiparametric optimization section and simultaneously for both
objective functions in the multi-objective optimization section, whereas the optimal solu-
tion is presented as a set of Pareto-optimal solutions. In the multi-objective optimization
problem presented, the main objective is to minimize the first objective function subject to
the condition that the value of the second objective function does not exceed the threshold.
This threshold represents the maximum allowable value for the second objective function
that the decision maker is willing to accept given the importance of the first objective and
the tradeoffs between the two objectives. The threshold values are implicitly determined
by the fitness scaling function and the selection criteria used in the genetic algorithm. The
fitness scaling function maps the objective values of the solutions in the population to
a common scale that allows the algorithm to compare solutions with different objective
function values. The selection criteria are used to select the solutions that will be used to
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generate the next generation of solutions. These criteria consider both the objective values
of the solutions and their dominance relationship with other solutions in the population.
The main options of the genetic algorithm were set as follows: a population size of 500, a
maximum number of generations of 200, a number of elites of 20, and a function tolerance
for the fitness function of 1 × 10−8. In the multi-objective optimization, a large population
size of 1000 was used to increase the diversity of the population and improve the chance
of finding better solutions; a maximum of 50 was used to limit the number of generations
without progress and 100 generations was used to set the maximum number of generations
for the execution of the GA. By setting these parameters correctly, it is possible to optimize
the GA for multi-objective optimization and obtain high-quality solutions. The obtained
solutions satisfy the optimization criteria, and the genetic algorithm has effectively explored
the search space, efficiently evaluated potential solutions, and found solutions that are
close to the best possible solution.

3. Multiparametric Optimization

The previously defined optimization model RCCS was used to obtain the optimal
designs for different combinations of applied axial load NEd and bending moments MEd
and for the two objective functions material cost and CO2 emissions separately. The
multiparametric optimization was therefore performed for 30 combinations between the
following different design parameters:

• Three different axial loads: 1000 kN, 3000 kN, and 5000 kN;
• Five different bending moments: 100 kNm, 300 kNm, 500 kNm, 700 kNm, and

1000 kNm;
• Two objective functions: material cost and quantity of CO2 emissions.

The results of the 30 individual optimizations performed are shown in Tables 3 and 4
and in Figure 3. Table 3 shows the optimal design variables and associated material costs,
as well as the amount of CO2 emissions generated for the case where the material cost
is set as the objective function. Table 4 also shows optimal solutions for various design
parameters, but the results correspond to the case where the objective function was the
amount of CO2 emissions caused by the production of the reinforced concrete member.
Figure 3 directly compares the material costs where the optimization function was the
material costs and where the optimization function was the CO2 emissions. Note that the
dotted curves represent the values for the CO2 emissions. It can be concluded that when
the material COST was used as the objective function, a different design for the concrete
cross section was obtained than when CO2 emissions were chosen as the objective function.
The optimal design of the reinforced concrete cross section obtained for the material cost
objective function contains a larger cross-sectional area of concrete and a smaller area of
steel compared with the optimization results when CO2 emissions are determined as the
objective function. In general, exploitation of condition 1 (bending moment resistance)
was the top priority in both optimization models, regardless of whether material cost or
CO2 emissions were chosen as the objective function. However, the optimal solution in the
case where the material cost was assigned as the objective function has much more reserve
in axial load capacity than in the optimal design where CO2 was chosen as the objective
function.

Table 3. Optimal design for the case where the material cost has been assigned as an objective
function.

NEd
(kN)

MEd
(kNm)

cx
(mm)

n
(-)

Φmain
(mm)

Φ

(mm)
NRd
(kN)

MRd
(kNm)

As,min
(cm2)

As,total
(cm2)

COST
(€/m)

CO2
(kg/m)

1000 100 274.13 6 12 400 1304.0 107.6 2.51 6.79 22.18 43.36
1000 300 345.24 6 12 600 2196.8 342.7 5.65 6.79 40.24 91.78
1000 500 420.77 8 12 700 3180.4 545.8 7.70 9.05 54.56 124.79
1000 700 412.14 6 18 750 3230.4 701.9 8.84 15.27 68.18 146.59
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Table 3. Cont.

NEd
(kN)

MEd
(kNm)

cx
(mm)

n
(-)

Φmain
(mm)

Φ

(mm)
NRd
(kN)

MRd
(kNm)

As,min
(cm2)

As,total
(cm2)

COST
(€/m)

CO2
(kg/m)

1000 1000 518.16 14 12 850 4795.6 1000.8 11.35 15.83 83.28 185.70
3000 100 484.11 8 12 500 3021.5 122.0 6.90 9.05 32.88 66.69
3000 300 433.11 8 12 600 3021.3 333.7 6.90 9.05 42.81 93.32
3000 500 457.15 8 12 700 3560.1 538.6 7.70 9.05 54.56 124.79
3000 700 470.55 6 18 750 3927.1 701.8 8.84 15.27 68.18 146.59
3000 1000 487.00 14 12 850 4385.9 1002.8 11.35 15.83 83.28 185.70
5000 100 670.25 6 18 600 5002.9 102.8 11.50 15.27 49.89 97.57
5000 300 670.67 6 16 700 5699.5 335.1 11.50 12.06 57.99 126.85
5000 500 623.14 6 16 750 5571.6 558.7 11.50 12.06 64.54 144.40
5000 700 559.91 6 16 800 5111.5 787.9 11.50 12.06 71.54 163.16
5000 1000 539.41 16 12 850 5091.3 1011.3 11.50 18.10 85.85 187.25

Table 4. Optimal design for the case where CO2 emissions were assigned as the objective function.

NEd
(kN)

MEd
(kNm)

cx
(mm)

n
(-)

Φmain
(mm) Φ (mm)

NRd
(kN)

MRd
(kNm)

As,min
(cm2)

As,total
(cm2)

COST
(€/m)

CO2
(kg/m)

1000 100 301.79 6 12 400 1483.3 100.9 2.51 6.79 22.18 43.36
1000 300 231.21 8 26 450 1080.1 300.0 3.18 42.47 66.64 78.02
1000 500 241.57 18 22 500 1064.8 502.3 3.93 68.42 100.46 107.25
1000 700 276.92 18 22 600 1387.2 703.7 5.65 68.42 110.40 133.87
1000 1000 353.53 18 26 650 2591.7 1000.5 6.64 95.57 146.94 167.54
3000 100 455.84 20 12 450 3001.1 100.2 6.90 22.62 44.04 64.47
3000 300 421.93 12 16 550 3067.8 301.2 6.90 24.13 54.79 89.70
3000 500 391.52 20 16 600 3015.0 501.2 6.90 40.21 78.29 114.60
3000 700 386.66 10 26 650 3015.2 700.6 6.90 53.09 98.59 138.53
3000 1000 387.00 14 26 700 3024.4 1002.7 7.70 74.33 128.86 169.37
5000 100 671.73 6 18 600 5011.1 100.9 11.50 15.27 49.89 97.57
5000 300 615.70 16 12 650 5063.0 300.4 11.50 18.10 58.76 114.63
5000 500 575.86 18 12 700 5001.6 501.3 11.50 20.36 67.43 132.51
5000 700 551.17 12 16 750 5003.8 702.2 11.50 24.13 78.27 152.64
5000 1000 524.82 20 16 800 5008.2 1000.8 11.50 40.21 103.58 182.38
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The performance of the genetic algorithm is illustrated in the case where CO2 emissions
were assigned as the objective function and the reinforced concrete section was subjected to
an axial load of NEd = 1000 kN and bending moments of MEd = 1000 kNm. The progress of
the genetic algorithm, in terms of the best score value and mean score value, is plotted out
in Figure 4a. The genetic algorithm stopped when the average relative change in the best
fitness function value over stall generations was less than or equal to the function tolerance
(see, Figure 4b). The maximum number of iterations for the genetic algorithm to perform
was assigned to 200. Figure 4c shows a histogram of the parents and a population size of
500 individuals. The score at each generation is plotted in Figure 4d.
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Figure 4. Performance of the genetic algorithm (objective function: CO2 emissions, NEd = 1000 kN
and MEd = 1000 kNm): (a) progress of the genetic algorithm; (b) stopping criteria; (c) population size;
(d) score histogram.

4. Multi-Objective Optimization

In the above optimizations, where a single objective function (material cost or
CO2 emissions) was used, the optimization problem is relatively simple where the ob-
jective is to find the optimal value of the chosen objective function. In a multi-objective
optimization, there is no unique optimal solution because the optimization problem in-
volves tradeoffs between the objectives of material cost and CO2 emissions. The objective
of the multi-objective function is to find a set of solutions that provide the best trade-offs
between the different objectives. In multi-objective optimization, the optimal solution is
represented as a set of Pareto-optimal solutions, where no solution can be improved in
one objective without making it worse in at least one other objective. The Pareto-optimal
solutions represent the best possible tradeoffs among the different objectives, and the goal
is to find the set of solutions that is most desirable given the decision maker’s preferences.
The main difference between the Pareto front in optimization with discrete variables and
optimization with continuous variables lies in the nature of the design variables. Discrete
variables can only take a limited number of values, whereas continuous variables can take
any value within a certain range. In this optimization model, RCCS, discrete variables are
used so that the Pareto front consists of a set of discrete points, each point representing
a combination of the design variables that gives an optimal solution. In contrast, when
continuous variables are used, the Pareto front is a continuous curve representing an infinite
number of optimal solutions. Moreover, optimization with discrete variables results in
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a Pareto front that is less smooth and more jagged than the Pareto front obtained with
continuous variables. The reason for this is that the set of feasible solutions is limited by the
discrete nature of the design variables. Figures 5–7 show the Pareto front for axial loads of
1000 kN, 3000 kN, and 5000 kN, respectively. From all figures, it can be seen that not many
solutions were found, which is due to the use of discrete variables. It can also be seen that
the curves are flat, which means that a small reduction in CO2 emissions is accompanied
by a high increase in material costs, especially for an axial load of 1000 kN.
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Figure 5. Pareto front for a reinforced concrete circular cross section loaded with an axial load of
1000 kN for different applied bending moments.
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Figure 6. Pareto front for a reinforced concrete circular cross section loaded with an axial load of
3000 kN for different applied bending moments.
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Figure 7. Pareto front for a reinforced concrete circular cross section loaded with an axial load of
5000 kN for different applied bending moments.

Since the above Pareto notation only shows the tradeoff between CO2 emissions and
material costs and not the optimal solutions of the design variables, the parallel coordinate
representation is provided. A parallel coordinate representation is a visualization tech-
nique that can be used to display multidimensional data in a compact and informative
manner. In a parallel coordinate plot, the data points are shown as connected lines and
the parallel axes represent the different variables (applied bending moment, number of
rebars, values of optimal CO2 emissions, and material costs) and the optimal dimensions
(rebar and column diameters). The data points are grouped based on the applied bending
moment and plotted in different colors. Figure 8 shows that five different combinations of
reinforcement number, rebar diameter, and section diameter for an axial load of 1000 kN
and CO2 emissions for a bending moment of 1000 kNm result in five different optimal
costs and CO2 emissions, whereas only one optimal solution was obtained for an ap-
plied bending moment of 100 kNm. Figures 9 and 10 show that for an applied bending
moment of 100 kNm, the choice of different optimal designs achieves only a small re-
duction in CO2 emissions but causes a significant increase in material costs. The parallel
plot can be read as follows, as in Figure 9, see blue lines: for an applied axial load of
NEd = 3000 kN and a bending moment of MEd = 100 kNm, two optimal solutions are
determined. The first option includes the following values for the design variables: number
of rebars n = 12, rebar diameter Φmain = 16 mm, cross-sectional diameter Φ = 450 mm,
CO2 emissions = 65.5 kgCO2/m, and production COST = 45.8 EUR/m. The second option
includes the following values for the design variables: number of rebars n = 8, rebar diame-
ter Φmain = 12 mm, cross-sectional diameter Φ = 500 mm, CO2 emissions = 66.7 kgCO2/m,
and production COST = 32.9 EUR/m. It can be seen that a small increase in CO2 emissions
(by 1.8%) leads to a significant reduction in production costs (by 28.2%). The general obser-
vation is also that when designing the reinforced concrete cross section in multi-objective
optimization, not many optimal solutions are found for the designer to choose from due to
the discrete set of variables. In this case, the multi-objective optimization of material cost
and CO2 emissions no longer causes difficulties for the designer due to the large number of
different optimal solutions.
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5. Summery and Conclusions

An optimization model for reinforced concrete circular columns based on the Eurcode
2 standard is presented. Discrete variables are used for the practical design of the cross
section, which is particularly important for the number of reinforcing bars included in
the cross section. The optimization model enables a comparison of the optimal solutions
for the objective function material costs and CO2 emissions. The genetic algorithm was
used to solve the optimization problem, and the entire model was created in MATLAB
software (R2021a). The parametric study of applied axial load and bending moment was
performed for material cost and CO2 emissions. The results based on a single objective
function show that the optimal design of the reinforced concrete column cross section
obtained for the material cost objective function contains a larger cross-sectional area of
concrete and a smaller area of steel compared with the optimization results when CO2
emissions are determined as the objective function. The utilization of bending moment
resistance was the top priority for both optimal solutions, regardless of whether material
cost or CO2 emissions were chosen as the objective function. However, the optimal solution
in which material cost was assigned as the objective function has much more reserve in
axial load carrying capacity than the optimal design in which CO2 was selected as the
objective function. Furthermore, the multi-objective optimization was performed to find a
set of solutions that provide the best trade-offs between the material cost and CO2 emission
objectives. The general observation that emerges from the multi-objective optimization is
that when designing the reinforced concrete cross section, due to the discrete set of variables,
there are not many optimal solutions that the designer can choose from. However, material
costs are much more sensitive to the choice of optimal design than CO2 emissions. The
mixed-integer nonlinear optimization model RCCS was developed in a general form that
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can provide an optimal solution for various design parameters including different concrete
strength properties. Based on numerical analysis, the following conclusions can be stated:

- The optimal design of the reinforced concrete cross section, considering the material
cost as the objective function, results in a larger cross-sectional area of concrete and a
smaller area of steel compared with the optimization results when CO2 emissions are
considered as the objective function;

- The optimal solution obtained with material cost as the objective function exhibits a
significantly higher reserve in axial load capacity than the optimal design when CO2
emissions are selected as the objective function;

- Analyzing the Pareto front reveals that a marginal decrease in CO2 emissions is
accompanied by a substantial increase in material costs;

- In addition, the model can be integrated into the design of structural elements such as
columns and piles.
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Abstract: This paper presents the design of geosynthetic reinforced flexible pavements and their
modification by incorporating waste materials into bonded and unbonded layers of the pavement
structure. The optimal design of flexible pavements was achieved by minimizing the construction cost
of the pavement. The incorporation of waste materials into the pavement structure affects the material
properties. Therefore, along with the traffic load, the effects of the material properties of the asphalt
concrete, base layer, sub-base layer, and subgrade were analyzed in terms of pavement structure
costs and CO2 emissions of materials used in pavement construction. In addition, a comparison
was made between pavements with and without geosynthetic reinforcement in terms of design,
optimum construction cost, and CO2 emissions. The use of geosynthetics is even more effective in
pavement structures that contain waste materials in an unbound layer, both in terms of cost and CO2

emissions. The minimum value of the California Bearing Ratio of the subgrade was determined at
which the use of geosynthetic reinforcement for pavement structure with and without the inclusion
of waste materials is economically and sustainably justified. The use of geosynthetics could result in
a 15% reduction in pavement structure cost and a 9% reduction in CO2 emissions due to the reduced
thickness of unbound layers. In addition, reducing the CBR of the unbound layer from 100% to
30% due to the inclusion of waste materials implies a cost increase of up to 13%. While the present
study is based on an empirical pavement design method in which pavement thickness is limited
by the pavement thickness index, the same minimum thicknesses are obtained in the optimization
process regardless of whether the objective function is the minimum construction cost or minimum
CO2 emissions.

Keywords: pavement design; waste materials; optimization; minimum construction cost; CO2

emissions; geosynthetics

1. Introduction

The construction of buildings, roads, railroads, power grids, and other infrastructure
often generates large amounts of clean and contaminated waste, most of which ends up
in landfills. Therefore, measures that focus on sustainable management are important.
Smarter methods are needed to reduce waste and ensure that its reuse does not pose a
risk to public health or the environment. An analysis of current waste reuse practices
has identified the main barriers (legal, organizational, logistical, and material quality) to
effective reuse. The (re)use of waste, including excavated contaminated or uncontaminated
soils, offers the following benefits [1]:
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- Reduction in costs associated with disposal.
- Preservation of landfill capacity.
- Conservation of mined natural resources.
- Reduction in environmental and ecological impacts.

Waste management plays a critical role in road construction and encompasses a
number of important aspects, as pointed out by Hale et al. [1]. First and foremost, a
legal framework ensures that construction projects comply with environmental regulations
and waste disposal laws to minimize potential negative impacts on the ecosystem. The
organizational aspect involves effective planning and coordination among stakeholders
to promote efficient waste sorting, collection, and disposal processes. Logistical and
economic considerations optimize resource allocation, reduce costs, and minimize the
environmental footprint associated with waste transportation and disposal. In addition,
maintaining material quality is critical to ensure that waste materials incorporated into road
construction meet required standards and improve the overall infrastructure durability
and performance. Convergence of these aspects is essential to ensure that waste is not
simply disposed of, but reused through appropriate management practices, contributing to
sustainable road construction practices.

In the design of road pavements, many of the technical conditions set out in standards
and technical specifications must be met to ensure the quality of the material, which is
difficult to achieve when using waste. Waste may be contaminated depending on its
origin, so its level of contamination must be well characterized and evaluated as a first
step for reuse. In addition, these wastes may have quality differences and therefore need
to be characterized in order to assess whether the waste in question can be reused for the
proposed purpose (Figure 1). For this reason, several research works have been carried
out to precisely determine the performance of the material containing the different wastes.
Huang et al. [2] studied the different types of waste materials that can be used in road
pavements. The study included waste glass, steel slag, tires, and plastics, and investigated
the wet and dry methods, in which the waste material is mixed with bitumen, and the dry
method, in which the waste material replaces the fine aggregates in asphalt. The study
concluded that waste materials could prove to be valuable substitutes in the construction
process. Similar studies were conducted and confirmed the statement that waste materials
can be a valuable substitute for virgin material [3–5]. The properties of subgrade when
plastic waste is added were also analyzed. Abukhettala and Fall [6] concluded that the
amount of plastic waste added and the change in the CBR value of the subgrade is not
linearly correlated, but that depending on the type and form of plastic waste added, there
is a critical value beyond which the CBR value decreases. This study also suggests that this
is related to the reinforcing capacity of the plastic waste, as a smaller amount of plastic is
more easily distributed in the subgrade and therefore has a greater chance of increasing
the CBR value of the subgrade. Subgrade in particular clay was also reinforced using fly
ash. Studies showed a significant improvement in the CBR value of the subgrade when
15% fly ash was incorporated into the subgrade layer, reducing the required thickness and
lowering the cost of the asphalt pavement structure [7,8]. To determine the foundation
properties of bitumen containing plastic waste, models have been developed using various
machine learning algorithms [9]. Machine learning algorithms have also been applied to
predict the Marshall Stability of asphalt concrete based on bitumen content, plastic content,
bitumen grade, and plastic size [10]. Lee and Le [11] quantitatively investigated the effects
of adding waste plastic aggregates and magnesium-based additives in asphalt mixtures
and evaluated various properties such as the deformation strength, indirect tensile strength,
rut depth, and dynamic stability.
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Because waste materials have been shown to be useful and enhance performance or
be on par with virgin materials, various studies have been conducted on the economic and
environmental impacts that using waste material has over virgin materials. The cost of
asphalt pavement is mainly caused by the asphalt itself. Approximately 60% of the asphalt
cost is bitumen, so the main objective is to reduce the bitumen content to significantly affect
the cost savings [12]. Therefore, studies have been conducted on the usage of waste plastic
in bitumen to save costs. Vasudevan et al. [13] concluded that using waste plastic is an
ecofriendly disposal of plastic and that the performance of these roads is on par with roads
constructed with virgin materials while the costs were also reduced. The same conclusions
were also documented by several authors for the usage of crumb rubber to also reduce the
pavement costs for the same or even better performance [14,15].

Furthermore, following the costs, the environmental impact of using waste materials
has also been documented by several authors. To estimate carbon emissions from recycled
construction waste and other materials, a grey model that can be used in various situations
to estimate carbon emissions from recycling activities and carbon emissions from alternative
materials can benefit the environment. Wang et al. [16] proved the environmental benefits
of recycling and the use of waste materials in construction. Mechanical and environmental
performance was also studied and showed that including slag in asphalt mixes instead
of basalt aggregates showed environmental and cost advantages while also providing
better mechanical performance of the asphalt pavement structure while under load [17].
You et al. [18] studied the integration of recycled plastic waste into asphalt pavements.
This study showed that using recycled plastic waste in asphalt pavements instead of the
original plastic and applying the right process to reduce the generation of toxic exhaust
gasses that further pollute the climate can prove to be beneficial to the environment. It
should be noted, however, that despite some improvement in rutting, aging resistance,
and tensile strength of asphalt pavements, fatigue life and resistance to cracking at low
temperatures are significantly lower when plastic waste is used. White et al. [19] considered
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climate change and proposed a method for estimating CO2 emissions and the cost of
using alternative materials for road construction. LCA research of bituminous mixtures
containing recycled materials such as crumb rubber found significant environmental impact
and energy savings benefits when wet technology was used, but showed almost no benefits
when the dry technology was used, which the authors attributed to the lack of data on the
maintenance and life cycle of rubber-reinforced asphalt [20]. Practical applications of the
use of plastic waste have shown that it is possible to build durable roads from plastic and
that the construction of such roads reduces CO2 emissions compared to conventional road
pavements [21–23]. The research suggests that waste material is an important building
stone in pavement design and should be considered when constructing a new pavement.
This paper further evaluates the impact of the quality of the waste material and virgin
material mixture on the optimal pavement design and its CO2 equivalent.

Methods for designing pavements vary, with some being purely empirical and others
mechanistic-empirical. Base course thickness can be reduced with geosynthetics. The
performance of geosynthetic-reinforced flexible pavements can be evaluated using field
tests, laboratory tests, and numerical simulations. To compare conventional flexible pave-
ments with geosynthetic-reinforced flexible pavements, both unreinforced and reinforced
pavement types should be optimized at a minimum cost. For this purpose, optimization
models were developed and advanced algorithms were applied [24].

The main objective of this study is to investigate the feasibility of integrating waste
materials into bound and unbound layers of the road pavement while evaluating the
impact of these waste materials on the overall pavement design. This investigation relies
on the utilization of existing empirical methods for pavement design in conjunction with
an in-depth analysis of research efforts aimed at describing the material properties of
these waste constituents. Such an approach considers the complex interplay between the
inclusion of waste materials and the impact on the economic viability and environmental
sustainability of road pavements. Exploration of this multifaceted area seeks to unravel the
intricate link between waste utilization, pavement design optimization, and the broader
considerations of cost-effectiveness and ecological responsibility. A genetic algorithm
was employed in this study to optimize pavement structure cost and CO2 emissions in
accordance with pavement design guidelines. Genetic algorithms have proven to be very
effective because they do not require differentiable functions, which is advantageous for
complex nonlinear functions such as those often used in pavement optimization. The main
novelty of this work is the optimization model, which allows us to obtain an optimal design
of the pavement structure and is able to take into account different material properties
affected by the inclusion of waste materials, both in terms of cost and CO2 emissions. Such
an approach demonstrates the potential of using waste materials in flexible pavements
in terms of cost and CO2 emissions. To represent the effects of the material properties
of the asphalt, base layer, sub-base layer, and subgrade, all of which are affected by the
inclusion of waste materials, a parametric study was conducted to determine the optimal
design of flexible pavement structures using the developed optimization model. Due to the
large number of combinations of design parameters (material properties, traffic loads, and
geosynthetic reinforcement) involved in the optimization process, manual execution of the
algorithm was not possible. Therefore, an optimization model was developed that includes
a loop that performs optimizations for each combination. In addition, a sensitivity analysis
was performed on the importance of each design parameter based on all optimal solutions.

2. The Performance of Asphalt and Unbound Layers Containing Waste Materials

The performance of asphalt mixtures containing waste materials has been investigated
in Marshall tests, and numerous studies have concluded that waste materials, particu-
larly plastic waste, increase the stiffness modulus and thus the strength of the pavement.
However, researchers have also found that the stiffness modulus decreases above a certain
ratio of waste material to virgin material [25–28]. The Slovenian technical specifications for
the design of new asphalt pavements, based on the empirical AASHTO method, contain
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a series of diagrams showing a spectrum of values for Marshall test results of asphalt
mixtures and the CBR values of base and sub-base mixtures [29]. These diagrams were
considered in the analyses in this paper (see Figure 2). The Marshall test diagram and a
range of CBR values for the base and sub-base are paired with equivalence factors that
affect pavement design.
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To show the Marshall stability for asphalt pavements with different waste materials,
a diagram (Figure 3) was prepared based on several authors. The diagram includes the
ratio of waste materials to virgin materials and the effects on Marshall stability. Fly ash was
analyzed and showed an increase of 4 kN in the Marshall stability up to a certain point of
the waste ratio when mixed with bitumen, but the addition of additional fly ash, above 7%
of the mixture, was found to be suboptimal [30]. Plastic waste in the form of PE carry bags
also showed a similar effect on the Marshall stability, but the inflection point was 12% of
the bitumen weight, indicating a larger amount of waste that can be added to the asphalt
pavement and make it more environmentally friendly [31]. To further study plastic waste,
PET bottles were used in combination with bitumen. The test showed a steady increase in
Marshall stability with the turning point being at around 12% of PET bottles added [32].
The results are consistent with the previous study on PE carry bags, thus proving that
plastic waste is a reliable way to replace virgin material in asphalt pavements. Reinforcing
asphalt mixtures with Electric Arc Furnace Dust (EAFD), a hazardous waste generated in
the metallurgical industry, proved to be efficient for reinforcing asphalt pavements and
could be a cost-effective and sustainable way to reduce the potential environmental impact
of this waste material [33].

The inclusion of waste material in base and sub-base layers is rarely discussed, and
how mixing waste and gravel in various proportions affects CBR values is rarely stated. The
paper considers the experience of the authors of previous studies. An analysis of permanent
deformations of the base course of pavements and their dependence on the proportion of
accessors in the stone mixture had been carried out [34]. Žlender and Trauner [35] presented
the use of the electro-filter granular (EFG) for the base course of pavements. Different types
of EFG specimens were studied, first without reinforcement and then with one, three, and
five reinforcements. The failure and deformation envelope curves are given separately for
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all types of EFG specimens and compared with the results performed for standard ballast
base courses. The use of geosynthetic geocells as base course reinforcement was studied.
The results show that the proper use and positioning of geocells filled with supplementary
material can significantly reduce the thickness of asphalt layers [36,37]. The Cinderella
project [38] aimed to develop a new Circular Economy Business Model for the use of
secondary raw materials in urban areas. It included the use of secondary raw materials
created by recycling construction, industrial, mining, and some municipal wastes. One of
the project objectives was to create a circular model for resource use that would reduce
negative impacts on the environment. This would be achieved by introducing circular
supply chains in urban construction. The URGE project [39] accelerates the transition to
a circular economy. It aims to develop integrated urban circular economy strategies in
the construction sector as the main consumer of raw materials. Research on lightweight
materials as a possible solution to improve the low-bearing-capacity subgrade of pavements
has concluded that, due to their low density, lightweight materials can be used to reduce
weight in areas with the low-bearing-capacity subgrade. Due to their high porosity and
the resulting good thermal insulation properties, lightweight materials can be used as frost
protection layers in cold regions or as thermal insulation layers under road pavements.
From a mechanical point of view, this material can provide good compressive strength and
stiffness due to the relatively thick pore walls compared to the diameter of the voids [40].
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3. Optimization Model of Pavement Structure

The design and construction of pavement structures are of great importance due
to several interrelated factors. First, it is important to create a pavement structure that
can withstand the expected traffic loads during its lifespan. To achieve this, the criteria
set forth in the design specifications must be followed. By carefully considering these
criteria, engineers can ensure that the pavement structure will withstand the expected
traffic loads and maintain its structural integrity. Furthermore, another significant objective
is to construct the pavement structure while minimizing construction costs. To achieve this,
a cost objective function is defined for the pavement structure, which can be minimized
using optimization algorithms. By using such algorithms, engineers can determine the
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most cost-effective pavement design and materials, thereby reducing the financial burden
associated with pavement construction.

Moreover, it is also crucial to address environmental concerns during the pavement
construction process. Alongside minimizing construction costs, efforts should be made to
decrease the carbon footprint of the pavement structure. This can be achieved by imple-
menting sustainable practices, utilizing environmentally friendly materials, and optimizing
construction processes to reduce energy consumption and emissions. In addition, it is criti-
cal that environmental considerations be taken into account when constructing pavements.
In addition to minimizing construction costs, efforts should be made to reduce the carbon
footprint of pavement construction. This can be achieved by adopting sustainable practices,
minimizing pavement thickness, using environmentally friendly materials, and optimizing
construction processes to reduce energy consumption and emissions. To effectively achieve
the aforementioned objectives, the development of an optimization model is required. This
model should include a cost objective function that considers construction costs and a
carbon footprint function that considers environmental impacts. In addition, the optimiza-
tion model should include various constraints that limit the objective function to ensure
that the design of a pavement structure meets the required standards and specifications.
By incorporating these elements into the optimization model, engineers can aim for a
pavement structure that is both structurally sound and environmentally sustainable while
minimizing construction costs.

Such an optimization model is shown in Table 1, where the cost objective function
of the pavement design is developed, and the CO2 emissions generated during construc-
tion are evaluated. The optimized pavement structure meets all required standards and
specifications based on an empirical pavement design method.

Table 1. Optimization model.

Objective function COSTpav = Cexc + Cgc + C f ill,b + Cas,subs + C f ill,sb + Cas + Cab + Cgeo
Cexc = cexc·htotal ·(Bve + Bas)·L
Cgc = cgc·(Bve + Bas)·L
C f ill,b = c f ill,b·(Bve + Bas)·db·L
Cas,subs = cas,subs·Bas·L
C f ill,sb = c f ill,sb·(Bve + Bas)·dsb·L
Cas = cas·Bas·das·L
Cab = cab·Bas·dab·L
Cgeo = cgeo·(Bve + Bas)·L

CO2 emissions CO2, total = CO2,exc + CO2, f ill,b + CO2,as,subs + CO2, f ill,sb + CO2,as + CO2,ab + CO2,geo
CO2,exc = ciexc·htotal ·(Bve + Bas)·L
CO2, f ill,b = ci f ill,b·(Bve + Bas)·db·L·ρbase
CO2, as,subs = cias,subs·Bas·L
CO2, f ill,sb = ci f ill,sb·(Bve + Bas)·dsb·L·ρsub−base
CO2,as = cias·Bas·das·L·ρas
CO2,ab = ciab·Bas·dab·L·ρab
CO2,geo = cigeo·(Bve + Bas)·L

Condition 1 Dtotal ≥ Dreq
Dtotal = das·ai,as + dab·ai,ab + db·ai,b
Dreq = dasb,0·0.38 + db,CBRmod

·0.14
dasb,0 = a1·Tn

a2

db,CBRmod
=
(
(c1 − c2·CBRmod)· ln(Tn)− c3 + e(c4·CBRmod)·c5

)
/γgeo,b

Condition 2 Dtotal,AC ≥ Dreq,AC
Dtotal,AC = das·ai,as + dab·ai,ab
Dreq,AC = dasb,0·0.38
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Table 1. Cont.

Condition 3 Dtotal,base ≥ Dreq,base
Dtotal,base = db·ai,b
Dreq,base = db,CBRmod

·0.14

Condition 4 dprov ≥ dasb,0
dprov = das + dab

Condition 5 db ≥ db,req
db,req = db,CBRmod

Condition 6 htotal ≥ hreq
htotal = das + dab + db + dsb
hreq = hm· f f r

Condition 7 dsb ≥ dsb,CBRmod

dsb,CBRmod
=
(

b1·
(

b2·(CBRmod−CBR)
b3−CBR + b4

)
·
(

0.14
ai,sb

))
/γgeo,sb

Condition 8 das ≥ das,min

Condition 9 dab ≥ dab,min

Condition 10 db ≥ db,min

Condition 11 dsb ≥ dsb,min

Figure 4 shows the flexible pavement structure, which contains two bound layers
(asphalt surface layer and asphalt binder layer) and two unbound layers (base course and
sub-base course), as well as geosynthetic reinforcement.
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The optimization model comprises four variables that correspond to distinct layers
within a pavement structure. The variable das (m) represents the asphalt surface layer,
dab (m) represents the binder layer of the asphalt, db (m) represents the unbound
base layer, and dsb (m) represents the unbound sub-base layer. Additionally, the
construction cost of the pavement structure is defined as COSTpav (EUR). The input
data provided are used to represent various parameters and characteristics relevant
to the design properties, which are used in the optimization process of the pavement
structure. The definitions of the individual input data and the associated values
are listed in Table 2. The unit prices (cexe, cgc, cfill,sb, cfill,b, cas,subs, cas, cab, and cgeo)
of each material used in the pavement structure were assigned, as well as carbon
indices (ciexe, cifill,sb, cifill,b, cias,subs, cias, ciab, and cigeo) that allow the calculation of
the total CO2 emissions of the materials used in the pavement structure. While the
empirical pavement design method is included in the optimization model, where
the pavement thickness is limited by the pavement thickness index, it is of utmost
importance to determine the equivalence factors ai,as, ai,ab, ai,b, and ai,sb based on the
material properties of the individual pavement layers. In this way, it was possible to
take into account the inclusion of waste material affecting the stability according to the
Marshall stability test (SMas and SMab) in the asphalt concrete layer and the CBR value
(CBRbase and CBRsubbase) for the unbound base and the sub-base layer.

ai,as = t1·SMas
t2 (1)

ai,ab = t3·SMab
t4 (2)

ai,b = t5·CBRbase
t6 (3)

ai,sb = t7·CBRsubbase
t8 (4)

To satisfy the first five conditions, the required thickness of the asphalt, dasb,0 (cm),
and the required thickness of the unbound base layer, db,CBR,mod (cm), which depend on
the CBR of the subgrade, must be determined by a parameterized function. Therefore,
the parameters a1, a2, c1, c2, c3, c4, and c5 were determined based on an approximation
of the charts included in the technical specifications for roads, which relate to the
required thickness and the number of ESALs Tn. Since the main objective of placing
the sub-base layer is to improve the CBR value of the subgrade, the thickness of the
required unbound sub-base layer dsb,CBR,mod (cm) is calculated to provide the modified
CBR value at the top of the sub-base layer CBRmod. The correlation between the
original CBR value of the subgrade, the thickness of the sub-base, and the modified
CBR value at the top of the sub-base is determined by the parameters b1, b2, b3, and b4.
Furthermore, the thickness of the sub-base layer can be reduced by a factor of γgeo,sb if
the geosynthetic reinforcement is installed in the contact between the subgrade and
the sub-base layer. Condition 6 ensures that the overall thickness of the pavement is
sufficient to be frost resistant. While frost depth depends on geographic location and
hydrologic conditions, factors ffr and hm are determined using Table 3. Hydrological
conditions are favorable if the total thickness of the pavement structure is at least 1.5 m,
the water table is constantly below freezing, and drainage is ensured without water
inflow within the pavement. Otherwise, the factors for unfavorable conditions must
be considered. The last four conditions (conditions 8–11) ensure that the thickness of
each pavement layer is of a sufficient minimum thickness according to conventional
pavement construction techniques.
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Table 2. Explanation of input data in optimization model along with determined values.

Symbol Value Description

cexe (€/m3) 9 unit price of the ground excavation
cgc (€/m2) 2.5 unit price of the ground compaction
cfill,sb (€/m3) 24 unit price of the unbound sub-base fill
cfill,b (€/m3) 36 unit price for unbound base fill
cas,subs (€/m2) 1.5 unit price of the asphalt substrate
cas (€/m3) 300 unit price of the asphalt surface layer
cab (€/m3) 200 unit price of the asphalt binder layer
cgeo (€/m2) 3.2 unit price of the geosynthetics
Bve (m) 1 width of the verge
Bas (m) 8 width of the asphalt surface
L (m) 1000 length of pavement sections
ciexe (kgCO2/m3) 1.38 carbon index for the ground excavation
cifill,b (kgCO2/kg) 0.00248 carbon index for unbound sub-base fill
cias,subs (kgCO2/m2) 0.35 carbon index for unbound base fill
cifill,sb (kgCO2/kg) 0.00248 carbon index for asphalt substrate
cias (kgCO2/kg) 0.08278 carbon index for asphalt surface layer
ciab (kgCO2/kg) 0.08278 carbon index for asphalt binder layer
cigeo(kgCO2/m2) 0.396 carbon index for geosynthetics
ρbase (kg/m3) 1800 density of the unbound base fill
ρsub-base (kg/m3) 1800 density of the unbound sub-base fill
ρas (kg/m3) 2400 density of the asphalt surface layer
ρab (kg/m3) 2400 density of the asphalt binder layer
t1= t3 (-) 0.182104767 parameter for ai,as and ai,ab determination
t2= t4 (-) 0.389702035 parameter for ai,as and ai,ab determination
t5= t7 (-) 0.049219606 parameter for ai,b and ai,sb determination
t6= t8 (-) 0.227144669 parameter for ai,b and ai,sb determination
a1 (-) 0.6567 parameter for required thickness of the asphalt
a2 (-) 0.2175 parameter for required thickness of the asphalt
b1 (-) 8.382 parameter for required thickness of sub-base
b2 (-) −0.791 parameter for required thickness of sub-base
b3 (-) 1.975 parameter for required thickness of sub-base
b4 (-) 1.912 parameter for required thickness of sub-base
c1 (-) 6.239 parameter for required thickness of base layer
c2 (-) 0.376 parameter for required thickness of base layer
c3 (-) 26.64 parameter for required thickness of base layer
c4 (-) 0.141 parameter for required thickness of base layer
c5 (-) 4.882 parameter for required thickness of base layer
CBRmod (%) 15.0 modified CBR value at the top of the sub-base layer
γgeo,sb(-) 2.0 reduction factor for the consideration of the geosynthetic
hm (cm) 80 depth of frost penetration
ffr (-) 0.8 Factor for the conditions of the material at the site
das,min (m) 0.04 minimum thickness of the asphalt surface layer
dab,min (m) 0.06 minimum thickness of the asphalt binder layer
db,min (m) 0.25 minimum thickness of the unbound base layer
dsb,min (m) 0.20 minimum thickness of the unbound sub-base layer

Table 3. Minimum required thicknesses of the road pavement structures hreq [29].

Resistance of the Material under
the Pavement Structure against

the Effects of Freezing and
Thawing

Hydrological Conditions

Minimum Thickness of Pavement Structure
hreq = (ffr)·hm

hm Is Depth of Frost Penetration

to an Altitude of 600 m from an Altitude of 600 m

resistant
favorable (0.6)·hm (0.7)·hm

unfavorable (0.7)·hm (0.8)·hm

not resistant
favorable (0.7)·hm (0.8)·hm

unfavorable (0.8)·hm (0.9)·hm
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4. Multi Parametric Optimization

The main objective of this work is to analyze how the material properties of each
layer of the pavement affect the design thickness of the pavement and consequently the
construction costs and CO2 emissions. An optimization model was used to determine the
minimum thickness of each layer that still meets all conditions and consequently ensures
sufficient performance over the intended 20-year period. The ESAL is the most important
design parameter in pavement design, so a parametric analysis was also performed for this
parameter. Therefore, the optimal designs of the pavement structure were determined for
450 combinations of the following parameters:

- Total number of ESALs: Tn (1 × 104; 1 × 105; 1 × 106; 1 × 107; 1 × 107).
- California Bearing Ratio of subgrade: CBR (3%; 4%; 5%; 6%; 7%).
- Marshall stability of asphalt layers: SMas = SMab (2 kN; 4 kN; 6 kN; 8 kN; 10 kN).
- California Bearing Ratio of unbound layers: CBRbase = CBRsubbase (100%; 60%; 30%).

By performing such a multiparametric analysis, it is possible to show how the thickness
of each pavement layer increases as the material properties decrease due to the incorpo-
ration of waste material into each layer of the pavement structure under different traffic
loads. The optimization model was developed so that different values of Marshall stability
could be applied to the asphalt surface layer and the asphalt binder layer. However, in
the parametric analysis, the Marshall stability takes the same value for the asphalt surface
and asphalt binder layer (SMas = SMab). The same applies to the unbound base and the
sub-base layer (CBRbase = CBRsubbase).

The results of the optimal solution are presented in several steps. First, the parallel
coordinate plot is used to present multidimensional data on Marshall stability, CBR of
unbound layers, pavement cost, and CO2 emissions. In a parallel coordinate plot, the data
points are represented as contiguous lines, and the parallel axes represent the different
variables (Marshall stability, CBR of unbound layers, values of optimal pavement cost, and
CO2 emissions).

The data points are grouped based on Marshall stability and plotted in different colors.
Figure 5a shows fifteen different optimal costs and CO2 emissions for different combinations of
Marshall stability and CBR of the unbound layers for an ESAL of Tn = 1 × 106 and for subgrade
CBRsubgrade = 3%. While Figure 5b shows the results for pavements with geosynthetics,
Figure 5a presents the results without geosynthetic reinforcement. The parallel plot can be
read as in Figure 5a (see the blue lines) as follows: For a Marshall stability of SM = 2 kN
and a CBRbase = 30%, the optimal construction cost is 95.5 €/m2 and CO2 emissions are
41 kgCO2/m2, while for the same SM = 2 kN and a better CBRbase = 100%, the optimal
construction cost is 85 €/m2 and CO2 emissions are 39.3 kgCO2/m2. In this case, reducing
the CBR of the unbound layer from 100% to 30% means an increase of 12% in costs and 4%
in CO2 emissions. Similarly, for a pavement structure with geosynthetic reinforcement, and
the reduction in the quality of the unbound layers increases the cost by 9% and the CO2
emissions by 3%. It was also found that Marshall stability has the largest impact on both
cost and CO2 emissions.

From the results shown in Figure 6, it can be seen that costs increase by 25% and CO2
emissions by 48% when the Marshal stability of the asphalt layer is reduced from 10 kN to
2 kN. This reduction was calculated for a pavement with geosynthetics and a CBR value
of 30% for unbound layers. The use of geosynthetics in most of the cases discussed in
the parametric analysis reduces the cost of pavement structure and the amount of CO2
emissions. The largest reduction in COST and CO2 is given in the case where Tn is in the
range of 1 × 104, CBR = 3%, SM = 10 kN, and the CBR of the base and sub-base layers
is 30%. In this case, the use of geosynthetics results in a 15% reduction in COST and a
9% reduction in CO2 due to the reduced thickness of the unbound pavement structure.
Figure 6 shows that the use of geosynthetics is economically justified when the CBR of the
subgrade is less than 5%, and that the use of geosynthetics is environmentally justified
when the CBRsubgrade is less than 6% if the properties of the base and sub-base layer are
assumed to be CBRbase,subbase = 100%. If the CBR value of the base and sub-base layer

93



Sustainability 2023, 15, 13141

is low (CBRbase,subbase = 30%), the use of geosynthetics is justified from an economic and
environmental point of view if the CBR value of subgrade is less than 7%. It was found that
the use of geosynthetics is particularly important in the case where the base and subgrade
layers partially contain waste materials.
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Figure 6. Costs and CO2 emissions of road pavements depend on the quality of the subgrade and the
use of geosynthetics.

Table 4 (without geosynthetics) and Table 5 (with geosynthetics) show the optimal
pavement design including the thickness of asphalt layers, the base layer, and the
sub-base, as well as pavement costs and CO2 emissions. It should be noted that for all
parameter combinations, the optimal thickness of the asphalt surface layer was calculated
as das = 4 cm, which corresponds to the minimum value specified. Based on these two
tables, it was possible to evaluate the effects of the Marshall stability and the CBR value
of the unbound layer on the design of flexible pavements. The thickness of the unbound
layers increased from 91 cm to 120 cm when the CBR value of the base and sub-base
layers decreased from 100% to 30%. For real-world pavement projects, Tables 4 and 5 can
help engineers and designers select the most appropriate materials, layer thicknesses,
and construction methods for pavements where the design is based on the minimum
cost and CO2 emissions. The model was developed in a general form that allows an
optimal design to be obtained for any input data based on real site conditions, material
properties, and traffic loads.
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Table 4. Optimal pavement design for subgrade CBRsubgrade = 3%, without geosynthetic.

CBRbase = CBRsubbase = 100% CBRbase = CBRsubbase = 30%

Tn
(ESAL) SM das + dab db dsb COST CO2 das + dab db dsb COST CO2

(-) (kN) (cm) (cm) (cm) (€/m2) (kgCO2/m2) (cm) (cm) (cm) (€/m2) (kgCO2/m2)

1.0 × 104 10 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 105 10 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 106 10 13 25 66 68.2 26.7 13 33 87 78.7 28.4
1.0 × 107 10 22 25 66 87.0 40.9 22 33 87 97.5 42.6
1.0 × 108 10 36 25 66 116.3 62.9 36 33 87 126.8 64.6
1.0 × 104 8 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 105 8 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 106 8 13 25 66 68.2 26.7 13 33 87 78.7 28.4
1.0 × 107 8 22 25 66 87.0 40.9 22 33 87 97.5 42.6
1.0 × 108 8 36 25 66 116.3 62.9 36 33 87 126.8 64.6
1.0 × 104 6 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 105 6 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 106 6 14 25 66 70.3 28.3 14 33 87 80.8 30.0
1.0 × 107 6 23 25 66 89.1 42.4 23 33 87 99.6 44.1
1.0 × 108 6 38 25 66 120.5 66.0 38 33 87 131.0 67.7
1.0 × 104 4 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 105 4 10 25 66 61.9 22.0 10 33 87 72.5 23.7
1.0 × 106 4 16 25 66 74.5 31.4 16 33 87 85.0 33.1
1.0 × 107 4 27 25 66 97.5 48.7 27 33 87 108.0 50.4
1.0 × 108 4 44 25 66 133.0 75.4 44 33 87 143.5 77.1
1.0 × 104 2 13 25 66 68.2 26.7 13 33 87 78.7 28.4
1.0 × 105 2 13 25 66 68.2 26.7 13 33 87 78.7 28.4
1.0 × 106 2 21 25 66 84.9 39.3 21 33 87 95.5 41.0
1.0 × 107 2 36 25 66 116.3 62.9 36 33 87 126.8 64.6
1.0 × 108 2 58 25 66 162.3 97.4 58 33 87 172.8 99.1

Table 5. Optimal geosynthetic reinforced pavement design for subgrade CBR = 3%.

CBRbase = CBRsubbase = 100% CBRbase = CBRsubbase = 30%

Tn
(ESAL) SM das + dab db dsb COST CO2 das + dab db dsb COST CO2

(-) (kN) (cm) (cm) (cm) (€/m2) (kgCO2/m2) (cm) (cm) (cm) (€/m2) (kgCO2/m2)

1.0 × 104 10 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 105 10 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 106 10 13 25 33 60.9 25.2 13 33 44 68.1 26.3
1.0 × 107 10 22 25 33 79.7 39.3 22 33 44 87.0 40.4
1.0 × 108 10 36 25 33 109.0 61.3 36 33 44 116.2 62.4
1.0 × 104 8 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 105 8 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 106 8 13 25 33 60.9 25.2 13 33 44 68.1 26.3
1.0 × 107 8 22 25 33 79.7 39.3 22 33 44 87.0 40.4
1.0 × 108 8 36 25 33 109.0 61.3 36 33 44 116.2 62.4
1.0 × 104 6 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 105 6 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 106 6 14 25 33 63.0 26.8 14 33 44 70.2 27.9
1.0 × 107 6 23 25 33 81.8 40.9 23 33 44 89.0 42.0
1.0 × 108 6 38 25 33 113.2 64.5 38 33 44 120.4 65.6
1.0 × 104 4 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 105 4 10 25 33 54.6 20.5 10 33 44 61.9 21.6
1.0 × 106 4 16 25 33 67.2 29.9 16 33 44 74.4 31.0
1.0 × 107 4 27 25 33 90.2 47.2 27 33 44 97.4 48.3
1.0 × 108 4 44 25 33 125.7 73.9 44 33 44 132.9 75.0
1.0 × 104 2 13 25 33 60.9 25.2 13 33 44 68.1 26.3
1.0 × 105 2 13 25 33 60.9 25.2 13 33 44 68.1 26.3
1.0 × 106 2 21 25 33 77.6 37.8 21 33 44 84.9 38.9
1.0 × 107 2 36 25 33 109.0 61.3 36 33 44 116.2 62.4
1.0 × 108 2 58 25 33 155.0 95.9 58 33 44 162.2 97.0
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Different input data were utilized to determine the optimal configuration of the
pavement structure. The four primary inputs comprise the overall count of ESAL (Tn),
the Marshall stability of asphalt layers (SMas = SMab), the California Bearing Ratio of the
base and sub-base layer (CBRbase = CBRsubbase), and the subgrade conditions (CBRsubgrade).
Through this multiparametric analysis, the primary goal was to employ these key attributes
to anticipate other continuous characteristics, including the minimum cost of pavement
structure (COST) and the minimum CO2 emissions (CO2). Prior to employing the predictive
model, the dataset was split into a training dataset (odd-indexed samples) and a checking
dataset (even-indexed samples). The “exhsrch” function in MATLAB (R2021a) was utilized
to exhaustively search among the available inputs and determine the set of inputs that have
the greatest impact on the optimal cost of the pavement structure and layer thickness. The
“exhsrch” function involved building predictive models for each parameter combination,
training them for an epoch, and subsequently reporting their achieved performance. In
Figure 7, the leftmost input variable is the most pertinent in terms of the output, as it
exhibits the lowest root-mean-square error (RMSE). The RMSE is defined as follows:

RMSE =

√
∑n

i=1(x̂i − xi)
2

n
(5)
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Here, x̂i represents the predicted values, while xi represents the values obtained
through the optimization procedure (COST, CO2). Prediction models often face the chal-
lenge of overfitting. However, in this simple prediction model, the training and checking
errors are comparable, indicating the absence of overfitting. It is important to note that the
primary objective of this prediction model is to identify the inputs that exert the greatest
influence on the output, rather than constructing a prediction model with minimal training
error. To enhance the accuracy of the prediction model, it is advisable to incorporate more
neurons in the neural networks. However, an increase in neurons may potentially lead to
overfitting issues. The analysis also examines the combination of two inputs that hold the
greatest influence over the output. The results of the parametric analysis unmistakably
indicate that the total number of ESALs (Tn) is the most crucial parameter for achieving the
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optimal cost of a pavement structure. Subsequently, the Marshall stability (SMas = SMab),
CBR of the subgrade (CBRsubgrade), and CBR of unbound layers (CBRbase = CBRsubbase) follow
suit in terms of their significance.

Based on Figure 8, regarding the CO2 emissions for the pavement structure, the bound
layers (asphalt layers) are responsible for 96% of the CO2 emissions, while the unbound
layers account for the remaining 4%. This distribution of CO2 emissions is valid for
Tn = 1 × 108, CBRsubgrade = 7%, CBRbase = 100%, and SMas = 2 kN. The analysis shows that
the fraction of CO2 emissions caused by asphalt layers is much more sensitive to design
parameters, while the fraction of pavement costs caused by asphalt layers is less sensitive
to design parameters.
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Figure 8. Proportion of COST and CO2 emissions contributed by the asphalt layer.

5. Conclusions

The present work deals with the aspect of the material quality of the pavement
structure, provided that other legal, organizational, and logistical conditions are also met. It
examines how the incorporation of waste materials in bound and unbound pavement layers
affects layer thicknesses and consequently on costs and CO2 emissions. The inclusion of
waste materials was accounted for via equivalence factors used in the empirical pavement
design method. The geosynthetic reinforced and unreinforced pavement design was
optimized for different traffic loads and material properties. The proportion of costs
and CO2 emissions of the asphalt layers were also calculated. The main conclusions are
the following:
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- For the most unfavorable design parameters examined in the parametric analysis,
the thickness of the unbound layers increased from 91 cm to 120 cm (32% increase in
thickness) when the CBR value of the base and sub-base layers decreased from 100%
to 30%.

- For the most unfavorable design parameters examined in the parametric analysis, the
thickness of the asphalt layer increased from 36 cm to 58 cm (61% increase in thickness)
when the Marshall stability value of the asphalt layer decreased from 10 kN to 2 kN.

- The analysis shows that the proportion of CO2 emissions caused by asphalt layers
can vary from 30% to 96% depending on the design parameters, while the proportion
of costs caused by asphalt layers only ranges from 67% to 79% for the same design
parameters. This is due to the fact that the ratio of CO2 emissions between the asphalt
layer and the unbound layer is higher than the ratio of prices.

- The results of the parametric analysis show that the total number of ESALs (Tn) is
the most important parameter for achieving the optimal cost of a pavement struc-
ture. This is followed by the Marshall stability (SM), the CBR value of the subgrade
(CBRsubgrade), and the CBR value of the unbound layers (CBRbase = CBRsubbase) in
terms of their importance.

- The use of geosynthetics could result in a 15% reduction in pavement structure cost
and a 9% reduction in CO2 emissions due to the reduced thickness of unbound layers.
However, the use of geosynthetics could also result in an increase in road pavement
structure cost and CO2 emissions under favorable site conditions (e.g., with a CBR
subgrade of 7%).

- The empirical design method for pavements limits the Marshall stability to approxi-
mately 10 kN, although the stability of asphalt concrete could be higher. Therefore, the
mechanical-empirical design method could further improve the optimization model
by considering even larger Marshall stability values.

The optimization model was developed in a general form that can provide an optimal
solution for various design parameters including different traffic loads, site conditions,
and material properties that depend on specific real project data. Further research is
needed to evaluate how the properties of asphalt and unbound layers are altered by the
addition of waste in various percentages and by the type of waste included. Once these
relationships are known, waste reduction could also be determined in terms of cost and
CO2 emissions while achieving a reduction in waste deposition. Since this optimization
model and, consequently, the results presented are based on an empirical pavement design
method, further investigations could be investigated by semi-empirical pavement design
methods or methods based on finite element modeling.

Author Contributions: Conceptualization, P.J., B.Ž., B.M., S.G. and C.G.; methodology, P.J., B.Ž.,
B.M., S.G. and B.M.; software, P.J. and R.V.; validation, P.J., B.Ž., B.M., S.G., C.G., R.V., T.B., Ş.Y., M.V.T.
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Abstract: Despite good ideas, great efforts, and high investments, many projects do not end with
success. Projects often fail due to a lack of understanding of the project requirements and constraints
necessary for overall success. Five selected projects were analyzed in detail through the multiple case
study method followed by semi-structured interviews with 56 experts to develop a pattern for the
future prediction of project success. This paper aims to identify key factors for project performance in
a multi-stakeholder environment, define a performance measurement framework for construction
investments, and establish a link between performance measurement and prediction of project
performance. The findings could help researchers in modeling performance measurement tools for
project managers to achieve their designated project goals, reach better decisions, and achieve full
potential in their future projects.

Keywords: performance measurement; project management; multiple case study; performance
indicators; prediction; stakeholder management

1. Introduction

Despite good ideas, great efforts, and high investments, many projects do not end
with success. Although there could be several reasons for such, a pivotal task in the
study of project management remains the same, as Chen [1] stated, “to identify the critical
determinants of project management performance”. Therefore, over the years, many
researchers and practitioners have examined and identified a wide variety of approaches,
tools, and techniques to describe and measure project management performance focusing
on input characteristics that affect project outcomes [1–4]. Those studies often focus on the
overall project life cycle [2,3,5], with relatively few focused on the perspective level of the
project phases [1], especially how various stakeholders will perceive project success [6–8].
The paradigm of focusing solely on technical and economic aspects and areas over the
years has shifted towards the integration of social and behavioral areas as well, thus
focusing on the interaction between project stakeholders and the project team [8–11]. Both
practitioners and academics have difficulties coping with such problems, clearly showing
that there is still room to investigate and contribute. Therefore, this article builds on
the previous research and stakeholder management theories [12–14] and multi-criteria
decision tools [15–18], thus proposing such a framework that considers complex project
environment, especially in construction projects, and a multi-stakeholder view to enable
reaching full success in future projects.

The complex surroundings and the goal for overall betterment, often viewed as sus-
tainability, have a specific imperative that project performance is recognized and measured
on long-term strategic objectives instead of short-term tactical performance [18–21]. While
the authors, in general, often focus on achieving short-term project targets as long-term
benefits management, especially in public projects [20], there are “significant variations in
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the levels of success”, as Flyvbjerg reported [22]. The PMI’s report [23] claimed “only 70%
of projects successfully met their original goals and business intent”, so, there is still much
room for improving performance.

Another aspect is the multi-dimensionality of success, as the interests of different stake-
holders imply that they will sometimes have quite different perceptions of the project’s suc-
cess [24–28]. Therefore, project failure is often seen as a lack of understanding of the project
requirements and the constraints necessary for overall success, emphasizing the early stages
of the project. Such is most evident in the architecture, engineering, and construction (AEC)
industry as construction costs are one of the main criteria for decision making in the early
stages and of interest to all project participants, i.e., stakeholders [29,30]. Very often, there
are discrepancies between the estimated (e.g., planned or contracted) costs concerning the
realized (e.g., actual) costs of the construction project [31]. Usually, discrepancies occur due
to a lack of data and information in the conceptual phase [32–37]. Therefore, monitoring
performance and reward depending on outcomes is increasingly common.

While the studies mentioned above indicate how to approach project performance mea-
surement, they do not address how performance determinants (as both performance areas
(PAs) and performance indicators (PIs)) influence project success from a multi-stakeholder
viewpoint. Therefore, we aim to define a performance measurement framework that could
transparently involve different stakeholders in defining a set of PIs. It could help manage
projects based on their current performance to predict future success.

The main goal of this research is to develop a performance measurement framework
as a conceptual framework that takes into account different project stakeholders’ points
of view (POV) as well as projects’ performance criteria, i.e., key performance indicators
(KPIs), to help project managers to make their decisions in the best possible way to reach
project goals and outcomes. In a construction project environment, the stakeholders’ POV is
represented by clients, contractors, consultants, and their project representatives, i.e., project
managers. Therefore, the proposed framework to create a pattern for the future prediction
of project success will be based on five case studies, i.e., real construction investment
projects, and analyzed with the multiple case study method followed by semi-structured
interviews with identified stakeholders. At the same time, the performance management
areas are derived from previously performed, detailed bibliographical research analysis [38]
and multiple case study that takes into account pre-defined performance measures and
their outcomes in selected construction investment projects. The proposed framework takes
project data as inputs for successfully managing performance during the whole life-cycle of
construction projects. The contribution of this research would be to the better understanding
and improvement of project performance in construction projects by providing such a
framework that offers project managers the opportunity to evaluate the current state of
the project, regardless of its stage, and provides a reasonable possibility of prediction
to meet project constraints. Therefore, to achieve the main goal, this research intends
to deal with the following three objectives, namely, (1) to create a procedure that can
be used in a multi-stakeholder environment to identify project performance indicators
for measuring performance, (2) to define a performance measurement framework for
construction investments, and (3) to establish a link between performance measurement
and prediction of project performance.

2. Theoretical Background
2.1. Project Management, Success, and Performance of the Project

Project management theory initially defines project success based on three core cri-
teria: delivery on time, within budget, and to an agreed quality [39]. Such an approach
gained popularity thanks to the good measurability of the criteria. However, later studies
have greatly criticized this concept as these three criteria are insufficient to capture the
project’s success from a broader point of view [40]. Accordingly, the required level of
performance can only be achieved if other aspects are observed [41]. The project’s success
is affected, among others, also by its complexity, which may increase the level of cost and
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time risks [42]. In this context, a breakdown of project success criteria into 29 categories
was proposed [43] supplementing traditional criteria (time, cost, and quality) with other
macro-level categories covering stakeholders-, deliverables-, and project organization- and
management-related criteria.

The theory recognizes project complexity as the number and heterogeneity of different
inter-related elements [44]. Vidal and Marle [45] highlighted that complexity renders the
project difficult to understand, foresee, and keep under control. The multi-dimensionality
of project complexity is seen in the literature from technological and organizational views,
while, in our paper, we mostly focus on the organizational complexity relating to both in
terms of the complexity of project objectives and related tasks as well as to interactions
between a high number of people and stakeholders involved [46]. It is also believed that
a higher number of inter-related elements that have to be co-ordinated causes greater
exposure to delays and cost overruns [42]. In addition, it is argued that when the scope
and complexity of the project increases, the need for a more comprehensive portfolio of
criteria increases as well [47].

The later studies have further conceptualized performance management on a project
level in a wide range of areas, such as supply chain management [48–50], risk consid-
erations [51–54], safety [55,56], and sustainability aspects [57–59]. In such a way, it is
possible to capture a broader range of data necessary for effectively managing the project
and evaluating its performance. Such an approach becomes pivotal, especially in an un-
stable business environment characterized by changes in competition, technologies, and
customer preferences and requirements [60]. As ascertained by Ward and Chapman [14],
stakeholders represent the main source of uncertainty in the project due to the multiplic-
ity of their objectives, which can be conflicting. From this perspective and in line with
performance management efforts, analyzing various stakeholders’ POVs on the project’s
success becomes pivotal. Accordingly, in our study, we investigate the POV on performance
management issues of these three central stakeholders of any construction project.

Many root causes of cost and time overruns have already been identified in the lit-
erature, including project complexity, price increases, slow decision making, rework, or
shortage of equipment [61]. Many scholars have incorporated risk aspect into their perfor-
mance management approaches in terms of particular KPIs, such as overtime work rate
and rework rate [62] or time–cost predictability [33,63–66]. Accordingly, risk performance
indexes and measurement systems have been developed [52], mainly covering cost and
schedule over-run-related risk.

Available literature suggests numerous models, systems, and frameworks developing
performance management issues. As Lin and Shen [67] discussed, the need for so many
models arises from the fact that they look at the various facets of performance from different
points of view. Furthermore, they argue that multi-perspective indicators are essential for
performance measurement and applying the balance scorecard approach [68–71] should
help improve overall performance. However, these models are often criticized for grouping
causes and effects together as an overall performance indicator [72].

Hence, researchers have generally focused on providing advances (1) for the overall
performance measurement and (2) by developing fragmentized forecasting models and
models addressing specific aspects of the performance. In relation to (1), several approaches
have been built, e.g., to predict project failure at completion by considering seven variables
(communication, team, creativity, technology, risk, quality, and materials; as suggested
by [1]), in terms of the total performance score that has been developed in order to quantify
project performance indicator system based on 18 KPIs covering eight PAs [62], or by a
system dynamics approach to predict construction project performance [73]. Regarding
(2), the following models can be noted: the operational research model has been devel-
oped to predict contractor performance [74], the decision support model for construction
supply chain performance management was introduced by Yildiz and Ahi [48], while
Kim [52] presented a risk performance management model based on cost and schedule risk
considerations.
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Stakeholder perspectives and their POVs have been widely studied. Prior analyses
have shown that the perception of specific KPIs differs across stakeholders [41], similar to
the perception of particular attributes that influence cost performance [28]. That is why
engaging stakeholders already at the early stages of the project is of high importance [75–77]
in as much as many projects disagree on the priority of particular criteria across individual
stakeholders [47]. Previous research also revealed performance objectives and indicators
of stakeholder management [75,78,79] and pinpointed collaborative management, which
could produce positive effects such as increased cost performance of the project [80].
Considering the various concepts raised, it is desirable to reflect on how much uncertainty
exists in managers’ predictive models [81], which can adversely affect achieving project
success. Therefore, the choice of PAs to be monitored and measured is crucial.

2.2. Stakeholders Management

As ascertained by Ward and Chapman [14], stakeholders represent the main source of
uncertainty in the project due to the multiplicity of their objectives, which can be conflict-
ing. From this perspective and in line with performance management efforts, it becomes
pivotal to analyze various stakeholders’ POVs on the project’s success. Stakeholders are
defined usually as “groups or individuals who have a stake in, or expectation of, the
project’s performance”. The origins of the stakeholder concept have been described by
Freeman [12], highlighting its dynamic aspect as every stakeholder role is temporary and
issue-specific. The further development of stakeholder theory has included, among others,
the approach of Mitchell et al. [13] regarding the identification (normative theory), salience
(descriptive theory), and establishing the typology of stakeholders. It should be mentioned
that stakeholder identification belongs to the main challenges of project managers [75,78].
Once stakeholders are identified, Mitchell’s theory [13] further facilitates the determination
of stakeholders’ salience based on three main elements of typology: power, legitimacy,
and urgency, and their assignment to one of the nine classes. Accordingly, managers can
decide on the priority they give to competing stakeholders’ claims. One of the prime
project management goals is to support a balance between the needs and expectations of
individual stakeholders [79].

A high number of stakeholders raises the need for careful strategic considerations in
buyer–supplier relationships. Previous theoretical findings pointed out that there is no
single and ideal way to manage these relationships ([82] Kim and Choi, 2015). Deep and
long-term relations might benefit from the mutual trust of the parties involved, which is
important as trust can influence the success of the project ([83] Cerić et al., 2021). Since the
buyer has to control the relationship with its suppliers and is in line with the effort to avoid
poor performance, an incentive/disincentive mechanism might be considered as a suitable
managerial approach [49,84]. From the construction industry’s point of view, private and
public projects have to be differentiated. As for public projects, relationships are often
limited to a single contract [49]. In this context, supply chain management in construction
becomes more complicated. Additionally, available literature recognizes, e.g., in the supply
chain operations reference model, its metrics were used to manage the performance of the
construction supply chain [48].

While the spectrum of construction project stakeholders is broad, e.g., clients, project
managers, designers, subcontractors, supplies, funding bodies, users, community, local au-
thorities, environmentalists [85], project management as well as construction management,
the literature recognizes three key stakeholders, namely, clients, contractors, and consul-
tants [75,86]. Especially, as the stakeholders being seen [84] as “one of the underestimated
factors of project success”. Accordingly, in our study, we investigate the POV on perfor-
mance management issues of these three central stakeholders of any construction project.

2.3. Project Performance Areas

Previous research has shown that investigations into individual aspects of performance
management on the project level have been widely conducted. More specifically, available
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literature suggests a wider spectrum of areas (apart from time, cost, and quality) that can be
suggested as subjects of performance measurement. By conducting an extensive literature
review [38], we have identified eight common PAs (namely, profitability, productivity,
quality, time/schedule, cost, safety, team satisfaction, and client satisfaction) used to
evaluate the project’s success (see Table 1). The typical PA list has been developed based on
56 relevant publications and their distribution into individual PAs. Our study uses them to
analyze them from a multi-stakeholder’s point of view.

Table 1. Overview of common performance areas to evaluate project success.

Decade Reference Profitability Productivity Quality Time/Schedule Cost Safety Team
Satisfaction

Client
Satisfaction

1980s
[81] + +
[40] + + +

1990s
[73] + + + +
[85] + + +
[39] + + + + +

2000s

[62] + + + + + +
[87] + + + + + +
[88] + + + + +
[67] + + + + + +
[89] + + + + + + +
[90] + + + + + +
[91] + + + + +
[92] + + + + +
[93] + + + + + +
[66] + + + +
[94] + + +
[95] + + +
[96] + +
[97] + + + + + +
[2] + + + + + + + +

[45] + + + + + +
[14] + + +
[68] + + + + + + +
[98] + + + + + + +
[99] + + + + + + +
[100] + + + + + +

[4] + +

2010s

[101] + + + + +
[41] + + + + + + + +
[102] + + + +
[61] + + + + + + +
[103] + + +
[104] + + +

[6] + + + + +
[105] + + + + +
[31] + +
[69] + + + + + + + +
[106] + +
[107] + + + + + +
[108] + + + +

[3] + +
[109] + + + + + + +

[1] + + + +
[19] + + + +
[110] + + + + +
[111] + + + + + + + +
[27] + + + + + +
[60] + +
[112] + + + + +
[57] + +
[72] + + + + +
[113] + + + +
[113] + + + +
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Table 1. Cont.

Decade Reference Profitability Productivity Quality Time/Schedule Cost Safety Team
Satisfaction

Client
Satisfaction

2010s

[78] + + + + + +
[58] + + +
[114] + +
[115] + + + + +
[116] + + + + + +
[117] + + + + + + + +
[79] + +
[118] + + +

2020s

[7] + + + +
[8] + + + + + + +

[119] + + + + + +
[43] + + + + + +
[9] + + + + + +

[49] + + + +
[38] + + + + +
[76] + + + + +
[10] + + + + + + +

As previously shown in the above theoretical studies, there is a consensus that the
improvement of project performance represents a difficult task in a complex construction
environment. Diversity of projects, variability of stakeholders, differences in external
influences or exposure to various risks, among others, complicates the easy implementation
of performance management systems. Recognizing this challenge and given its importance
in the broader project literature, we would contribute to a better understanding of perfor-
mance management in construction investment projects by proposing a framework built
on the combination of stakeholder theory and PAs.

Therefore, the performance measurement framework is developed and described
in the following section to offer not only an insight into how PAs mutually interact and
have an impact on the project’s success in a multi-stakeholder environment but also be
a framework for the prediction and management of construction investments based on
accumulated past project performance and knowledge.

3. Research Methodology
3.1. Developing Performance Measurement Framework for Predicting and Managing
Construction Investments

A performance measurement framework for predicting and managing construction
investments is proposed to address the previously defined main goal. It consists of three
parts (see Figure 1), each defined with a particular added value to the decision-maker.
Firstly, defining common PAs to evaluate project success is essential. Such can be achieved
through an extensive literature review. In this particular case, an extensive literature review
has previously been done by Marović et al. [38], as the research query was focused on
performance management in civil engineering. This resulted in 1240 documents published
in Scopus and Web of Science databases from 2000 to 2021. The results were extended
with the theoretical background previously stated, resulting in 8 common PAs shown in
Table 1. Such provided a level playing field for the following multi-stakeholder analysis of
performance criteria. Once stakeholders are defined and start with project-related commu-
nications, PAs serve as well-needed constraints to define performance criteria. Therefore,
performance criteria are defined transparently, in the stakeholders’ hands, and their exclu-
sive responsibility. As it can be conducted in different ways and using different techniques,
the hierarchical goal structure procedure [75,120] showed promising results in dealing with
multi-stakeholders in the construction project environment. Therefore, we are keen to use
it in this particular framework as well to not just define performance criteria for each PA
but also to develop a hierarchical criteria structure to evaluate projects’ performance.
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Figure 1. A performance measurement framework for predicting and managing construction investments.

A register of past projects’ performance can also be of use to help stakeholders to
develop it. As such development is an iterative process, an additional fine-tuning of
projects’ success can be done either quantitatively or qualitatively. It is an open loop, so
applied in different constraints and project environments will bring additional needed
aspects to the framework and, therefore, new added value. The aforementioned enables
us to perceive how PAs mutually interact and the potential impact of the project’s success
from the different stakeholders’ points of view. As herein, the proposed framework is
qualitative and will, undoubtedly, provide insight to create a pattern for a future prediction
of project success. Therefore, addressing more and more project cases to create a pattern
using multiple case study is expected to bring more precision to future predictions. Such a
pattern could undoubtedly serve as a valuable tool to evaluate project success of future
projects based on their current performance measurements.

A multiple case study research approach [121] is adopted to understand and facilitate
the identification of projects’ performance criteria and, based on them, to develop a pattern
as a decision-maker’s tool for future prediction of project success. The central issue is
developing a theoretical performance model based on a detailed literature review and
stakeholder inputs on one side and construction project data on the other to help project
managers decide the best way to reach project goals and outcomes. To differ between case
study and multiple case study approaches, it is necessary to highlight adequate terminology
that is used in this manuscript. Therefore, as stated by Yin [121], we adopted the notions
that the case study research stands for the mode of inquiry, case studies for the method of
inquiry, and the case is related to the unit of inquiry in a particular case study. Additionally,
illustrative case studies used herein serve primarily “to make the unfamiliar familiar and to
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give readers a common language about the topic in question”. Therefore, our multiple case
study protocol consists of three phases (1) Define and Design Phase, (2) Prepare, Collect,
and Analyze Phase, and (3) Conclude Phase, as [121] suggested. During the first phase,
some additional methods were used to develop the theory, such as review methods for
analyzing the existing literature [122], selecting a representative case sample, and designing
a data collection protocol. Throughout case selection, it is essential to ensure a valid
variation on the dimensions of theoretical interest [123].

In order to identify projects’ PAs (defined as objective no. 1), several review methods
for analyzing the existing literature, such as critical review, literature review, meta-analysis,
and systematic search and review, were used. This was predominantly used to develop a
theory as the first step of the protocol mentioned above (research background is given in
Section 2). For this purpose, bibliometrics [38,124,125] was used, as a systematic quanti-
tative literature review, followed by a transparent and systematic method for reviewing
collected bibliography and systematization of information. Therefore, by combining the
quantitative and qualitative approaches, the goal is to identify performance areas for project
performance and achieve its success. This approach can be used particularly for trans-
disciplinary and interdisciplinary research to identify the literature’s geographic, scalar,
theoretical, and methodological gaps [126].

3.2. Brief Description of Analyzed Cases

The boundaries/restrictions for selecting cases were the following: (1) public in-
vestments; (2) in the area of Primorje Gorski Kotar and Istria County (Republic Croatia);
(3) contract value in the range of 15–25 mil. EUR; (4) contracted and being active from 2016
onwards; (5) executed by the same contractor. In order to collect data from selected cases,
the data collection protocol is developed. The interview guide has been prepared and used
as a tool during semi-structured interviews with the experts involved. Each case study was
separately discussed with clients, contractors, and consultants to gather different points of
view regarding the success of a particular project. As previously published works mainly
adopt collecting data from various companies/institutions [61,88,108,112,115,116,127], we
focused just on construction projects executed by the same contractor in a geographically
limited locality with a more significant volume of work. In order to ensure the diversity of
analyzed projects, this study purposefully examines public projects of different natures as
well as under various supplier arrangements (single contractor vs. consortium). Therefore,
it is possible to document how the approach to performance management may differ across
the projects despite having an identical entity responsible for carrying out the construction
works. The selected company represents the biggest contractor with 65 years of tradition in
the surveyed area.

The second phase was conducted in detailed case studies and their analysis based
on those above. Data derived from these case studies are robust in underpinning the
case analysis, which consists of information for (1) Case A—multipurpose logistics center;
(2) Case B—water utility infrastructure; (3) Case C—clinical hospital facility; (4) Case
D—road infrastructure (highway); and (5) Case E—road infrastructure (state road). Each
case was analyzed in detail (Section 4), resulting in writing an individual case report
according to a defined protocol. In addition, once the case studies were analyzed, a dash–
dotted-line feedback loop is given the possibility to update or redesign the approach
if it is a situation where an important discovery occurs during the study of one of the
individual cases. One of the essential aspects of Yin’s case study research [121] is having a
strict procedure or protocol that enables later investigators to arrive at the same findings
and conclusions.

3.3. Sample and Data Collection Procedure

Once the theory had been developed, it was necessary to select cases and design a
data collection protocol to conclude the “Define and Design Phase” as the first phase of
the multiple case study protocol. As previously mentioned, five cases were selected based
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upon five restrictions and studied in detail. Knowing that the construction cost is one
of the main criteria for decision making in the early stages of the construction process,
and, therefore, their prediction is of interest to all project participants [29], the focus was
placed on all time–cost related documentation related to selected projects throughout the
projects’ life-cycle. Therefore, to identify discrepancies between the estimated time–cost
and the project’s realized time–cost and avoid or minimize time–cost overruns, importance
was placed on collecting planning data, i.e., contracted and realized values. Such was
performed throughout the project documentation from the initiation and planning stage
(main contracts), execution stage (monthly reports of planned and realized works, annexes,
internal communication within the contractor team, and official communication between
project stakeholders), and closure stage (records of handover of the facility).

In addition to the project documentation, semi-structured interviews were performed
with all identified stakeholders to gather their POVs. Stakeholders of all selected projects
were identified according to their connection to the projects and grouped as clients, con-
tractors, and consultants. There were several experts in each group reflecting on the project
performance. The overall list of interviewed stakeholders consisted of 65 people, i.e., ex-
perts involved in all phases of a particular project. In the end, 56 experts were involved
(8 clients, 28 contractors, and 20 consultants; see Table 2) in the interviews, which represents
a relatively high response rate (86%).

Table 2. Overview of the experts involved in this study.

Stakeholders Case A Case B Case C Case D Case E

Clients 2 2 1 2 1
Contractors 5 6 5 7 5
Consultants 3 4 3 4 6

During the second part of the interviews, an additional 13-question questionnaire
was given to each stakeholder group so they could reflect upon their project with a Likert
scale of 1–7. In addition to scoring the statements, there was a conversation with the
participants about the problems and challenges of the project. The gathered attitudes of
clients, contractors, and consultants served for fine-tuning of projects’ success but also
served as insights into the dynamic of a particular project and problems that occur. All
gathered information has been normalized to each stakeholder group to have comparable
insight into stakeholders’ POV throughout the particular projects and across other projects.
Based on those mentioned above, the second phase of the multiple case study protocol was
executed to achieve this study’s second and third objectives.

4. Results and Discussion

The following results are presented according to the defined protocol. As the projects’
data are bulky, herein are only presented the necessary ones to validate the proposed
performance measurement framework.

4.1. Conducting Multiple Case Study Analyses

To perform the “Prepare, Collects, and Analyze Phase” of multiple case study protocol,
all collected data were systematically analyzed for a particular case, focusing on its exe-
cution stage, and presented below. During interviews, stakeholders were asked to reflect
upon defined PAs and give their POV regarding the case project performance by assigning
“+” (i.e., green) to those that have been taken into account to manage project performance
successfully, with “±” (i.e., yellow) to those that have been partially taken, and with “-“
(i.e., red) to those that have not been taken into account.

4.1.1. Case A—Multipurpose Logistics Center

The Case A project is a public investment of 15.2 million EUR for the construction of
a multipurpose logistics center. The project commenced in August 2016, with a planned
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completion date of November 2017. While the contractor claimed that the project was
completed within the contractual deadline, which was regulated by annexes on several
occasions, the project was finished in February 2019 (time over-run approx. 94%). The
construction costs were also 88% higher compared to the original contract.

The major challenge encountered in the project was the bankruptcy of one of the
bidders in the contractor consortium during the first half of the planned project duration.
This led to the remaining construction works being divided between the two contractor
companies, resulting in additional tension between them. Another challenge faced by
the project was financing. The client faced difficulties in continuing to finance the project,
which necessitated significant alterations to the project scope to achieve most project goals
and outcomes. Several unforeseen works and significant shortcomings were encountered
during the project. Some works were not designed at all, the correct fitting into the existing
condition was not foreseen, and there were shortcomings in the design and planning
stages. During the construction works, geological problems were discovered that were not
documented during the design stage, leading to several months of delays.

Despite these difficulties, all stakeholders were satisfied with the completion of the
project. However, it is important to note that better planning, communication, and co-
ordination could have prevented or minimized many of the issues encountered during
the project.

4.1.2. Case B—Water Utility Infrastructure

Case B is a public investment of 18.7 million EUR for the construction of new water
supply and sewerage systems and rehabilitation of the existing ones. The project started
in November 2017 and was scheduled to be completed in April 2020. However, the
project was completed in March 2021 (time over-run approx. 37%), with a 5% increase in
construction costs compared to the original contract. Although the increase in cost was only
5%, significant changes occurred during the execution phase of the project. The contracted
cost was initially reduced by 30%, but with the addition of new infrastructure network, the
contractor and the client agreed on a new contract cost, which was similar to the original.

During the construction works, historically valuable remains were discovered multiple
times, which required conservation surveys as unforeseen works. This resulted in the
interruption of the works and extension of the deadline for 11 months which was initially
contracted. All stakeholders involved in the project expressed dissatisfaction with the
contract documentation, and additional and unforeseen works arose frequently, requiring
constant changes and refinements of project documentation. Poor communication and
a bad atmosphere among clients, contractors, and consultants significantly affected the
resolution of project problems. Moreover, the availability of materials was impaired by
the COVID-19 pandemic, and there were significant changes in the prices of construction
products and services during the project. The stakeholders concluded that the cohesion of
project participants could have been higher, and some project participants were considered
insufficiently expert for the positions they held. Overall, the project faced significant
challenges, but despite these difficulties, it was completed within the contractual deadline,
and all stakeholders were satisfied with the final outcome.

4.1.3. Case C—Clinical Hospital Facility

Case C is a public investment project worth 22.7 million EUR, aimed at constructing a
clinical hospital facility. The project commenced in September 2019, and the anticipated
completion date was December 2021. The construction was completed on time, and the
costs were regulated with annexes on several occasions, resulting in an increase of 13% in
construction costs compared to the original contract.

One of the primary issues encountered during the project was the fluctuation in con-
struction product and service prices due to the COVID-19 pandemic. However, the contract
does not provide for a sliding scale to accommodate such changes. Therefore, the contractor
was not able to charge the difference or seek compensation for this unforeseen challenge.
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During the interviews, the stakeholders revealed that the project documentation
was frequently problematic, resulting in poor cost estimates due to the discrepancies
between the contracted and actual quantities of work. The design and contracting of
unnecessary items that were not consumed resulted in additional and unforeseen works,
thereby increasing the project’s cost. The challenge of the project was certainly the location
and space constraints. Strong gusts of wind occasionally limited or stopped working
on site. Since other facilities bounded the construction site, the spatial organization of
works, ware–houses, and construction site communications was challenging. Despite the
space constraints, a large number of workers, and the necessary performance methods,
monitoring occupational safety regulations was also highlighted as very demanding.

4.1.4. Case D—Road Infrastructure (Highway)

The project, Case D—road infrastructure (highway), is a public investment of
19.5 million EUR. Construction started in April 2019, with a planned completion date in
March 2021. From the contractor’s POV, the project was completed within the contractual
deadline that was regulated by annexes on several occasions. From a time perspective, the
project was completed in August 2021 (time over-run approx. 22%), with construction costs
19% higher compared to the original contract.

The client has signed a contract with a consortium of two companies. The inter-
viewed representatives of the contractors were only from one company of the consortium
(7 examinees). They mentioned that communication within the consortium was a big prob-
lem throughout the whole construction phase. As the other company did not follow the
dynamic plans satisfactorily, the client requested a redistribution of works. The problem
was in their productivity, or better to say, stress in productivity, as they bear equal respon-
sibilities and high penalties for non-compliance towards the client. Since the time frame
remained the same, the contractor found himself in a situation wherein such a short period,
they had to do additional major construction work (e.g., contracted work from consortium
partner) to meet the agreed percentage of work to be done, and face the potential loss
of income. The examinees from the contractor group highlighted these challenges and
assigned them to a “turnkey” type of contract. Several survey participants from various
stakeholder groups complained about the incompetence of the other participants and the
inadequate atmosphere among the teams of clients, contractors, and consultants. Also, all
stakeholders highlighted that the commitment and demands of the client in monitoring
safety at work and the quality of work were significantly higher than usual.

4.1.5. Case E—Road Infrastructure (State Road)

The project, Case E—road infrastructure (state road), is a public investment of
14.95 million EUR. Construction started in October 2020, with a planned completion date in
March 2023. From the contractor’s POV, the project will be completed with several annexes
as they build their assumption based on already made changes and signed annexes.

At the very beginning of the execution phase, historically valuable remains were
discovered on the construction site, which slowed down the works according to the base-
plan for at least two months. Also, some additional and unforeseen works occur that
comprise geomorphological characteristics of the terrain and the need for updating the
initial designs. Additionally, the project documentation did not correspond to the actual
situation on-site in several places, so among others, in the position of the future road
viaduct, the existing buildings still existed (the private house that needed to be demolished)
thus becoming part of the works needed to be done but was not part of the project. This
and similar problems resulted in additional time overruns. Interviewed stakeholders also
commented on the state of the project in which they are currently engaged. They agreed
that communication in the project has been solid, so far, but that cohesion between teams
of clients, contractors, and consultants is only partially satisfactory. They highlighted that
the problems are solved extremely slowly and that something needs to be changed in
this regard as soon as possible to meet project deadlines. The project’s performance and
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potential overruns will need to be calculated once the project is finished, but, at the moment,
it is evident that they will be present in both time and cost.

4.2. Cross-Case Analysis and Discussion

The “Conclude phase” of the protocol starts with a cross-case conclusion and mod-
ifying the theory, followed by implications. By analyzing the data collected from each
case and performing analysis throughout the protocol, it is possible to conclude that the
time over-run was on average 38%, and the cost over-run on average 32% for all finished
projects. As the set theory is found adequate, the changes that occur during the analysis can
be seen as driving fine-tuning factors. Although most of the interviewed experts answered
that the projects were completed successfully in the end, the problems that occurred during
the projects can be seen in more detail through the conducted case study analysis. Table 3
gives an overview of the time and cost overruns of five cases based on their detailed project
documentation, contracts, drafts, S-curves, etc. On the other hand, the conducted analysis
gives insight into each project throughout the time of execution, and the drivers for the
overruns are mostly paced in unforeseen works and, sometimes, in additional work as a
result of clients’ changes.

Table 3. Overview of cases regarding their time and cost overruns.

Project Status of Completion Time Over-Run Cost Over-Run

Case A Completed 94% 88%
Case B Completed 37% 5%
Case C Completed 0% 13%
Case D Completed 22% 19%
Case E At the very end N/A N/A

Although the aforementioned time–cost overruns, calculated by MacDonald’s equa-
tion [128], give insight into the past performance of the projects it is interesting to overlap
information from each previously analyzed case (Section 4.1). Overlaying data from stake-
holders’ POV of defined PAs regarding projects’ successful performance (Table 4) with
time–cost overruns (Table 3) provides an additional level of information, not only how
stakeholders see PAs to measure for project performance, but also how the performance
measurement and project performance is interdependent.

From the data presented in Table 4, it is possible to draw up several interesting insights.
For instance, for Case A, even though stakeholders mostly took into consideration “cost” as
a vital PA, similarly to “time” and “quality” (i.e., iron triangle), actual results were achieved
in terms of cost and time overruns are not satisfactory at all. Therefore, the cause of the
problems must be hidden elsewhere, that is, in another PA and their interferences. In
Case A, we attribute the occurrence cost and time overruns predominantly to the “team
satisfaction” PA, as the realization has been planned in a consortium of contractors. Thus,
the structure of stakeholders was even more complex than usual, and, therefore, neglecting
team satisfaction has a high potential to negatively impact the project’s success. On the other
hand, for Case C, resulting time and cost overruns provide relatively satisfactory outputs
despite omitting the “cost” PA. Notwithstanding, stakeholders involved emphasized both
“team” and “client satisfaction” PAs which contributed positively to the completion of the
project close to its cost constraints and on time.
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These findings highlight that it is not desirable to limit performance measurement to
selected (e.g., well-measurable) PAs and that a broader scope of performance management
is necessary due to their interconnectedness. Suppose these findings are confronted with
data presented in Table 1. In that case, one may suggest that preferred PAs of “quality”,
“time/schedule”, “cost”, and “safety” are more frequently addressed in the available litera-
ture, should be supplemented with other areas taking into account also the surrounding
factors affecting the project success. Presented findings, therefore, reflect on the complexity
of construction projects and the importance of a multi-stakeholder environment. Based
on the analyzed cases, it can be concluded that the participants were moderately satisfied
with the communication on the project. In general, they considered that solving problems
was slow, inefficient, and unsuccessful. In addition to the professional knowledge that is
necessary, and seldom highlighted by various stakeholders, co-operation between clients,
contractors, and consultants is extremely important. If co-operation is improved and better
business relations are established, it is expected that the problems of the construction site
will be solved easier and faster. For sure, one possible direction in order to overcome the
aforementioned limitation of the qualitative approach is to perform detailed quantitative
assessment focusing on, among other things, correlation between the performance areas.

Participants in the analyzed cases were moderately satisfied with project communica-
tion, but considered problem solving to be slow, inefficient, and unsuccessful. Improved
co-operation between clients, contractors, and consultants was identified as a key factor in
resolving construction site issues more easily and quickly. Participants were also generally
dissatisfied with project documentation, leading to extensions of deadlines, discussions,
and financial claims from contractors. The quantities of work foreseen by the project
were seen as too large and not in compliance with the foreseen deadlines, which was
compounded by documentation issues. The impact of the COVID-19 pandemic was noted
in terms of availability and delivery of construction products, and changes in their prices.
Finally, all 56 stakeholders involved in the interviews ranked the eight PAs, and the results
are shown in Table 5.

Table 5. Ranking of performance areas based on stakeholders’ POV.

Rank Clients Contractors Consultants

1 quality profitability quality
2 productivity safety safety
3 time/schedule quality profitability
4 team satisfaction cost cost
5 cost client satisfaction productivity
6 safety productivity time/schedule
7 client satisfaction team satisfaction team satisfaction
8 profitability time/schedule client satisfaction

Contractors and consultants share similar opinions on project success factors, with
the top four being the same, due to their expertise and responsibility for the project’s
performance. However, their opinions can differ based on their specific business goals.
Surprisingly, “team satisfaction” is not ranked highly, despite participants stating its im-
portance in interviews. Clients prioritize the final product’s quality, longevity, and timely
delivery, rather than team satisfaction. The participants’ perspectives on project success
extend beyond the traditional iron triangle model but not excessively so.

5. Conclusions
5.1. Theoretical and Practical Implications

The goal of this study was to develop a performance management framework that
can be used for predicting project outcomes and facilitating advanced management. The
proposed framework utilizes pattern creation through multiple case study to forecast future
project success. While the framework has been adopted by academics and practitioners in
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the AEC industry, the results from the multiple case study have provided additional insights
into different stakeholders’ views on project performance and management. The qualitative
approach used in this study has exposed gaps between stakeholders’ expectations and
realities in managing performance in construction projects.

As a key theoretical contribution to the extant project management literature, the
current research demonstrates the importance of multi-stakeholders’ POV on performance
measurement and perception of the project success, even in a specific set of cases where
the contractor is represented by the same company. The multiple case study protocol, com-
bined with other scientific methods, has enabled the identification of performance areas
and criteria for project performance, as well as the development of a performance measure-
ment model that offers a conceptual framework for linking performance measurement and
prediction of project performance. This study’s significant theoretical contribution is demon-
strating the importance of multi-stakeholder perspectives on performance measurement
and project success, even when a single company represents the contractor. Additionally,
this research provides new insights into using patterns for predicting future performance in
construction projects, enriching understanding of the performance management challenges
associated with a project’s complexity and uniqueness.

5.2. Limitation and Future Research

The findings of this study can benefit project management practices by proposing an
innovative managerial tool that enables the prediction of future project outcomes in their
early stages. Combining well-known performance areas with the proposed performance
measurement framework allows a multi-stakeholder environment to be adaptive and open
to different viewpoints while having a consistent process in managing project performance.
However, there are some limitations to this framework, such as the influence of stakeholders’
expertise on the quality of the prediction pattern and the potential for inconsistencies in
defining particular performance criteria. One of the most important limitations is that the
stakeholders’ expertise’s greatly influence the quality of the prediction pattern. Therefore,
it is important, especially in public investments, to build up the pattern on a large number
of past projects in order to have better predictions. Also, as the whole framework is open
to stakeholders to define particular performance criteria freely, they want to use on their
projects, it could bring some inconsistencies to it. Such is solved by having rigidly defined
performance areas that are based on previous knowledge. Therefore, it can be seen as a
benefit to the stakeholders because they are not limited with what to particularly measure
but at the same time have a clear structure of performance areas.

This conceptual framework also suggests avenues for future research, such as quanti-
fying performance areas and criteria for project performance and creating a quantitative
performance measurement model that can be linked to other prediction time–cost models
that serve to predict project performance. Such research could be supported by intelli-
gent Industry 4.0 tools such as AI and big data analytics. The emergence of this evolving
conceptual framework calls for further interdisciplinary collaborations.
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intelligence on project success. Sustainability 2021, 13, 10804. [CrossRef]
8. Korhonen, T.; Jaaskelainen, A.; Laine, T.; Saukkonen, N. How performance measurement can support achieving success in

project-based operations. Int. J. Proj. Manag. 2023, 41, 102429. [CrossRef]
9. Bukoye, O.T.; Ejohwomu, O.; Roehrich, J.; Too, J. Using nudges to realize project performance management. Int. J. Proj. Manag.

2022, 40, 886–905.
10. Pavez, I.; Gomez, H.; Liu, C.; Gonzalez, V.A. Measuring project team performance: A review and conceptualization. Int. J. Proj.

Manag. 2022, 40, 951–971.
11. Blais, C.; St-Pierre, J.; Bergeron, H. Performance measurement in new product development projects: Findings from successful

small and medium enterprises. Int. J. Proj. Manag. 2023, 41, 102451. [CrossRef]
12. Freeman, R. Strategic Management: A Stakeholder Approach; Pitman: Boston, MA, USA, 1984.
13. Mitchell, R.K.; Agle, B.R.; Wood, D.J. Toward a Theory of Stakeholder Identification and Salience: Defining the Principle of Who

and What Really Counts. Acad. Manag. Rev. 1997, 22, 853. [CrossRef]
14. Ward, S.; Chapman, C. Stakeholders and uncertainty management in projects. Constr. Manag. Econ. 2008, 26, 563–577. [CrossRef]
15. Behzadian, M.; Kazemzadeh, R.B.; Albadvi, A.; Aghdasi, M. PROMETHEE: A comprehensive literature review on methodologies

and applications. Eur. J. Oper. Res. 2010, 200, 198–215.
16. Darko, A.; Chan, A.P.C.; Ameyaw, E.E.; Owusu, E.K.; Parn, E.; Edwards, D.J. Review of application of analytic hierarchy process

(AHP) in construction. Int. J. Constr. Manag. 2019, 19, 436–452. [CrossRef]
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Abstract: The aging of the building stock in most cities highlights the relevance of refurbishment to
achieve sustainability. Current refurbishment practices are often short-sighted and do not encompass
holistic strategies beyond energy saving. This research study aims to analyze the factors involved
in roof refurbishment versus current decision-making determinants. The objective is to identify the
barriers that hinder their implementation and to find arguments to support roof renovations. A
multicriteria analysis, which considered environmental, economic and performance factors, was
employed to select optimal roof refurbishment solutions. This study evaluated five solutions. With
interviews held with construction professionals and a survey of experts and homeowners, the
preferences and criteria for making decisions about roof refurbishments were analyzed. Simulation
tools were then used to estimate the energy savings, payback periods and environmental impact
for a representative building in the study area. The results were extrapolated to a neighborhood
level. The results highlight the importance of considering factors, such as weight, cost and user
preferences when selecting suitable refurbishment solutions. The findings not only estimate the
potential energy savings and carbon emission reductions in the area but also underscore the relevance
of roof refurbishments for prolonging a building’s life span to contribute to sustainability.

Keywords: urban sustainability; roof refurbishment; multicriteria analysis; simulation tools; energy
performance

1. Introduction

Energy efficiency in buildings has been a key objective in recent years because of
its contribution to low-carbon economies. In 2018, buildings accounted for more than
40% of Europe’s energy use. Buildings have been put forward as an emission reduction
target alongside other sectors, such as transport, agriculture, waste and industry. As part
of the European Green Deal strategy, European Union members agreed to increase the
greenhouse gas emission reduction target for 2030 from 40% to 55% by means of the “Fit
for 55” initiative. This commitment is set out in the Climate Law Regulation and is, thus,
becoming a requisite. To reach the new target, the European Commission presented a
package of legislative proposals to revise and update EU legislation on land use, taxation,
transport and energy to ensure that the EU achieves climate neutrality by 2050. Regarding
buildings, the Council and the Parliament reached a provisional political agreement on a
proposal to revise the Energy Performance of Buildings Directive (EPBD) from 2010 [1].
The revised directive sets more ambitious energy performance requirements for new and
renovated buildings in the EU, and promotes the building stock’s renovation. The main
objectives of this revision are that all new buildings should be zero-emission by 2030,
and the existing building stock should be transformed into zero-emission buildings by
2050. Zero-emission buildings are defined in Article 2 as buildings with very high energy
performance using a small amount of energy that is still needed and fully covered by
renewable energies. These buildings will set a new standard for new constructions. Major
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renovations will need to reach this level as of 2030, and the entire stock must comply with
it by 2050. Article 2 also clarifies that “nearly zero-energy buildings” remain the standard
for new buildings until the application of the zero-emission building standard and will be
the level to be met by profound renovations until 2030.

When looking at energy classes, according to the data provided by the European
Union (EU), 51% of the existing residential building stock is in an energy class below Class
D (Classes E, F and G when on the A–G scale), and only 3% of this stock is in energy Class
A. Currently, the energy refurbishment rate of the stock in Europe is 1% per year, which is
below the rate of 3% recommended by the European Commission [2].

In Spain, the situation is significantly worse because 81% of the building stock is in an
energy class below Class D, and only 0.3% is in Class A. The National Energy and Climate
Plan aims to increase this rate to 1.2% by 2030, with progressive increases over the years.
This is because the refurbishment rate in Spain is 0.1%, which is still much lower than the
European average of 1% [3], and is mainly due to the predominant property regime in
Spain being home ownership, which makes it very difficult to renovate buildings where
several owners with different situations and perspectives co-exist. This often makes it
difficult to reach agreements to carry out renovation interventions. Many buildings in
Spain are multifamily homes with flat roofs and are typically located in temperate climate
zones. Flat roofs are systematically seen in most buildings that were built before 1979,
when the first regulation on thermal conditions was approved in Spain.

Refurbishment interventions on roofs usually contribute poorly to overall energy
performance because a roof accounts for a low percentage of the thermal envelope. So, it
is quite possible that intervention on the roof will not yield the most cost-efficient results.
However, as highlighted by Morgado et al. [4], beyond energy improvement, a proper roof
is crucial to maintaining the whole building and prolonging its service life because these
interventions can prevent diseases that derive from construction deterioration. The pro-
posal for revising the EPBD focuses on reducing operational greenhouse gas emissions [1].
However, initial measures are being taken to address carbon emissions throughout a build-
ing’s entire life cycle. This highlights the importance of roof refurbishment in enhancing
a building’s durability and overall performance. Furthermore, given the high cost of the
investments needed to adapt buildings’ energy performance to currently required stan-
dards, roof interventions would be aligned with the philosophy of the Electronic Building
Book, whose purpose is to program buildings’ partial renovations with realistic, affordable
and adequate planning, rather than incurring the excessive cost inherent to comprehensive
interventions [5,6]. The proposal to update the EPBD presents “staged renovation” as
a solution to the high upfront costs, which may act as an obstacle when renovating “in
one go”. Moreover, such renovation needs to be thoroughly planned to avoid a situation
in which one stage excludes the following stages. The Renovation Passport has been
suggested as a voluntary tool for owners and investors, and it provides a roadmap for
planned renovation. However, according to current conditions, interventions on roofs,
which are not a very noticeable element of the thermal envelope, are not perceived as a
priority, and maintenance works are carried out only when a disease or problem is detected.
Additionally, the most economical intervention to solve the problem in the short term is
almost always selected.

This research study focuses on the potential contribution of roof refurbishment as the
most exposed part of the thermal envelope. This study was conducted on a multifamily
building with a flat roof that was built before 1979 in a medium-sized Spanish Mediter-
ranean city (Castellón de la Plana). This pattern is probably similar in many cities and
municipalities in Southern Europe and North Africa [7]. The first stage of this work ana-
lyzed the most commonly used roof restoration solutions based on a multicriteria analysis
(environmental, economic and performance) and selected the most appropriate ones. The
second phase of this work aimed to quantify the area of different roof typologies and the
potential improvement that renovation would entail in a neighborhood located on the
coastline of Castellón de la Plana (East Spain), as presented in Figure 1. For this purpose,
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the energy savings of some roof rehabilitation solutions were estimated, and the theoretical
savings for a statistically representative building of the area, with no insulation on the roof,
were determined depending on the refurbishment roof solutions.
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2. Materials and Methods

This research was conducted in two stages. Figure 2 summarizes the objectives,
methods and main results for each stage in accordance with the way the paper is organized.
This study focused on flat roofs without thermal insulation, typically used in cities with a
temperate climate in Spain. Then, suitable construction solutions for flat roof refurbishment
were analyzed by considering current regulatory standards. Five different refurbishment
solutions were selected. Three were walkable roof solutions (inverted with raised paving,
inverted with adhered paving and inverted with permeable paving (WINVR, WINVAD and
WPER, respectively)); two were non-walkable (green roofs and roofs with gravel protection
(NWGRE and NWGRA, respectively)).
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The multicriteria analysis used to evaluate these five solutions was based on three
criteria categories, namely, environmental (A), economic (E) and performance (P), with
nine total evaluation indicators. To properly define the indicators to be considered, two
population focus groups—one made up of experts in construction and refurbishment and
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the other of users/owners of buildings—were asked to answer a survey to analyze their
preferences in the decision-making process for building refurbishment and to determine
the weighted importance assigned to the different factors. The information provided by
planners and builders on the renovation solutions commonly used in actual professional
practice also allowed the practical and theoretical solutions to be compared.

The multicriteria analysis established an order of preference for flat roof refurbishment
solutions, from the most suitable to the least suitable. Additionally, some suggestions were
collected from the obtained results.

In the second study stage, three of the initially proposed solutions were further
analyzed to estimate the energy performance of roofs. To do so, simulation values were
obtained employing an energy certification tool that requires modeling a complete building.
For this reason, a statistically representative building in the urban area that presented the
typical non-insulated flat roof solution was selected. This case study selection was based
on an exhaustive and detailed study about building typologies, roof types, roof surfaces,
etc. This building was simulated with a tool officially approved by the Ministry of Energy
certification, and the improvement made with the chosen refurbishment solutions was
subsequently tested. The obtained results were used to estimate the potential refurbishment
at the neighborhood level by extrapolating to the total area of this roof type. Finally, based
on the acquired results, the payback periods for the considered rehabilitation interventions
were estimated.

3. Stage 1 Results: Analysis of Refurbishment Solutions
3.1. Thermal Insulation of Roofs in the Current Building Stock

Roof types in Mediterranean cities can be classified according to their thermal insula-
tion. In line with this, the first mandatory regulation in Spain with requirements for thermal
conditions for buildings dates back to 1979: the Basic Housing Regulation on Thermal
Conditions [8]. Therefore, in mild climate zones in Spain, buildings before that year present
no insulated roofs at all. After the 1979 regulation, insulation was required, but it was not
until 2006 when the Building Technical Code (CTE, in Spanish), updating previous and
obsolete regulations in the building sector, established more ambitious energy restrictions.
The part of the CTE that regulates the thermal conditions of buildings is called CTE-HE,
and has been updated in the last few years and aligned with the European EPBD [9].

Regarding the building typology classification, the research work previously under-
taken by the Valencian Government (East Spain) and the Valencian Building Institute IVE,
which has been integrated into the European project Tabula, presented a catalog for the
building typologies in different climates in Spain [10]. It characterized the thermal envelope
depending on climate, building typology and year of construction in Spain. As described
in this study, buildings’ estimated thermal transmittance has progressively reduced over
the years, which has allowed buildings to be organized into periods according to building
regulations: “before 1939”, “1937–1959”, “1960–1979”, “1980–2006” and “after 2006”. These
periods correspond to a reduction in their roof thermal transmittances from 3.08, 1.67, 1.61,
0.56 to 0.45 W/m2K, respectively. The research undertaken by Braulio [11] characterized
the building thermal envelope of building stock in the Mediterranean climate over a similar
time interval. The results show that thermal envelopes can be characterized depending on
year of construction due to regulations on thermal conditions at the time and the use of
standard constructive systems.

3.2. Identification of Refurbishment Solutions

Multifamily buildings with flat roofs built before 1979, when the first thermal regu-
lation on buildings came into force, were selected as the reference roof to be refurbished.
Table 1 summarizes the main roof system layers used as a reference and the five proposed
refurbishment solutions, as described in Section 2. These refurbishment systems have been
analyzed in previous studies and the corresponding references are included in Table 1. As
the first row shows, the reference system presents a roof with no type of thermal insulation.
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Table 1. Flat roof type to be refurbished and selected roof refurbishment solutions.

Roof Type Layers on the Roof Refs.

Existent
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3.3. Flat Roof Refurbishment Solutions 
3.3.1. Definition of Quantitative and Qualitative Criteria for Multicriteria Analysis

The suitability of different flat roof refurbishment solutions depends on several eval-
uation criteria. In some cases, they are decisive for selection purposes, such as the weight 
that the pre-existing building structure can support, but are of less relevance in other 
cases, such as the aesthetic aspect of the finish. Table 2 shows the indicators proposed in 
this multicriteria study. Each indicator was rated on a scale from 1 to 5, with 1 being the 
most unfavorable and 5 the most favorable. Some indicators were qualitatively evaluated 
based on their technical characteristics, advantages and disadvantages observed in prac-
tice, while others were quantitatively assessed by means of measurable variables, whose 
values were subsequently standardized on a scale from 1 to 5. As the three variables were 
inverse to the normalized scale (i.e., the heavier the weight, the worse the value), their 
normalized values were obtained using Equation (1).

VNi = 5 × (Vmin/Vi), (1)

where: 
VNi is the normalized value of the indicator for constructive solution i;
Vi is the unnormalized value of solution i;
Vmin is the minimum value to be reached of the i solutions. 

Table 2. Categories and indicators for the multicriteria analysis. 

Category Indicator Type of Indicator: Criteria

A 
A.1. Thermal insulation—energy savings Quantitative: the normalized value of thermal transmittance (W/m2K). 

A.2. Recovery—Recycling 
Qualitative: the recovering, reusing and recycling potentials of the materials 
used in rehabilitation. 

E 
E.1. Initial investment cost 

Quantitative: the normalized unit cost of executing refurbishment solutions 
(EUR/m2). 

E.2. Maintenance (durability–cost–perio-
dicity) 

Qualitative: the durability and the need for maintenance operations in fre-
quency and cost terms. 

P 

P.1. Ease of execution Quantitative: the system’s normalized weight (kN/m2). 
P.2. Acoustic insulation Qualitative: capacity to prevent roof leaks. 
P.3. Weight of the system Qualitative: the roof’s aesthetic value. 
P.4. Waterproofing—sealing Quantitative: the system’s normalized weight (kN/m2). 
P.5. Aesthetic Qualitative: capacity to prevent roof leaks. 

Regarding the quantitative indicators, Figure 3 summarizes the thermal transmit-
tance, weight and economic cost of the different analyzed refurbishment solutions. For 
thermal transmittance, the building located in Castellón de la Plana (climate zone B3 ac-
cording to CTE, meaning a mild winter and a hot summer) was considered. For each re-
furbishment solution, the minimum thermal insulation thickness to comply with the limit 
transmittance value set by the CTE for roofs that come into contact with outside air (ULIM 

= 0.44 W/m2K) [10] was determined, and a commercially available thermal insulation 
thickness was assigned. As presented in Figure 3, all the refurbished systems’ thermal 
transmittances fell within the 0.417 and 0.425 kW/m2K range. 

[20,21]

3.3. Flat Roof Refurbishment Solutions
3.3.1. Definition of Quantitative and Qualitative Criteria for Multicriteria Analysis

The suitability of different flat roof refurbishment solutions depends on several evalu-
ation criteria. In some cases, they are decisive for selection purposes, such as the weight
that the pre-existing building structure can support, but are of less relevance in other cases,
such as the aesthetic aspect of the finish. Table 2 shows the indicators proposed in this

126



Sustainability 2024, 16, 2028

multicriteria study. Each indicator was rated on a scale from 1 to 5, with 1 being the most
unfavorable and 5 the most favorable. Some indicators were qualitatively evaluated based
on their technical characteristics, advantages and disadvantages observed in practice, while
others were quantitatively assessed by means of measurable variables, whose values were
subsequently standardized on a scale from 1 to 5. As the three variables were inverse to the
normalized scale (i.e., the heavier the weight, the worse the value), their normalized values
were obtained using Equation (1).

VNi = 5 × (Vmin/Vi), (1)

where:

VNi is the normalized value of the indicator for constructive solution i;
Vi is the unnormalized value of solution i;
Vmin is the minimum value to be reached of the i solutions.

Table 2. Categories and indicators for the multicriteria analysis.

Category Indicator Type of Indicator: Criteria

A
A.1. Thermal insulation—energy savings Quantitative: the normalized value of thermal transmittance

(W/m2K).

A.2. Recovery—Recycling Qualitative: the recovering, reusing and recycling potentials of the
materials used in rehabilitation.

E
E.1. Initial investment cost Quantitative: the normalized unit cost of executing refurbishment

solutions (EUR/m2).

E.2. Maintenance (durability–cost–periodicity) Qualitative: the durability and the need for maintenance operations
in frequency and cost terms.

P

P.1. Ease of execution Quantitative: the system’s normalized weight (kN/m2).
P.2. Acoustic insulation Qualitative: capacity to prevent roof leaks.
P.3. Weight of the system Qualitative: the roof’s aesthetic value.
P.4. Waterproofing—sealing Quantitative: the system’s normalized weight (kN/m2).
P.5. Aesthetic Qualitative: capacity to prevent roof leaks.

Regarding the quantitative indicators, Figure 3 summarizes the thermal transmit-
tance, weight and economic cost of the different analyzed refurbishment solutions. For
thermal transmittance, the building located in Castellón de la Plana (climate zone B3 ac-
cording to CTE, meaning a mild winter and a hot summer) was considered. For each
refurbishment solution, the minimum thermal insulation thickness to comply with the
limit transmittance value set by the CTE for roofs that come into contact with outside air
(ULIM = 0.44 W/m2K) [10] was determined, and a commercially available thermal insula-
tion thickness was assigned. As presented in Figure 3, all the refurbished systems’ thermal
transmittances fell within the 0.417 and 0.425 kW/m2K range.

Besides determining the weight of each refurbishment solution, the expected overloads
according to the regulations in force at the time of construction were also calculated [22,23].
The weight criterion indicated that the load-bearing capacity of the pre-existing roof permits
an increase in overload of 0.5 kN/m2. Consequently, the best refurbishment solution would
be a roof with a gravel finish (NWGRA, 0.14 kN/m2), and the worst would be a green
roof (NWGREE, 2.12 kN/m2), with the other solutions somewhere between these values.
Despite green roofs’ good energy performances [24,25], this solution was ruled out for
rehabilitation due to its excessive weight. Although the solutions WINVR and WINVAD
slightly exceeded the limitation, they were considered, but with some modifications to
fulfill the weight requirement.

The cost of each refurbishment solution was quantified by taking the IVE price
base [26] and some commercial solutions as references, and by adopting average val-
ues. The most economical solution was permeable paving at 58.31 EUR/m2, and the most
expensive one was the green roof at 92.89 EUR/m2.
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Figure 4 summarizes the adopted qualitative values (from 1 to 5, with the worst values
in red and the best ones in green) according to the following criteria:
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before weighting criteria.

A.2 Recovery–recycling: The construction solution that meets the worst refurbishment
is adhered paving. This is because this material requires applications with a cementitious
adhesive, which makes it impossible to recover the parts to be reused. So, it was assigned
the most unfavorable value of 1. This decision is supported by Fayos [27], who analyzed the
environmental impact of flat roof construction solutions using the Life Cycle Assessment
(LCA) methodology to conclude that the solutions with fixed flooring had the strongest
environmental impact, followed by raised flooring and extensive green roofs. Finally,
although the green roof was also recoverable, it was assigned a value of 4, which was
somewhat lower than the previous ones due to the higher risk of degradation caused by
vegetation, such as the waterproof membrane breaking due to roots.

E.2. Maintenance (durability–cost–periodicity): A score of 5 was assigned to the
gravel, raised paving and permeable paving solutions because maintenance work on these
rehabilitation solutions is minimal. The roofs with adhered paving may present damaged
paving pieces due to the tensions generated on pieces given their installation with mortar
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with green roofs. The main issue was the possible deterioration of any layer in the solution
caused by vegetation.

P.1. Ease of execution: The most unfavorable was the green roof, with a score of 1, and
the easiest to execute was the gravel roof, with a score of 5. The other two construction
solutions were considered similar as regards this parameter, with a score of 4 (they are
dry-laid solutions but require cutting and distributing pieces to adapt them to the roof).

P.2. Acoustic insulation: The best suitability was assigned to the green roof due to
substrate and vegetation layers, with a score of 5. The other solutions proved similar in
terms of composition and the system’s mass, with differences in finishing. So, they were
considered similar, with a score of 4.

P.4. Waterproofing–sealing: According to the assumption of correct execution, a score
of 5 was assigned in all cases because all the solutions were perfectly watertight.

P.5. Aesthetics: The most favorable score was assigned to the green roof, with a score
of 5, and the worst to the gravel roof, with a score of 3. The remaining solutions, with a
wide range of aesthetic possibilities depending on the tiles selected for the roof’s aesthetic
finish, were assigned an intermediate score.

In prioritization terms, it was visually observed that the biggest number of favorable
criteria corresponded to the gravel finish solution, followed by permeable paving, raised
paving and adhered paving. The green roof had the most unfavorable criteria, whose
weight was particularly important in rehabilitation. The adhered paving inverted roof
obtained the lowest unweighted average value because most scores were medium or low.

3.3.2. Refurbishment Solutions Currently Used: Interviews with Contractors

A semistructured interview was held with active professionals in the construction
sector to collect information on the specific roofing systems used in flat roof refurbishments.
Interviews were conducted with six construction companies and professionals in the
building renovation sector to seek information about the reality of the renovations that had
been recently carried out. Interviewees answered the questions that appear below:

1. Identification of the work/project;
2. Location of the construction site (population);
3. Approximate age of the building/roof;
4. Approximate area of the roof (m2);
5. Initial roof type;
6. Solution applied in renovation;
7. Approximate price of refurbishment (EUR/m2) or overall budget (EUR).

In general, the professionals highlighted the fact that flat roof refurbishments exclu-
sively aim to repair moisture problems, which originate in the waterproofing membrane
and/or at singular points. In most cases, these actions are not used to incorporate thermal
insulation or to improve buildings’ energy efficiencies, seeing that users do not gener-
ally demand all this because this makes interventions more expensive. Moreover, they
perceive that such an improvement only benefits the neighbors on the top floor, while
the intervention is paid by the whole community of owners. These conclusions fall in
line with the observation made by Ramos in his doctoral thesis [28], who observed that
adding thermal insulation to roofs impacts the thermal comfort of top-floor dwellings
in multifamily multistorey buildings. This fact may compromise the promotion of such
measures when a community of owners makes consensual decisions when the economic
criterion in refurbishment solution selections is usually the most important one.

So, even though current regulations have made an enormous effort to progressively
improve buildings’ energy efficiencies and to increase the proportion of buildings with
almost zero energy use, their application is almost exclusively relegated to new construction
and is optional in refurbishments. This leads to the question of what criteria are used for
decision making when carrying out roof refurbishment. This aspect is what the following
subsection seeks to clarify.
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3.3.3. Survey on Weight Criteria in the Multicriteria Analysis

To estimate the weight of the criteria that can lead to a decision being made about the
renovation of a building envelope, a questionnaire was carried out with two population
groups: professionals related to the construction sector and homeowners. In both cases, the
three above-assessed categories and indicators were used. Each indicator was assessed on
a Likert scale, where 1 was considered the most unfavorable and 5 the most favorable. The
normalized values were then obtained to evaluate the solutions.

A total of 27 responses were obtained from the professional sector and 55 from home-
owners. The collected surveys included an equal number of responses from both men and
women. The age range of the homeowners who participated in the survey was consistent
with the proportion of homeowners in each age group, which explained the few respon-
dents in their 20s. All the respondents in the expert surveys were professionals in the
building sector, with 20 out of 27 respondents having more than 20 years of experience. The
detailed breakdown of the survey respondents is as follows: 55 homeowners participated
in the study, of whom 24 were women, 30 were men, and 1 person did not answer. The
participants’ age range was between 24 and 60 years old, with 4 in their 20s, 11 in their
30s, 22 in their 40s, 16 in their 50s and 2 in their 60s. Similarly, 27 experts participated in
the survey, of whom 12 were women, 14 were men and 1 person did not answer. All the
experts were from the architecture and building engineering field, and their age ranged
from 27 to 84 years.

The calculation of the weighting applicable to each criterion was performed by deter-
mining the average score assigned by the survey participants to each criterion, and dividing
this value by the sum of the average score of all the criteria, as presented in Equation (2).
The results are collected in Table 3.

%Pi = Vi/∑(Vi) × 100, (2)

where:

Pi is the weighting factor for criterion i;
Vi is the value assigned to criterion i.

Table 3. Weighting coefficients.

Indicators Users Experts

A.1. Thermal insulation 13.5% 12.7%
A.2. Recovery–recycling 10.48% 12.50%
E.1. Initial investment cost 10.72% 10.47%
E.2. Maintenance 12.00% 10.54%
P.1. Ease of execution 8.90% 10.15%
P.2. Acoustic insulation 11.70% 9.83%
P.3. Weight of the system 9.46% 10.68%
P.4. Waterproofing–sealing 13.58% 13.25%
P.5. Aesthetic 9.68% 9.87%

Total 100% 100%

The values obtained from surveys were used as weighting factors to obtain a composite
index, which allows the overall assessment of the suitability index (SI) of each proposed
construction solution by considering all the criteria according to Equation (3):

SI = (∑Pi × Vi)/100, (3)

where:

SI is the sustainability index;
Pi is the weighting factor for criterion i;
Vi is the value assigned to criterion i.
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As Figure 5 illustrates, all the criteria were generally rated above 3. Two criteria stood
out: thermal insulation and watertightness. In contrast, aesthetics was perceived as the
least relevant by both users and experts. One particularly noteworthy finding was the little
importance that users attached to the system’s weight compared to the value given by
experts. This was a determining factor for the viability of the system’s implementation from
a structural stability point of view. Although values were similar, users rather than experts
gave slightly higher figures to economic aspects, and it was the other way around for the
aspects related to the recovery and recycling of material and to the ease of execution, which
were better valued by experts. Figure 5 shows the multicriteria results when considering
the weighting coefficients obtained from the corresponding questionnaires for users and
experts, with SIu and SIe, respectively. As can be observed, the highest resulting values
were for the non-walkable roofing system with gravel, and the lowest values were for the
walkable roof finished with adhered paving.
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4. Stage 2 Results: Energy Performance for Refurbishment Solutions

For this approach, a specific urban area in the Grao neighborhood of Castellón, located
on the coastline, was selected. In this area, a previous study by Pitarch et al. [29] was
conducted, where the authors identified roof types and measured areas by obtaining
surfaces by roof type. The main values are presented in Table 4. They are grouped in the area
occupied by census sections 9001, 9002, 9003, 9004, 9005, 9006, 9007 and 9010, at the eastern
end of the neighborhood, as presented in Figure 6a. The classification per construction
period is summarized in Figure 6b, while Figure 6c depicts the identified roof types, which
were sloped roofs, non-walkable flat roofs, walkable flat roofs and inner courtyards. Urban
building energy modeling is assisted by Geographical Information System (GIS) maps to
easily represent data in the territory [30]. Table 4 shows the distribution of areas per roof
type, building typology (Sf—single-family; Mf—multifamily) and construction period. The
total amount per type of roof and building typology is also provided. The areas of roofs to
be considered in this study are highlighted in bold. They are roofs on high-rise buildings,
being mostly flat roofs, which were built during the 1960–1979 period. These buildings
were selected because approximately half the building stock in the Mf typologies was built
during this construction period (see Figure 6b), when poor-performance energy solutions
were employed.

Table 4. Area per building typology, roof type and year of construction, m2.

Time Period 1840–1936 1937–1959 1960–1979 1980–2006 2007–2012 TOTAL

Typology Mf Sf Mf Sf Mf Sf Mf Sf Mf Sf
Sloped 2003 2622 452 771 612 466 18,717 10,293 4355 110 40,400
Flat—non-walkable 758 555 1281 786 5286 492 3245 2459 71 35 14,969
Flat—walkable 1237 1657 3379 1742 30,837 2271 16,392 1091 2498 127 61,231
Inner Courtyard 390 672 510 712 7609 650 14,119 8657 1993 35,314
TOTAL 4388 5507 5622 4011 44,344 3878 52,474 22,501 8917 272 151,913
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(a) census sections, (b) construction period and (c) roof type.

To select a statistically representative building of the building stock in the urban area
under study, the Cadastral data of the buildings included in the research area were collected
following the process previously used by authors like Martín-Consuegra et al. [31]. For
the buildings built during the selected construction period, the following variables were
analyzed: the number of floors, the number of dwellings and the roof area. Some visits to
the area were made to better collect data. A basic statistical analysis allowed the average
number of floors, the number of dwellings and roof areas to be estimated for the buildings
built in this area from 1960 to 1979, with the following results: 6.1 floors, 31 dwellings,
298.6 m2 of roof area, 253.4 m2 of walkable roof area and 36.7 m2 of non-walkable roof area.

Most Mf buildings during this period present walkable roofs, while the small area of
non-walkable roofs usually corresponds to the stairwell cover. To determine the energy
rating with a simulation tool, an entire building has to be considered. Figure 7 shows the
representative building of the selected studied neighborhood according to statistical criteria
for this study stage. It provides a visual description of the most characteristic building
typology in the neighborhood. It is located at 45 Alcocebre Street, was built in 1967 and
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is located on a rectangular plot covering 262 m2. It consists of a ground floor, five upper
floors and three commercial premises on the ground floors. Its total surface area is 229 m2,
with 4 flats per floor, which totals 20 flats ranging from 64 to 79 m2, with a total residential
surface area of 1399 m2.
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After considering the best refurbishment solution for walking roofs obtained in the
previous stage by the multicriteria analysis with weighting criteria (WPER—walkable
with permeable paving), the next step was to estimate an order of magnitude of en-
ergy savings by applying this solution in the urban area wherever the starting solution
of the selected period was identified. To do so, the building geometry was checked
by using cadastral cartography, the measurements taken at the site and by collecting
data about existing constructive solutions. Next, the building was modeled using the
CERMA v5.11 tool (Valencian Building Institute, IVE, and Asociación Técnica Española de
Climatización y Refrigeración, ATECYR). This tool is one of those officially approved
by the Spanish Ministry for Ecological Transition to certify buildings’ energy perfor-
mances (https://energia.gob.es/desarrollo/EficienciaEnergetica/CertificacionEnergetica/
DocumentosReconocidos/Paginas/procedimientos-certificacion-proyecto-terminados.aspx,
last accessed on 1 December 2023).

The inputs in software, as in other energy performance certification tools, are the
climate data of the site, building typology, year of construction, orientation, composition
of the thermal envelope and its main measures, together with the main information on
building service facilities.

Simulation was conducted for three scenarios: first, the building in its original state
(OR); second, the same building with the roof refurbishment by the WPER solution and
appropriate thermal insulation to fulfill the requirements set out by the Technical Code
for Building in its Energy Savings section (CTE-HE-1); and, finally, improving the thermal
insulation of the WPER refurbishment solution by considering commercial formats for
the thermal insulation of this permeable paving type available on the market (insulation
thicknesses of 40, 50, 60 and 80 mm).

The original building’s energy performance class was Class E on a scale from A to G,
with emissions of 33.06 kgCO2/m2 per year. Despite poor insulation and the obsolescence
of constructive systems and facilities, the rate is consistent with the climate zone and with
mild winters. The study results are summarized in Table 5, where the values for emissions,
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energy use and heating/cooling demands appear for each scenario, together with the
reached rate and the percentage of savings when comparing the original solution to the
refurbished one (in brackets).

Table 5. Simulation values and energy class in the representative building.

CO2 Emissions
(kgCO2/m2 Year)

Primary Energy Use
(kWh/m2 Year)

Heating Demand
of Final Energy
(kWh/m2 Year)

Cooling Demand
of Final Energy
(kWh/m2 Year)

Original 33.06 E 168.81 E 84.10 G 14.27 D

40 mm 31.22 E
(−5.57%)

159.93 E
(−5.26%)

77.81 G
(−7.48%)

12.97 C
(−9.11%)

50 mm 31.14 E
(−5.81%)

159.55 E
(−5.49%)

77.54 G
(−7.80%)

12.91 C
(−9.53%)

60 mm 31.11 E
(−5.90%)

159.41 E
(−5.70%)

77.44 G
(−7.92%)

12.89 C
(−9.67%)

80 mm 31.02 E
(−6.17%)

158.96 E
(−5.83%)

77.13 G
(−8.29%)

12.82 C
(−10.16%)

As expected, fulfilling the CTE indicated scarce improvement in terms of carbon
emissions or energy use when only the roof of a building is refurbished, which implied a
decrease in these indicators of around 5–6%. This building’s percentage is slightly higher
than that published by Abdeen et al. [32], who obtained a 2.3% reduction by improving
roof insulation. However, differences grew for heating/cooling demands, at 9% and
10%, respectively. When the tool simulated the commercial formats, the values lowered
because insulation thickness increased, which is logical. As the price of paving in those
cases could be the decisive factor for selection, the cost efficiency of the solution was
analyzed to select the compromise solution [33,34]. To do so, the price of investing in
refurbishment was estimated, together with the savings made in energy use. The optimal
cost method was applied according to the Commission Delegated Regulation (DR; EU) No.
244/2012 of 16 January 2012, which supplements Directive 2010/31/EU of the European
Parliament and the Council on buildings’ energy performance. This method allows a
comparative methodology framework to be established for calculating cost-optimal levels
of minimum energy performance requirements for buildings and building elements. For
the representative building, Equation (4) was applied:

Cg(τ) = CI + ∑j [∑
τ

i=1(Ca,i(j)Rd(i) + Cc,i(j))− Vf,τ(j)], (4)

where Cg(τ) is the global cost (referring to the starting year τ 0) over the calculation period
to be estimated. Table 6 presents the meaning of each term in Equation (4), as well as the
values and starting hypothesis adopted in the analyzed case:

Table 6. Definition of the terms in Equation (4), values and the starting hypothesis.
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Table 7 shows the global cost, which considers a net present value of the investment
and the payback period (Pp) of the different considered solutions. The last row indicates
an additional scenario for the 80 mm solution by assuming an annual increase of 2% in the
energy price, which is likely to progressively rise.

Table 7. The global cost and payback period (Pp) of the refurbishment solutions considering several
scenarios for the sensitive analysis.

Solution r1% r4% r6%

Cg(τ) (EUR) Pp (Years) Cg(τ) (EUR) Pp (Years) Cg(τ) (EUR) Pp (Years)

40 mm 53,181.74 12 23,920.24 14 11,644.68 17

50 mm 56,330.30 11 25,779.87 14 12,963.20 17

60 mm 55,147.32 12 24,121.99 15 11,105.94 18

80 mm 59,657.63 11 27,105.84 14 13,448.96 17

80 mm + 2% 95,488.16 10 47,674.82 12 28,132.29 14

Like previous studies, this one used basic statistics to simulate the building
stock [33–35]. The magnitude of the potential savings in the neighborhood was estimated
by considering the total area of the flat roofs of this building typology and the construction
period (see Figure 6 and Table 4). Accordingly, the refurbishment of 36,123 m2 of the
considered roof with the WPER solution of 80 mm thickness would save 339,682.36 kgCO2
and 1,640,132.98 kWh per year. This estimation was obtained by the theoretical simulation
of a representative building. Consequently, it must be taken as an order of magnitude
rather than as an accurate amount. However, in economic terms, with an investment
of EUR 5,416,567.08, and considering the used energy cost, it would lead to savings of
EUR 492,039.89 in energy terms. This would imply an estimated return of investment of
11–17 years, depending on the tax rate scenario. This Pp could be reduced to 10–14 years
when assuming a scenario with an annual increase in the energy price of 2%. As ob-
served by Jaber [36], these relatively long Pps make the sole rehabilitation of building roofs
unattractive from an economic point of view.

5. Discussion

After analyzing the different proposed rehabilitation solutions, and in view of their
weaknesses, distinct strategies can be defined to achieve more efficient solutions. Among
them, several possibilities can be studied:

• Study the possibility of developing lighter rehabilitation systems by using thin ceramic
tiles or sheets. This strategy can be employed with raised flooring by applying
a reinforcement layer in direct cladding and in permeable flooring to allow water
permeability in tile joints;

• Raise public awareness about the importance of energy efficiency in buildings so that
renovations are put to the best possible use to incorporate thermal insulation. This
could be performed with existing financial aid so that homeowners’ associations could
consider it. The cost of the intervention that incorporates thermal insulation is similar
or even lower than simply repairing existing damp problems;

• Study the possibility of using recycled aggregate gravel as protection for inverted
roofs, which would increase the overall sustainability of the solution.

After analyzing some potential scenarios, possible future considerations can be the
following:

• Subsidies and public support for interventions should be maintained to reach an
efficient building stock, bearing in mind that low-performance building owners usually
face more difficulties that involve making high investments;
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• It is necessary to raise more long-term awareness by considering a more holistic
view and realizing the benefits of prolonging buildings’ life spans through proper
maintenance and upgrading;

• Building roofs are normally underrated, perhaps because they cannot be seen from the
street level. However, they are important elements in the envelope and are crucial for
prolonging the life span of buildings and for promoting proper building functionality.
Their proper maintenance will surely avoid future costly repairs.

This work has presented a limited number of refurbishment solutions by basing their
environmental performance on improving thermal insulation, which allows the thermal
transmittance of the envelope to be reduced. However, this study has not explored other
rehabilitation options like those mentioned by Madushika et al. [37], i.e., using paints or
highly reflective clay tiles, which could complement the analyzed solutions.

6. Conclusions

This research work assesses the viability of various roof rehabilitation systems by
determining the best option based on a multicriteria analysis. To determine the potential
energy improvement, the best solutions are simulated in a representative building of a
neighborhood located in Castellón de la Plana (East Spain). The energy improvement
possibilities at the neighborhood level are determined by extrapolating these refurbishment
proposals to the study area. Based on the obtained results, the following conclusions can
be drawn:

• The multicriteria assessment indicates the gravel system as the most favorable one
when considering the A, E and P aspects together. Raised paving and permeable
paving systems obtain an intermediate overall rating, which can be improved by
reducing the system’s weight or the cost of raised floors;

• Despite the importance of thermally insulating the building envelope and improving
the building stock’s energy efficiency, the current regulation (DB HE1) is only applica-
ble in certain refurbishment cases to obtain buildings with almost zero energy use. So,
owners tend to look for the cheapest solution;

• Users attach more importance to the cost of the investment, and this factor sometimes
determines the feasibility of refurbishment. As highlighted by renovation profes-
sionals, thermal insulation is generally not incorporated into refurbishments of flat
roofs of Mf housing buildings because it makes refurbishment more expensive and is
considered to benefit only the top-floor dwellings;

• The fact that roof renovation solutions are overweight is extremely important and
conditions their application. However, their importance is not perceived as such by
users and experts;

• Although green roofs are highly desirable from a sustainability point of view, they
should be ruled out as a refurbishment solution for existing buildings for being
overweight;

• Roof refurbishment’s cost efficiency does not seem very optimistic. Investments of
about 60–90 EUR/m2 are needed, which means slightly improved energy performance,
with savings in overall non-renewable primary energy use of around 5% or 6% for
a benign climate zone, such as that herein analyzed. However, considering that this
refurbishment means acting on 20% of the building’s total thermal envelope, the result
is not so low;

• The Pp for the studied cases is 10 years in the best-case scenario and 18 years in the
worst-case scenario;

• It is important to emphasize the fact that not only roof insulation is improved with
refurbishment but also waterproofing and, therefore, habitability conditions, especially
those of the top-floor dwellings. This argument reinforces the convenience of roof
refurbishment because it not only improves the building’s energy performance but
also increases its life span by improving and repairing a very exposed area of the
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building envelope, which avoids potential diseases. All these reasons reinforce the
alignment of roof refurbishment with buildings’ sustainability;

• If the results obtained for the statistically representative building are extrapolated to
the neighborhood scale, the total values are quantitatively significant, with an annual
saving in atmospheric emissions of almost 340 tons of CO2, and a reduction in energy
use of over 1.6 million kWh. Thus, the potential improvement in the area is quite high.

In the last two decades, there has been a significant increase in the number of scientific
studies that explore ways to improve buildings’ energy efficiencies. This has been con-
ducted in response to evolving regulations and a global push toward decarbonization of
the economy. The new EPBD proposal includes important aspects that provide insights
into how sustainability can be promoted effectively in the building industry. Some of
these include more ambitious energy performance requirements for both new and ren-
ovated buildings, the consideration of carbon emissions throughout a building’s entire
life cycle, the adoption of “staged renovation” as a solution to the high upfront costs and
financial mechanisms to boost the old building stock’s renovation. These aspects show the
future trend in the building sector, and highlight the importance of roof refurbishment in
enhancing a building’s durability and overall performance.
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Abstract: Geopolymer-based concretes have been elaborated among others for their potential to
lower the environmental impact of the construction sector. The rheology and workability of fresh
geopolymers make them suitable for new applications such as 3D printing. In this paper, we aim to
develop a potassium silicate- and metakaolin-based geopolymer mortar with sand and local earth
additions suited for 3D printing and an environmental assessment framework for this material. The
methodology aims at the optimization of both the granular skeleton and the geopolymer matrix for
the development of a low-environmental-impact material suited for 3D printing. Using this approach,
various metakaolin/earth geopolymer mortars are explored from a mechanical and environmental
point of view. The environmental assessment of the lab-scale process shows an improvement for
the climate change category but a degradation of other indicators, compared to Portland-cement-
based concrete. Several promising options exist to further optimize the process and decrease its
environmental impacts. This constitutes the main research perspective of this work.

Keywords: sustainable material; geopolymers; 3D printing; material characterization; environmental
optimization; life cycle assessment

1. Introduction

Concrete is responsible for 8% of global greenhouse gas (GHG) emissions and 5.2% of
particulate matter (PM10) emissions [1]. With the gradual awareness of the urgency of
decarbonizing the concrete and cement industries, alternatives have been developed,
particularly to replace Portland cement, which largely contributes to the carbon footprint
of concrete [2,3]. Some alternatives rely on the replacement of cement using by-products of
high-emitting industries such as coal and steel production, providing fly ashes and slags,
respectively. Other emerging technologies aim at reducing emissions and energy use in
cement production [4,5]. The wide adoption of such technologies, however, faces multiple
barriers, ranging from regulatory issues to supply, product confidence, and technical
obstacles [6].

In addition to being a major contributor to climate change, concrete production also
consumes notable amounts of natural resources such as aggregates and sand with a certain
quality. The world consumption of sand and aggregates is estimated to reach about
41 billion tons per year and is expected to increase soon [7]. The sand supply has long been
taken for granted but nowadays faces issues of local resource depletion, impacts on the
ecosystem, and climatic instabilities [8].

In this context, geopolymers recently benefited from renewed interest. Geopolymers
(GPs) are inorganic, amorphous three-dimensional alumino-silicate materials synthesized at
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an ambient temperature through the activation of an aluminosilicate source (i.e., metakaolin)
by an alkaline solution [9]. The polycondensation reaction between alumina and silicates
occurring under basic alkali activation results in a geopolymer network. Such geopolymer
provides resistance to high temperatures, as well as high mechanical or chemical resistance
due to GP covalent bonds [10,11]. Sodium and potassium alkaline solution are largely used
as activators but another synthesis path involving phosphoric acid is also studied, to a
lesser extent [12].

Geopolymers are seen as an alternative to Ordinary Portland Cement (OPC), with
expected lower CO2 emissions [9]. Portland cement requires heating up to 1450 ◦C for
several hours which causes the calcination of the limestone (clinkerization process). The
combustion of fuels to reach such a temperature and the decarbonization of limestone both
emit a high quantity of CO2—about one ton of CO2 per ton of cement [13]. In comparison,
geopolymer production requires the use of a chemical solution of alkali silicates and the
heating of kaolin clay at a lower temperature (around 850 ◦C), without the calcination of
limestone. The synthesis of raw material is, therefore, less emitting than the Portland cement
production process, when considering the CO2 emitted directly during the production
process [9]. However, its environmental advantage has to be rigorously confirmed in a life
cycle and multi-criteria perspective [14].

Life Cycle Assessment (LCA) is a method currently widely used to assess the envi-
ronmental impacts of products and services [15,16]. It is a multi-step and multi-criteria
approach developed to avoid impacts shifting along the value chain and among impact
categories. Multiple Life Cycle Assessment studies have been applied to geopolymer (GP)
matrices, concretes, and mortars, with the latter being constituted of a geopolymer matrix
and a granular skeleton [17–22]. So far, no scientific consensus has been reached about their
environmental performances, mainly because the results highly depend on the formulation
and raw materials used for their synthesis. Some authors show a significant reduction of
environmental impacts when using GP concrete based on slag, fly ash, and alkali-silicate
systems [18,23], while others confirm a slight reduction of GHG emissions using fly ash and
blast-furnace geopolymers [19]. They also highlight a trade-off between impacts on climate
change and other environmental categories such as abiotic resources, eutrophication, and
acidification, for which GP concrete presents higher impacts. GP concrete could even have
a higher carbon footprint than conventional concrete depending on upscaling commercial
scenarios for 3D printing concrete [24].

Most studies agree on the importance of the contribution to the impacts of alkali
activator production. To reduce the contribution of the geopolymer matrix, fillers such as
sand can be added to form the geopolymer mortar. Another way is to use raw earth instead
of sand [25] as GP chemistry makes it more prone to interact with the earth, especially
clays, than ordinary concrete [26,27]. In this way, from a circular economy perspective,
geopolymer synthesis could help recover excavated earth.

In addition to their potential intrinsic environmental performances, GP mortars could
be suited for 3D printing. Applied to the construction sector, this technique, currently
under development, is considered as a way to reduce the amount of construction materials
used [28]. Geopolymers present a totally different physic than 3D-printed rock analogs [29]
and a different setting than cement mortars—they are closer to polymeric glues than
hydrated mortars. They also may be highly completed with different fillers. For these
reasons, they become good challengers for this new way of building. Their interesting
durability properties would also be relevant in a growing number of applications (structural
materials, heat-resistant pavement, sewer pipes, sub-aqueous seawater, etc.) [30]. Improved
knowledge of geopolymers is thus broadly recommended to understand their potential
to mitigate carbon emissions in the construction sector [31–33] and precisely evaluate the
domain of environmental relevance for this technology. Specific work on geopolymer
mortars for 3D printing shows low embodied carbon per m3 compared to cementitious
material [34]. However, the contribution of transport and the curing and mixing process
are not clearly presented. Moreover, most formulations reviewed are based on used fly ash
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and blast-furnace slags (Table 1), which are by-products of polluting industries and are only
available in limited quantities. Even if the use of fly ash and blast-furnace slags could be
envisioned in countries where electricity is still mainly coal-based, they remain by-products.
They might not be a long-term option for replacing cementitious blends on a large scale.
The development of a potassium silicate- and metakaolin-based geopolymer mortar with
low environmental impact, sufficient mechanical properties, and suitability for 3D printing
could therefore be beneficial for the construction sector. Its environmental impact must,
however, be thoroughly studied using a comprehensive Life Cycle Assessment.

Table 1. Comparison of embodied GHG emissions for GP concrete or mortar and Ordinary Portland
Concrete found in the literature.

Geopolymer (GP)
Description

GHG Emissions of
GP (kgCO2eq/m3)

GHG Emissions of
Ref. OPC

(kgCO2eq/m3)
Ref Comments

Binder, suitable for 3D
printing—FA50% + GGBS50% 107 556 [34]

Carbon accounting and not full
LCA (f.e. water carbon footprint
is set to zero). Reference binder

is 80% OPC and 20% FA.

Binder, suitable for
3D printing—FA78.5% +

GGBS13.8% + SF7.7%
134 556 [34]

Carbon accounting and not full
LCA (f.e. water carbon footprint
is set to zero). Reference binder

is 80% OPC and 20% FA.

Slag and FA GP binder for
3D printing 677 493 [24]

Full, complete LCA, including
sensitivity analysis

on allocations.

“Standard” FA GP concrete 320 354 [35] Carbon accounting
and not full LCA.

FA GP concrete 169 306 [19]

Also investigating MK-GP, but
clear figures are not available.

MK-GP impacts are higher than
FA-GP impacts.

FA and slag GP cement 267 895 [18] Indian context, cement
and not concrete.

FA: Fly ash, GGBS: granulated blast-furnace slag.

The objective of this paper is to propose a formulation for a low-environmental-impact
geopolymer mortar to be used for 3D-printing applications exploiting locally available
materials. The research explores a lab-scale process developed in a French context. After a
brief description of the studied class of geopolymer, the article describes the LCA-based
approach used to optimize geopolymer formulation, relying on its environmental perfor-
mance. An initial formulation of a geopolymer mortar is tested, and its environmental
impacts are evaluated to identify the life cycle stages with the main impact. The article then
presents the results of formulation optimization using LCA and examines the influence of
LCA parameters such as transport. Based on a comparison of three 3D-printing materials,
it discusses potential improvements of the process to further decrease the environmental
impacts of metakaolin geopolymers, highlighting the need to improve the accuracy of
LCA data.

2. Materials and Methods
2.1. Methodological Approach

Our methodological approach is summed up in Figure 1. To understand the environ-
mental impacts of a printable geopolymer formulation, a first environmental assessment
was led using a GP matrix previously developed in the NAVIER laboratory and suitable
for 3D printing, as described in [36]. This first matrix serves as a reference for further
optimization. It is composed of 46%w metakaolin, 37%w potassium alkaline solution,
15%w wollastonite, and 2%w glass fibers and will be called GP–GfW in this study.
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Based on the environmental impact of a geopolymer-based 3D-printing material, an
optimization of the matrix was undertaken to lower the environmental impacts while main-
taining sufficient mechanical property. Then, geopolymer formulations (matrix + granular
skeleton) were developed to decrease GHG emissions while maintaining printability and a
minimum mechanical strength of 32.5 MPa (NF-EN 197-1 standard [37]).

The results were further analyzed to understand the influence of certain parameters
on the environmental impacts of the formulation. The studied process is a lab process
and is not optimized as the processes currently in place within the cement and concrete
sector are. Transport distances and modes were investigated in a sensitivity analysis to
understand how impacts could be decreased by a scale effect. The poor quality of some
data, related to low temporal representativity, for instance, is also discussed.

2.2. Raw Materials and Sample Preparation
2.2.1. Raw Materials

Geopolymer formulations were synthesized at the NAVIER laboratory with potassium
silicate solution (Geosil14515: [K] = 7.0 M, SiO2 = 19%w, K2O = 22%w and H2O = 59%w) and
metakaolin aluminosilicate source (M1000: SiO2: 55%w Al2O3: 40%w, D50 = 10 µm) [38].
The developed formulations differ from most GPs presented in the literature, which are
sodium silicate solution and industrial waste (fly ashes, ground granulated blast slag)-
based GPs [39]. Given their limited availability on the French territory and the uncertainties
of their future supply, industrial wastes were not included in the tested formulations.

A granular skeleton constituted partly of masonry sand (0–4 mm diameter) and partly
of raw earth was then added to the geopolymer matrix to form a geopolymer mortar. Raw
earth was supplied locally from the excavation works of the “Grand Paris” project. The
earth was dried in an oven (24 h at 100 ◦C) and then sieved consecutively into four particle
sizes (1.6–2.5 mm, 0.8–1.6 mm, 0.4–0.8 mm, and <0.4 mm). Qualitative tests regarding
earth addition in geopolymers showed water absorption issues. The earth has a higher
water demand than sand due to the presence of clays (like illite or smectite for the earth
used in this study), especially for the low granulometry (<0.8 mm). To quantify the water
absorption, the water demand of earth particles and sand was quantified by measuring
the quantity of water (in increments of 10 µL) to be added to 10 g of material to reach a
moist state. The moist state corresponds to a visual criterion where the sand or earth is
fully wet. Their values are reported in Table 2. Given that the earth absorbs most of the
water from the mix, the mortar becomes dry too quickly and the earth addition becomes
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impossible. The absorption of water by the earth modifies the ratio of chemical components
and consequently the polycondensation reaction of the geopolymer.

Table 2. Granulometry and water demand of sand and earth used in this study.

Particle Type Sand Earth

Grain size (mm) 0–4 1.6–2.5 0.8–1.6 0.4–0.8 <0.4
Water absorption ± 0.02

(mL/g) 0.13 0.06 0.28 0.58 0.75

Picture
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To optimize the earth quantity, the granular skeleton of the mix was improved follow-
ing the Fuller-Thompson method [36], considering Equation (1).

pi = (d_i/D)0.45 (1)

where pi is the percent passing ith sieve, di (mm) is the opening size of the ith sieve, and D
(mm) is the maximum particle size.

An optimized granularity was designed to compensate for the high water absorption
of the small earth fractions (diameter under 0.8 mm). The final composition consisted of
sand for aggregates with a diameter lower than 0.8 mm and earth for coarse aggregates,
with a size grain higher than 0.8 mm. The optimized grain size distribution is exposed in
Figure 2.
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Figure 2. Grain size distribution of � earth and � sand in the optimized granularity.

2.2.2. Sample Preparation

The nomenclature used in this work is MaSbSayEz, where a and b characterize the ratio
between potassium silicate solution (S) and metakaolin (M), so a + b = 100%. Moreover, “y”
and “z” represent, respectively, the quantity in grams of sand (Sa) and earth (E) added to
form the geopolymer mortar for 100 g of geopolymer paste (a + b). The sample preparation
consisted of adding metakaolin into a silicate solution progressively while mixing with a
planetary mixer. After 3 min of mixing, sand and/or earth were added progressively to the
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geopolymer paste and mixed for 5 min. The sample was then cast in a 40 × 40 × 160 mm
closed mold and the bubbles were removed with a vibrating needle (50 Hz, 1 min). The
samples were demolded after 24 h and stored in a sealed plastic bag. The printability
of the sample was quantified by overlaying manually the material with a syringe with
a 15 mm diameter. The normal compressive strengths were evaluated after 7 days on
12 (half 40-40-160 mm) samples using an MTS with a 100 kN load cell at 0.5 mm/min
constant speed.

2.3. Environmental Characterization
2.3.1. Environmental Assessment: Methodological Choices and Perimeter of the LCA for
3D Printing Geopolymer Mortars

Definition of the functional unit: The functional unit is defined as: “producing 1
m3 of geopolymer mortar suitable for 3D printing”. The impact of the formulation or
3D-printing process on the mechanical properties of these geopolymers has already been
studied in the past [40], and according to the NF EN 197-1 standard, the compressive
strength of the mortar should reach at least 32.5 MPa to ensure its suitability for 3D printing.
The material printability also needs to be assured. Such printability was qualified by
manually overlaying the material with a syringe, as a preliminary test [38].

System boundaries: The flowchart of the system is presented in Figures 3 and 4. The
study is a cradle-to-gate assessment, and we included in the system the production of GP
mortar as well as upstream activities and processes. GP applications are not considered,
and consequently, neither are transportation, use, and end-of-life. The equipment used to
process the materials (e.g., mixing unit, oven, molds) and the land occupation generated
by the lab were also excluded from the system processes, as no data were accessible.
Moreover, no material loss during the process was accounted for in this study. To consider
the localized characteristic of this supply, LCA data were as much as possible adapted to
the French context.
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The study was led using the open-source framework Brightway 2 and its graphic
interface Activity-Browser [41,42], relying on the database Ecoinvent 3.7 Cutoff [43,44].
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2.3.2. Life Cycle Inventory of Individual Processes

The assumptions made to derive the process inventory for each component of the
studied system are exposed below. Exhaustive information on the system modeling is
given in Supplementary Materials, Section S1.

Metakaolin (MK): The considered metakaolin (MK) was provided by the French
company Ceradel under the label METAKAOLIN ARGICAL M1000 (Ceradel, Clérac,
France). According to commercial communication by Imerys, it was assumed that the MK
was formed from a process involving high-purity kaolinite heated at 750 ◦C in a rotary
kiln. The modeling process considers 1.16 kg of kaolin production (ecoinvent process,
contextualized using a French electricity mix) and 2.5 MJ of natural gas heating to obtain
1 kg of metakaolin [22].

Potassium silicate solution (PSS): The potassium silicate solution (PSS) used in this
process is a commercial solution distributed by the German chemical company Woellner
(Ludwigshafen, Germany), under the name Geosil 14515. An existing process in the
ecoinvent database for sodium silicate was selected based on the same synthesis process
(hydrothermal). A molar equivalent was applied in the ongoing flows, to replace sodium
with potassium [45]. This process had a close solid ratio with the product Geosil 14515
used in this study (48% mass of dried content compared to 45% for this study). Finally,
water flow was added to the process to match the dried content of the Geosil 14515. This
way of designing a process for PSS was confirmed by the industrial producer.

Glass fiber: Previously introduced in a formulation developed in the NAVIER labora-
tory and suitable for 3D printing [36], glass fibers were used in our reference formulation.
The glass fiber came from a French producer located in the south of France (700 km from
the lab), and the global market in the ecoinvent database was adjusted accordingly. A
French electricity mix was considered for glass fiber production.

Wollastonite: Wollastonite production is not represented in the ecoinvent database. It
is usually a mined stone, although it can be artificially produced. Here, only open mining
was considered, using the asbestos chrysotile global production process as a reference.
Transport distances were also adjusted, as the lab providers are located in Mexico.

Other raw materials: The other constituents were directly taken from the ecoinvent
3.7 databases. If possible, data for the French context were taken. When not available,
Swiss (CH) or European (RER) data were considered.

Transportation of the matrix components: The transportation process was directly
extracted from the Ecoinvent 3.7 library database without changes. We used the EURO4
class for all transportation vehicles (trucks). For PSS and MK, distances between the
actual production sites and the NAVIER laboratory were calculated. The following driving
distances were estimated using Google Maps:

• MK: Clérac—Champs sur Marne: 535 km.
• PSS: Ludwigshafen—Champs sur Marne: 504 km.
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For the supply of cement, sand, and gravel, distances were estimated. A distance
of 50 km was taken to account for displacement from the cement factory to the lab. This
estimated distance is about 30 km for the aggregates (sand and gravel).

As the GP mortar was synthesized at the laboratory scale, and given the small number
of required materials, it was considered that the vehicles used belonged to the 3.5–7.5 T
category, for MK, G, and aggregates. As the process for Ordinary Portland Concrete (OPC)
is more usual, 16–62 T lorries were considered for its transportation.

Electricity: The electricity consumption of the process was evaluated at 4 kWh per m3

of produced concrete or mortar. This value is an expert-based estimation for regular con-
crete provided by the French National Project RECYBETON (https://www.pnrecybeton.fr/
accessed on 11 April 2024). It should be studied in more depth and adapted to GPs in
further research. The French low-voltage market for electricity included in Ecoinvent v3.7.1
was chosen for the inventory.

2.3.3. Environmental Indicators

The main environmental issue usually related to traditional concrete and mortar is its
impact on climate change (CC). This environmental category is thus a major focus of this
study. Nevertheless, other impact categories (listed in Table 3) were examined to provide
an overview of the environmental profile of the GP technology and avoid impact shifting.

Table 3. Abbreviations and units of the environmental indicator used in this study.

Impact Category Abbreviation Unit

Climate Change Total CC kg CO2-eq
Freshwater and Terrestrial Acidification FTA mol H+-eq
Freshwater Ecotoxicity Fex CTUe
Freshwater Eutrophication Feu kg P-eq
Marine Eutrophication Meu kg N-eq
Terrestrial Eutrophication Teu mol N-eq
Carcinogenic Effects CE CTUh
Ionizing Radiation IR kg Bq U235

Non-Carcinogenic Effects nCE CTUh
Ozone Layer Depletion OD kg CFC-11-eq
Photochemical Ozone Creation POCP kg NMVOC eq
Respiratory Effects, Inorganics RE disease incidences
Resources, Dissipated Water DW m3 water deprived
Resources, Fossils RF Megajoule
Resources, Land Use RLU soil quality index—dimensionless
Resources, Minerals, and Metals RMM kg Sb-Eq
Cumulative Energy Demand CED MJ-Eq

The LCA was first performed using the European consensus set of environmental
indicators reached around the International Life Cycle Data initiative (ILCD). The midpoint
set of indicators from the methodology ILCD 2.0 2018 was used [46,47]. To give an overview
of the impact at the damage level to raise potential impact shifting among categories, a
second assessment was performed using the ReCiPe2016, hierarchist method [48].

Although the cumulative energy demand is sometimes depreciated by LCA experts
and seen as additional information more than a full LCA indicator [49], it was still added
to the midpoint indicators because of its very frequent use in the construction sector. This
set of impact categories aims to provide a comprehensive overview to avoid or at least
quantify the phenomena of pollution transfers and impact shifts.

3. Results
3.1. Environmental Impact Assessment of Elementary Processes of Geopolymer Mortars and
Reference Situation

In order to identify the parameters to be further optimized, a first environmental
assessment of the reference formulation (GP–GfW) was performed. The impact factors of

147



Sustainability 2024, 16, 3328

the elementary processes of the geopolymer production system used for the calculation
are available in Supplementary Materials, Section S2. The contribution analysis of this
formulation is exposed in Figure 5. Although the additions (wollastonite and glass fiber)
are not negligible, the main driver for environmental impact in most categories is the
potassium silicate solution (PSS), followed by the metakaolin and transport. The electricity
contribution appears to be negligible in this study.
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trophication, Meu = marine eutrophication, Teu = terrestrial eutrophication, CE = carcinogenic effect,
IR = ionizing radiation, nCE = non-carcinogenic effects, OD = ozone depletion, POCP = photo-
chemical ozone creation, RE = respiratory effects, DW = water depletion, RF = fossil resources,
RMM = minerals and metals resources, CED = cumulative energy demand.

3.2. Optimization of the Geopolymer Formulation to Lower GHG Emissions

Based on the preliminary LCA results, the optimization of the matrix is undertaken to
lower the quantity of PSS while maintaining sufficient mechanical properties. A formulation
that lowers the matrix quantity by integrating a maximum of sand and earth additions and
is suitable for the 3D-printing process was then developed and characterized mechanically.

3.2.1. The Geopolymer Matrix

In order to obtain a geopolymer formulation adapted for 3D printing with sufficient
compressive strength and low GHG emissions, the geopolymer matrix was first opti-
mized. Different ratios of metakaolin/potassium silicate solution were investigated with a
metakaolin mass percentage ranging from 40 to 60%. The mechanical curves obtained for
a M50S50 geopolymer are displayed in Figure 6a. This formulation exhibits a 60 ± 3 Mpa
compressive strength and a brittle failure. The compressive strength and the climate change
impact, expressed in kgCO2eq/m3 of the different geopolymer matrices are presented
in Figure 6b. The compressive strength presents small variations but stays in the same
order of magnitude (from 51 to 60 Mpa). When the metakaolin content increases from
40 to 50%, the compressive strength slightly increases due to enhanced polycondensation
reaction [50]. It then slightly decreases with a further increase in metakaolin content, from
50 to 60%, probably because of the presence of unreactive particles and a decrease in the
paste workability [51]. The climate change impact per m3 increases slightly with increased
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PSS content. Indeed, the PSS has a bigger impact per mass unit than metakaolin (0.63 and
0.58 kgCO2eq/kg, respectively, for the M40S60 and M60S40 formulations). However, the
density of the matrix increases with the decreased proportion of PSS which leads to an
increase in impact per volume unit. Since the values of climate change impact are of the
same order of magnitude, the M50S50 matrix presenting better mechanical properties seems
optimal. In terms of buildability, printing tests show that every tested geopolymer matrix
is not adapted for 3D printing because the paste flows when several layers are stacked
during printing. Their yield stress has then to be increased to improve the buildability,
which means to be able to carry the weight of the layers [52]. For that purpose, it is possible
to add reinforcement elements such as glass fibers or wollastonite [38] or to change the
volume fraction by adding, for instance, sand or earth [53].
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Figure 6. (a) Compressive curves of a M50S50 geopolymer and (b) • compressive strength and �
climate change in kgCO2eq/m3 as a function of metakaolin percentage in the geopolymer matrix.

3.2.2. The Geopolymer Mortar

In order to decrease the matrix quantity and increase the buildability, sand was added
to the different geopolymer matrices. To define the maximum quantity of sand to be added,
two thresholds were determined. The first threshold corresponds to the quantity of sand
for which the mortar begins to shear under mixing. After reaching this threshold, sand
was continuously added to a point where a vibrating needle could not fluidize the mix
anymore. The admissible range of sand quantity suitable for 3D printing lies between
these two thresholds; before the first, the mortar is not stackable, and after the second, the
mortar is not pumpable. These two thresholds are presented in Figure 7a for the different
geopolymer binders. The thresholds are almost similar for a quantity of metakaolin ranging
from 40 to 50% of the binder. With higher proportions of metakaolin, a saturation level is
reached, and the value of the second threshold decreases. In that range, the water coming
from the silicate solution is not sufficient in the geopolymer matrices, and the amount of
sand it is possible to add decreases.

To ensure that the geopolymer mortar formulations are mechanically reliable, the
compression strength of the M60S40 geopolymer binder was measured. This is reported in
Figure 7b as a function of the quantity of added sand. The mechanical strength decreases
slightly from 51 ± 3 MPa without sand to 44 ± 2 MPa with the addition of sand (M60S40Sa60).
Consequently, the addition of sand to form a printable geopolymer mortar has no significant
effects on the properties of the material.
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The value of climate change impact per volume unit (kgCO2eq/m3) was then calcu-
lated for mortar formulations at the second threshold and is reported in Figure 7c. The
climate change impact decreases slightly with a decrease in silicate solution until it reaches
an optimum at 316 kgCO2eq/m3 for the M50S50Sa191 formulation. It increases afterward.
This optimum can be explained by two phenomena: (i) the silicate solution has a big
impact on climate change and (ii) the formulation that contains a high quantity of silicate
solution allows us to add more sand, which decreases the final impact. The impact of the
M50S50Sa191 formulation is 3.7 times lower than the (M50S50) matrix impact. The addition
of sand in the geopolymer formulation then drastically decreases the climate change impact
of geopolymers per unit of volume. Nevertheless, their impact depends on the quantity
it is possible to add to the GP matrix. Moreover, the geopolymer formulations with high
silicate content (M40S60Sax, M45S55Sax, M40S60Sax) have climate change impacts lower
than 3D-printed concrete (529 kgCO2eq/m3) or generic mortar (393 kgCO2eq/m3) while
keeping sufficient mechanical properties (above 40 MPa). These formulations can then be
selected to progress toward a sustainable material for 3D printing.

3.2.3. Optimization with Earth Addition

After optimizing the geopolymer formulation through the addition of sand, tests were
conducted using the mix of earth and sand determined in Figure 1. This mix was added
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in a 1:1 mass proportion with an M50S50 geopolymer matrix to obtain a printable material
(M50S50Sa66E34). The printability and buildability of this formulation were tested with
a manual extrusion tool, as shown in Figure 8a. As shown in previous work [38], this
preliminary test provides an indication of the buildability of the material.
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Figure 8. Photos of (a) printed layers of the earth–sand–M50S50Sa66E34 mix extruded with a manual
tool and (b) a 40 × 40 × 160 mm sample.

The tested formulation presents a compressive strength equal to 31 ± 4 MPa. This
is lower than the geopolymer matrix due to the earth’s inclusion (Figure 8b) and a modi-
fication of the polycondensation reaction. However, it is still acceptable for construction
applications. These results show that the optimization of the granular skeleton allows us
to add local earth into the formulation to improve the circular economy while keeping
sufficient mechanical properties and obtaining a mix adapted for 3D printing.

3.3. Comparison of the Optimized Geopolymer Formulation with Other Printing Materials

The environmental performance of the optimized formulations as printing mate-
rials was assessed in a comparative approach at a material scale. The robotic process
necessary to print the material [54–56] was excluded from the scope of the study. The
formulation with the addition of sand (M50S50Sa191—GP-S) and the formulation with
the addition of earth and sand (M50S50Sa66E34)—GP-SE) were compared to two other
3D-printing formulations—one based on Portland cement [54], named 3DCM, and one
based on a geopolymer [36], with glass fibers and wollastonite additions (GP–GfW). The
four formulations are summarized in Table 4.

Table 4. Formulation of the 3D-printing mortars.

Quantity
(in kg/m3)

3D Cement
Mortar—
«3DCM»

[54]

Quantity
(in kg/m3)

GP Mortar
«GP–GfW»

[36]

GP Mortar
«GP–S»

(Section 3.2.2)

GP Mortar «GP–SE»
(Section 3.2.3)

OPC 540 MK 915.4 327.4 505

Silica Fume 480 PSS 736.3 327.4 505

Sand 1033 Sand 0 1248.8 666.6

Water 212 Wollastonite 298.5 0 0

Accelerator 6 Glass fibers 39.8 0 0

Plasticizers 8.8 Steamed earth 0 0 333.3

Considering the Portland cement-based mortar 3DCM, most upstream requirements
are accounted for in the market processes of the ecoinvent databases. Electricity consump-
tion for the 3D cement mortar was added considering 4 kWh/m3 and transport is also
accounted for, using the process “market for concrete, 50 MPa, global” contextualized to
Europe. The 4 scenarios are considered to have equivalent properties in terms of mechanical
resistance, pumpability and extrudability, making them suitable for 3D printing in the
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perspective of structural uses. Relative results are provided for a clearer interpretation of
the results, 3D cement mortar (3DCM) being the reference/denominator (Figure 9).
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With the currently tested formulations and in a French context, the results show
that the GP formulations present impacts equivalent to or higher than 3DCM, except for
climate change, for which GP-S has a lower impact (−23%). Secondly, the GP-S and GP-
SE perform significantly better than the previous formulation with a higher share of the
matrix (GP–GfW). However, GP-SE does not perform better than GP-S due to a higher
matrix proportion. The climate change impact of geopolymer mortar highly depends on its
formulation—whether by the nature or quantity of its raw material or by the optimization
of the granular skeleton.

Figure 10 shows the important contribution of transportation of the material for
GP mortar: from 7 to 47% according to certain categories (28% on average). The same
figures for 3DCM vary from 4 to 42% (16% on average). This is related to the lab-scale
and poor development of production sites for kaolinite. Another source of improvement
clearly stands in the material production itself: PSS and MK productions are significant
contributors to most categories, and further research should investigate the improvement
of the production process, especially on toxicity-related impacts for PSS. Further effort to
decrease the needed matrix quantity would also be very efficient as it will decrease both
impacts from production and transport.

Figure 11 shows the contribution of different environmental issues to damage to hu-
man health, biodiversity, and resources, using the ReCiPe2016 method endpoint level. If
climate change clearly dominates human health, other categories are not negligible, such
as toxicity (cancer and non-cancer) and particulate matter (which can be associated with
“respiratory effects”). On the biodiversity side, global warming dominates, followed by
terrestrial acidification, photochemical ozone formation, and land use. A multi-criteria
assessment is therefore essential to clearly prove the environmental relevance of the tech-
nology, restricting the evaluation to carbon footprint is not sufficient and could lead to
impact shifting.
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Figure 11. Midpoint contribution to Endpoint for GP-S concrete, Human Health (left), Biodiversity
(center), and resource (right) using ReCiPe2016, hierarchist method.

Results for the GP materials are largely hampered by scale factors, as we compared a
lab-scale technology to a fully deployed technology that has benefited from many years
of innovation and improvements, and its small-scale production units are close to final
users. Consequently, these direct results are to be taken with caution. A scale-up of the
GP technology will help assess its long-term potential. It should cover both the possible
optimization of the geopolymer elaboration process (equipment efficiency, raw materials)
and the overall value chain (optimization of transport type and distance). This is a major
perspective of this work and is further detailed in the Section 4.
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4. Discussion
4.1. Value Chain Optimization

The developed process is currently an under-optimized laboratory process compared
to well-established conventional materials such as concrete mortars. This explains why the
impact of transport is so high compared to 3DCM. To account for this bias, a sensitivity
analysis was performed on transport type and transport distances; first, we improved
transport to 16–32 T EURO6 lorries (scenario T++) and secondly, we decreased transport
distances from 500 km to 50 km for MK and PSS (scenario T++D−). The results are
presented in Figure 12 below, which provides a selection of seven indicators among the
most important ones according to the endpoint assessment.
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There is great room for improvement, which could be made thanks to the scale effect.
This limited analysis based on only two parameters should be further investigated to
produce full scale-up scenarios, focusing both on process optimization and distribution
options. Process improvements can be obtained thanks to bigger and more efficient equip-
ment, such as MK flash calcination [57,58], a change in energy suppliers, or a change in
PSS suppliers. Distribution options could involve the use of alternative raw materials
such as low-kaolinite metakaolin that could be produced from clays with a high content of
kaolinite [59]—an abundant resource often available locally in France [60]. Freight by train
or by barge could also be envisioned to further decrease transport impacts. This represents
an important research perspective of this work.

4.2. Matrix Optimization

The geopolymer matrix formulation was selected based on its mechanical performance
and its climate change impact. This procedure could be further deployed to evaluate
candidates in all environmental impact categories. The authors want to highlight the
methodology set up to develop the geopolymer, which is simplified and restrained to one
single indicator in the first step for readability. They acknowledge the importance of the
multi-criteria approach in LCA.

The LCA results also showed that the formulation with sand (GP-S) exhibits better
results than the formulation with earth (GP-SE). The use of locally excavated earth could,
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however, be beneficial as a strategy to reduce impacts related to the extraction of sand in
the context of aggregate scarcity and a lack of environmental regulation [7,8].

Moreover, the use of sodium instead of potassium in the alkaline solution could also
produce geopolymers suited for structural applications while reducing both the cost and
the environmental burden [9]. Other synthesis processes could be investigated in a future
study to use broadly available potash salts instead of potassium hydroxide in the confection
of potassium silicate solution (waterglass).

Finally, the printability of the formulation has been measured in a simple way, even if
better methods exist, like the squeeze test [61] or modified Vicat [62], for instance. In [63],
we developed an original and efficient in-line test for 3D concrete, the slug test, which is
able to deduce the yield stress from the weight of drops falling from the nozzle, which
directly relies on the printability. In [36], we successfully adopted this method for the GP–
GfW geopolymer used in this study for comparisons, and future tests will be conducted for
the formulations integrating earth, to confirm their printability.

4.3. Uncertainties

Uncertainty values are high, as the data suffers from some severe flaws, especially in
foreground processes. The estimation of this uncertainty is a critical issue for comprehensive
LCA results [64]. For PSS, the data on potassium are inexistent, following an existing trend
in the chemical industry [65]. The values for alkali silicates come from a 25-year-old
study from Fawer and colleagues [45], as is the case in the vast majority of other LCA
studies such as [19,22,66]. It strongly affects the temporal and technological correlation
parameters and consequently gives high uncertainty to the related process. For MK, the
material comes from widely different processes, and a high variability is observed in the
literature [19,22,66]. Consequently, the technological correlation is low. Furthermore, an
uncertainty assessment is not explained in this article, although it is considered to be a
major perspective of this work.

The uncertainty related to the freshwater ecotoxicity indicator will hopefully soon be
reduced with ongoing work on improving the characterization factor of metals. In the mean-
time, this result has to be taken with caution. For instance, the most important contributing
elementary flows differ between the ILCD and Impact World+ indicators [67], with ques-
tions on both results and the overall contribution of this category in the environmental
assessment of GP mortar.

4.4. Damage Assessment Method

As endpoint characterization methods are subject to higher uncertainties than the
midpoint, a sensitivity analysis was performed using another method: ImpactWorld+ [67].
The results significantly differ, especially for biodiversity assessment and the contribution
of long-term effects regarding freshwater ecotoxicity, which clearly dominates the Impact-
World+ results. This impact category is subject to very high uncertainties, and this result
is the consequence of only a few compounds highly persistent in the environment. Here,
these are aluminum, copper, and iron, which come from upstream secondary processes
related to sulfidic tailing from copper production. There is an important debate on ecotoxi-
city characterization factors for metals, which could eventually lead to a decrease in their
contribution by at least two orders of magnitude [68,69]. There is also a current debate on
the possible overestimation of tailing releases to the environment [70]. Excluding long-term
effects to avoid this metal issue, the dominant category is climate change, closely followed
by land use (related to transport) and acidification. Details on stressor contribution to
freshwater ecotoxicity impacts are available in Supplementary Materials, Section S3.

The ReCiPe2016 method, a hierarchist scenario, used in this work does not consider
the long-term effects of ecotoxicity (over 100 years), which could potentially lead to an un-
derestimation of the impacts of very persistent compounds. However, stressor contribution
results were consistent with the ILCD method used for midpoint assessment. Uncertain
impacts must be assessed even if uncertain and ongoing important research efforts might
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soon lead to a better comprehension of occurring phenomena and a reduction of related
uncertainties and variations among models.

4.5. Comparative LCA with 3D Printing Mortar Based on OPC

For simplicity reasons, the choice of a conventional equivalent was based on concrete
with 100% OPC. Although 100% OPC is still widely used, a wide range of alternative clink-
ers have been developed [71]. It would be highly consistent to further include the proposed
geopolymer in a wider perspective, comparing it to a wide scope of 3D-printing materials.

5. Conclusions and Perspective

The research presented in this paper focuses on geopolymer compositions iteratively
developed for structural applications, with the goal of lowering the environmental impact.
An LCA model for MK- and PSS-based geopolymer mortars was built. This model was
used to optimize the GP matrix and granular skeleton starting from an existing formulation,
through the reduction of GHG emissions. Two optimized formulations of GP mortars
suitable for 3D printing were then compared with a 3D-printed mortar based on Portland
cement. The results were completed by a sensitivity analysis of the transport of raw
materials. The conclusions of this LCA show that 3D-printed GP formulations are not yet
a mature technology, and short-term applications of this technology are not necessarily
environmentally beneficial. Nevertheless, GPs hold great potential as they can divide GHG
emissions by a factor close to two, with conceivable innovations. In the meantime, human
and environmental toxicities, mineral depletion, and fossil resources are increased by the GP
mortars—a trade-off already underlined by previous studies. The designed material shows
good extrudability and buildability and could be used in high-performance applications
thanks to its high compressive strength. Despite its low proportion of aggregates, this
material displays significant environmental assets as it contains an important share of earth
that is widely available and often treated as waste.

Some other prospective works lie ahead and are worth exploring. First, there is a need
for a prospective resource-availability assessment for the GP technology (alkali, kaolin
clays) to ensure that the required resources are widely available or to define locations that
could most benefit from the technology. Secondly, an environmental assessment of the large-
scale use of 3D printing in building applications must be conducted, as the literature is still
scarce. A robust uncertainty assessment should be undertaken with rigorous sampling for
processes specific to geopolymers. Furthermore, the social impact of such a new technique
is also worth exploring before its wider application.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su16083328/s1. Section S1: Process of Detailed Modelization;
Section S2: Impact Categories; Section S3: LCA Results: Stressor Contribution to Ecotoxicity.
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Abstract: The construction industry has a notably negative impact on the environment; thus, the
promotion of the use of timber structures is an alternative to mitigate its effects. This research develops
an artificial intelligence-based decision approach in the calculation of timber structures focused on the
enhancement of the sustainability of roof structures. Based on the optimization carried out through
genetic algorithms and the framework established in Eurocode 5, a general set of equations has been
proposed for a laminated timber roof structure. The tool, which determines the most suitable roof
structure for each strength class of laminated timber, allows for the determination of the dimensions
of beams and purlins and their respective separations in order to minimize wood consumption. The
ultimate goal is to offer multiple solutions regarding strength classes and structural designs in order
to foster sustainability-informed choices that promote efficient use of resources in construction.

Keywords: artificial intelligence optimization; genetic algorithm; timber; strength class; roof structure;
Eurocode 5

1. Introduction

Its economic and social relevance notwithstanding, the construction sector in the
European Union (EU) consumes a great amount of resources, with figures up to 50% of
all extracted materials [1], and produces vast quantities of waste, accounting for 37.5% of
the total [2]. Moreover, the built environment is responsible for 40% of the total energy
consumption and 36% of all CO2 emissions in the EU [3].

Among some of the most commonly employed construction materials are concrete
and steel. Understanding the properties and constraints of materials is essential to both the
design and future construction and use; however, evaluating the environmental impact has
become equally critical as climate change and sustainability concerns increase. Thus, the
use of life cycle assessment (LCA) databases allows for the assessment and comparison of
construction materials’ environmental performance through the use of indicators such as
embodied energy or CO2 emissions. For instance, the Ecoinvent database [4] indicates that
steel has an embodied energy of 27.90 MJ/kg and emissions of 1.71 kg CO2/kg. Similarly,
values of 0.618 MJ/kg and 0.112 kg CO2/kg are reported for concrete [4].

Nowadays, similarly to other economic sectors, construction is veering towards prac-
tices within material selection, construction methods, operational efficiency, and end-of-life
strategies that regard social and environmental well-being to further sustainability. In this
regard, the European Green Deal [5] promotes the use of timber as a means to reduce the
environmental pressure of the construction industry.

Although the use of timber is not new, approaches to alleviate some of the inherent
limitations of wood (i.e., dimensions, strength, instability, fire resistance, susceptibility to
biodegradation, etc.) through the development of wood-engineered products [6,7] and
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various technological advances (e.g., chemical, thermal, or mechanical treatments) [6,8,9]
are propelling its current popularity. Moreover, another factor driving the increase in
use is the comparatively better environmental profile with respect to other construction
materials [10]. As a renewable resource, timber can be continually sourced from sustainably
managed forests, which contributes to the maintenance and expansion of forested areas,
thereby mitigating deforestation and promoting ecological quality [11]. Since it originates
from a photosynthetic organism, uptake of carbon occurs during its growth due to biomass
conversion, with approximately 1.5 t CO2/m3 of wood [12]. Thus, sequestration or carbon
storage could be considered in the manufacture of timber, provided that the harvested tree
is used in long-life products such as construction materials. Moreover, the use of timber in
substitution of other more environmentally damaging materials constitutes an additional
benefit in CO2 mitigation, since the manufacturing emissions of the replaced construction
material are avoided. After sawing, lumber is naturally or force-dried to achieve dimen-
sional stability and planed according to use or processing into other wood-engineered
products. Undoubtedly, these operations pose a negative impact on the environment.
Although precise figures vary for the different wood products, both carbon emissions and
embodied energy are significantly lower in timber construction [10,13–16].

Among the wood-engineered materials, this research focuses on glued laminated
timber (also known as glulam). This construction material is composed of layers of sawn
lumber bonded together, with the grain running parallel to the length of the structural
element. This manufacturing allows for large spans and variable cross sections, as well
as high strength-to-weight ratios. Nevertheless, the different strength classes (e.g., from
GL 20h to GL 32h for homogeneous glulam [17]) exhibit specific mechanical performances
relating to the wood species. For instance, lower strength classes could be associated with
softwoods (Thuja plicata, Picea sitchensis, Abies magnifica, Abies grandis, Abies concolor, Abies
procera, Abies amabilis, etc.), whereas greater strength classes are connected to Pinus sylvestris,
Larix decidua, Pseudotsuga menziesii, etc. [18].

In this regard, the scientific community has predominantly centered its attention on
the study of a single strength class, and the interest has not been uniformly distributed
among them. Conversely, it is worth mentioning the research by Baranski et al. [19], who
addressed the optimization of different beam geometries as well as different qualities of
glulam (i.e., GL 22h, GL 24h, GL 26h, GL 28h, GL 30h, and GL 32h).

From the literature analysis, GL 24h stands out as the most evaluated class, with a
greater incidence of studies on bending elements such as beams. In the context of structure
optimization, two investigations can be highlighted. Firstly, Jelušič and Kravanka [20]
assessed the optimization design of timber floor joists for a given imposed load and span of
the structure. Then, De Vito et al. [21], who developed a topology optimization of Douglas
fir GL 24h beams, considered the orthotropic nature of wood and the layering manufacture.
Kilincarslan and Turker [22] considered the strengthening of the GL 24h spruce timber
column–beam connection with carbon fiber-reinforced polymer through experimental
evaluation. Wang et al. [23] evaluated the stiffness of GL 24h timber from Scotch pine
beam–column joints with bolted connections and introduced a stiffness prediction method.
Moreover, in the current state of transition to more sustainable materials, there are also
some examples of the hybrid use of GL 24h with inert materials. Fu et al. [24] studied
the optimization of the bonding performance between prefabricated concrete and GL
24h timber from spruce. Similarly, Giv et al. [25] studied the effect of adhesive type on
the bending behavior of the GL 24h timber–concrete composite panel. Ferrara et al. [26]
conducted real-scale experiments on the mechanical performance of a GL 24h timber–
concrete composite floor supported at two edges. Gomez-Ceballos et al. [27] presented a
numerical method for the analysis of the mechanical behavior of GL 24h Douglas beams
reinforced with ultrahigh-performance fiber-reinforced concrete. For the timber–steel
conjunction, Ching et al. [28] developed a topology optimization framework for trusses
made of GL 24h timber and steel aimed at reduce global warming potential.
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Several authors have also assessed the GL 28h class, mostly in the context of reinforced
elements such as tendons or steel bars. For instance, De Luca and Marano [29] tested the
failure of prestressed GL 28h spruce timber reinforced with steel bars. Also for European
spruce, McConnell et al. [30] tested GL 28h timber with steel tendons in post-tensioning
conditions. In regard to optimization, Mam et al. [31] focused on GL 28h bracing structures.
For a timber–timber composite with glulam ribs and cross-laminated timber flanges, Suárez-
Riestra et al. [32,33] tested the GL 28h from Picea abies and proposed an estimation model
for the long-term behavior of the composite.

Amid the less studied strength classes, an investigation carried out by Jelušič [34],
who proposed an optimization approach to variable cross-section beams of GL 30h timber
should be mentioned, as well as the research performed on GL 32h timber by Šilih et al. [35]
for timber trusses and Simón-Portela [36] for an entire timber roof structure.

Despite the current clear focus on specific strength classes, the complete consideration
of the strength class range within the material selection could benefit the optimization of
the timber volume required for a specific structure, which is one of the objectives of this
research. In this regard, there is extensive literature on reducing material consumption in
the design of steel and concrete structures; some examples can be found in [37–39]. Albeit
more limited, optimization approaches have also been made for timber construction, such
as beams [19,34,36] and trusses [20,35,40,41].

Additionally, the consideration of the use of the strength classes could also result in
advantages from a sustainability standpoint, since a greater variety of wood species would
be considered for construction purposes. It should be noted that besides their performance
and classification within a strength class, the selection of available tree species would also
be motivated by their intrinsic characteristics (e.g., climatic adaptation, growing rate [34],
etc.) as well as the final acquisition cost of the material. In this regard, research shows
that tree species richness can enhance wood productivity while maximizing ecosystem
functioning [42–44]. Notwithstanding, to adequately supply the increasing demand for
wood as a construction material, the source material must originate from responsibly
managed forests.

Therefore, the present investigation assesses the influence of glulam strength classes
in timber construction, specifically, on the design of a timber roof structure consisting of
timber double-tapered beams and purlins according to Eurocode 5 [45] requirements. To
that end, an optimization tool based on genetic algorithms has been developed, and based
on the results, several equations have been proposed to determine the optimal geometry
(width and height) of the structural elements (beams and purlins) as well as their spatial
configuration given the roof length, span, snow load, and strength class. Similarly, a general
equation has been derived to predict the optimum volume required for the roof structure
considering the different strength classes, which would promote efficient use of resources
and economic advantages while complying with structural and safety requirements.

2. Materials and Methods

This section presents the materials and methods employed throughout the research.
Firstly, to establish a comprehensive framework of construction solutions relevant to the
European context, the range of study for the different design parameters (material proper-
ties, geometric dimensions, and load scenarios) is considered. Subsequently, the specifics
regarding the development of the optimization tool are detailed. On the one hand, the Eu-
rocode 5 [45] equations utilized to evaluate the potential of each proposed design solution
are mentioned. On the other hand, the concrete parameters within the genetic algorithm,
as well as the objective function and the associated penalization criteria implemented, are
defined. Finally, the statistical analysis conducted on the optimal solutions to derive the
optimization equations intended to serve as a decision tool is described.
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2.1. Design Parameters: Material, Dimensions and Loads

A roof structure comprised of timber double-tapered beams and purlins has been
examined in this research. For the assessment, six homogeneous glued laminated (glulam)
timber strength classes, as defined in EN 14080 [17], have been considered: GL 20h, GL 22h,
GL 24h, GL 26h, GL 28h, GL 30h and GL 32h (Table 1). This broad selection of strength
classes would allow for consideration beyond the traditionally used wood species and thus
the promotion of previously unexploited or underutilized species in timber construction.

Table 1. Characteristic properties for each homogeneous glulam strength class [17].

Property GL 20h GL 22h GL 24h GL 26h GL 28h GL 30h GL 32h

Bending strength (N/mm2) 20 22 24 26 28 30 32
Tensile strength: parallel to the grain (N/mm2) 16 17.6 19.2 20.8 22.3 24 25.6
Tensile strength: perpendicular to the grain (N/mm2) 0.5
Compression strength: parallel to the grain (N/mm2) 20 22 24 26 28 30 32
Compression strength: perpendicular to the grain (N/mm2) 2.5
Modulus of elasticity: parallel to the grain (N/mm2) 8400 10,500 11,500 12,100 12,600 13,600 14,200
Modulus of elasticity: perpendicular to the grain (N/mm2) 300
Density (kg/m3) 340 370 385 405 425 430 440

The optimization was carried out for different timber roof dimensions. The roof length
was studied at 30 m, 45 m, 60 m and 75 m; the assessed span varied from 15 m to 30 m
in 1.25 m increments; and inclination angles between 5◦ and 10◦ were examined for the
tapered beam. The geometry of the structural elements was also considered a variable
within the experimental program. The heights of beams (Hb) and purlins (Hp) ranged
from 120 to 1200 mm, with 40 mm intervals reflecting the laminate thickness. Similarly, the
widths for beams (Wb) and purlins (Wp) spanned from 90 to 220 mm, adjusted in 10 mm
increments. Finally, regarding the arrangement of the structural elements within the roof
structure, the spacing between beams and purlins was also studied as a variable. Beam
spacing (Sb) was considered within a range of 3 m to 7 m, while purlin spacing (Sp) varied
from 0.625 to 1.25 m, which was the maximum allowed separation.

Similarly, specific limits were established regarding the range of potential load con-
ditions that the roof structure is designed to withstand. All contemplated loads were
combined as established in Eurocode 1 [45] to assess the worst-case scenario in the struc-
tural integrity verification. As the roof elements fall within service class 1, a 1.25 safety
factor was considered for the glulam material combined with a modification factor (kmod)
of 0.9. For permanent surface loads, in addition to the self-weight of the beams and
purlins that was automatically calculated during the optimization process, a dead load
of 0.45 kN/m2 was also included. For variable loads, snow loads ranging from 0.4 to
3 kN/m2 were considered to accommodate typical values in different locations across the
European Union [46]. It should be noted that in accordance with the Spanish Technical
Building Code (also known as CTE) [47], the combination of snow and wind loads with the
maintenance load is avoided due to the assumption that during extreme conditions, no one
would be present on the roof, thus resulting in an overestimation of the total load on the
structure. Conversely, snow load values below 0.4 kN/m2 were excluded to ensure that in
scenarios with negligible snow loads, the maintenance load is applied. Regarding the wind
load, it was considered for a gable roof without openings in a building with a height of
5 to 7 m [48], and since it has been proven not to affect the optimization results [36], a fixed
value of 0.07 kN/m2 was employed.

2.2. Optimization

The optimization goal is to identify the most effective design for a roof structure,
taking into account six different glulam strength classes that reduce timber material con-
sumption and comply with the requirements of strength, stability, and stiffness set out in
Eurocode 5 [45]. As such, initially, this method aims to balance structural performance
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(i.e., function and safety) with material conservation. However, it is worth mentioning
that the interpretation of the outcomes across the different strength classes should also
be regarded as a sustainability equalization, e.g., the selection of an optimal result from a
different strength class that could be represented by less exploited wood materials, which
alleviates the demand for certain species while promoting biodiversity.

Genetic algorithms grounded in biological evolution principles were employed to
execute the optimization process (Figure 1).
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Figure 1. Genetic algorithm optimization process.

To represent different potential designs for the roof structure, an initial population
of 1200 random individuals was generated. The selected population size is a compromise
between the computational cost and the probability of identifying the optimal solution.
The possible dimensions (i.e., Hb, Hp, Wb, Wp, and angle) and arrangements (i.e., Sb, Sp)
of beams and purlins were considered through specific values in their chromosomes. Each
individual within the population corresponds to a potential structural solution, encoded
in a chromosome comprising seven genes: Hb, Hp, Wb, Wp, Sb, Sp, and angle. Then, the
evaluation of each design solution depended on the utilization ratios determined within the
structural calculation program developed in Matlab to verify the Eurocode 5 [45] criteria,
which was previously collected in [36], as follows.

1. Ultimate limit state (ULS) tests:

• Beam verification for shear strength (Iv ≤ 1).
• Beam verification for bending strength (Im ≤ 1).
• Beam verification in the apex zone (It,90 ≤ 1).
• Purlin verification for combined bending and shear strength.
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2. Serviceability limit state (SLS) tests:

• A limit value of l/400 for the instantaneous deflection (winst).
• A limit value of l/300 for the final deflection (wfin).
• A limit value of l/225 for the net final deflection (wnetfin).

Then, the modified objective function (F(x) in Equation (1)) measures the fitness of
individuals in terms of volume, in m3, and applies a penalty to those that do not meet the
structural safety criteria and according to the aforementioned utilization rates:

F(x) = f(x) +
4

∑
j=1

Pj(Gj(x)) (1)

where x denotes an individual within the study population, f(x) is the objective function in
terms of volume (m3), j is the number of variables under examination, Pj is the penalization
term conforming to the restrictions imposed on each structural element, and Gj is the
penalty parameter, with the same order of magnitude as the objective function, based on
the maximum utilization ratio observed in each structural component, with j assuming
values from 1 to 4, as follows.

• G1(x) is the highest ultimate limit state utilization ratio of the beam:
0 > G1(x) > 1 then, P1(G1(x)) = 3 × 10(1−G1(x)).
G1(x) = 1 then P1(G1(x)) = 0.
G1(x) = 0 then P1(G1(x)) = 40.
G1(x) > 1 then P1(G1(x)) = G1(x) × 400.

• G2(x) is the highest serviceability limit state utilization ratio of the beam:
0 > G2(x) < 1 then P2(G2(x)) = 1.8 × 10(1−G2(x)).
G2(x) = 1 then P2(G2(x)) = 0.
G2(x) = 0 then P2(G2(x)) = 24.
G2(x) > 1 then P2(G2(x)) = 60 × G2(x).

• G3(x) is the highest ultimate limit state utilization ratio of the purlin:
0 > G3(x) > 1 then P3(G3(x)) = 1.725 × 10(1−G3(x)).
G3(x) = 1 then P3(G3(x)) = 0.
G3(x) = 0 then P3(G3(x)) = 23.
G3(x) > 1 then P3(G3(x)) = G3(x) × 11.5.

• G4(x) is the highest serviceability limit state utilization ratio of the purlin:
0 > G4(x) > 1 then P4(G4(x)) = 172.5 × 10(1−G4(x)).
G4(x) = 1 then P4(G4(x)) = 0.
G4(x) = 0 then P4(G4(x)) = 23.
G4(x) > 1 then P4(G4(x)) = G4(x) × 11.5.

Then, the individuals with the lowest values are roulette-selected to be subjected to
two-point crossover (i.e., the combination of their characteristics), elitism (i.e., the retention
of the fittest individuals) and mutation (i.e., the introduction of variability) operations
in order to generate new individuals that replace the initial population. Values of 80%,
10% and 1% were employed for these operators, respectively. The cycle is repeated until
convergence is reached, or up to a maximum set value of 50 generations. Nonetheless,
convergence was always reached after 15 to 20 generations. For instance, Figure 2 showcases
the characteristic evolution of the modified objective function across successive generations.

2.3. Statistical Analysis

A total of 1792 optimal individuals were generated based on combinations of specified
values for span, depth, snow load, and strength class. A comprehensive statistical analysis
was performed on the attributes of these configurations to assess for each glulam strength
class, the optimal geometry (width and height) of the structural elements (beams and
purlins) comprising the roof structure, and their spatial configuration. Additionally, the
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relationships among the different considered variables (i.e., snow load, span, depth, beam
height and width, purlin height and width, beam spacing, and purlin spacing) as a function
of the glulam strength class were examined through multiple linear regression analysis.
The analysis also focused on the comparison of the optimum timber volume across different
strength classes, offering a basis for making informed decisions based on both the material
consumption (i.e., type and amount) and the cost-effectiveness. Therefore, several equations
have been formulated to enable reliable predictions regarding the optimal volume and
geometry parameters for a given span and roof length, snow load, and timber strength
class. The validity of each predictive equation was assessed through the normality and
homoscedasticity of the residuals as well as the correlation value.
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3. Results and Discussion

The optimization outcomes for the timber roof structures studied are presented as
predictive equations according to the design parameters and glulam strength classes.
Initially, the analysis focuses on the optimal geometrical values of beams (i.e., inclination
angle, width and height) and purlins (i.e., width and height), as well as their respective
spatial arrangements in the roof structure. Subsequently, the exploration encompasses the
optimization of the overall timber volume across the different strength classes. Moreover,
examples for the application of the proposed predictive equations are included for each of
the approaches mentioned.

3.1. Optimal Geometry of Structural Elements and Their Spatial Configuration
3.1.1. Inclination Angle of the Double-Tapered Beam

Consistently, the optimal inclination angle was 5◦, the minimum for the studied range,
regardless of span, snow load, and strength class. Nonetheless, it was initially hypothesized
that the optimal angle might exceed the 5◦ considered minimum. It was assumed that an
increased angle and the resulting increase in the central cross-section of the tapered beam
could reduce the dimensions of the initial cross-section of the beam or allow for wider beam
spacing, leading to a decrease in overall timber volume. However, a direct comparison with
the findings reported by Simón-Portela [36] at a 10◦ inclination reveals that the reduction
achieved due to the increased spacing between beams (i.e., halving the number of beams)
does not compensate for the added volume due to the steeper angle. In fact, for identical
loading conditions and roof dimensions, the volume at a 10◦ inclination is 30% greater
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than that at a 5◦ inclination. Minimal angle inclinations (<5◦) were also reported in the
optimizations carried out by Baranski et al. [19] and Jelušič [34].

3.1.2. Width, Height and Spacing of Beams

A multiple linear regression analysis was carried out to study the influence of the span
and snow load variables on the dimensions of beams across various strength classes and
snow load intervals. It should be noted that the data did not exhibit heteroscedasticity, and
there were no significant deviations from the normal distribution (Levene’s test: p > 0.05;
Shapiro–Wilk test: p > 0.05). The findings revealed that:

• The span, both as a standalone factor and in combination with the snow load, signifi-
cantly influences (p-value < 0.001) the width of the beam.

• Both the span and snow load, whether considered separately or together, have a
significant effect (p-value < 0.001) on the height of the beam.

As the correlation coefficients observed were greater than 0.95, reliable prediction
equations of the width and height of beams could be achieved for a given span and snow
load values. In this regard, Equations (2) and (3) were proposed based on the correlation
coefficients from the multiple linear regression.

The optimal beam width (Wb), in meters, could be determined using Equation (2):

Wb = 90 + 10 × (A + B × Span + C × Snow load × Span) (2)

where span is expressed in meters and the snow load is expressed in kN/m2. Coeffi-
cients A, B, and C are detailed in Table 2 categorized according to the strength class and
snow load.

Table 2. Coefficients for the determination of the beam width as a function of the span, snow load,
and strength class according to Equation (2).

Strength Class Snow Load Range (kN/m2) A B C

GL 20h
[0.4, 1.0] −2.62363 0.08474 0.09558
(1.0, 3.0] −5.54945 0.23634 0.06286

GL 22h
[0.4, 1.0] −1.92033 0.07653 0.03823
(1.0, 1.8] −3.41484 0.03779 0.12499
(1.8, 3.0] −6.76484 0.38397 0.02239

GL 24h
[0.4, 2.4] −3.20080 0.14541 0.02972
(2.4, 3.0] −8.5714 0.1154 0.1461

GL 26h
[0.4, 2.0] −2.49573 0.12007 0.01960
(2.0, 3.0] −7.0249 0.000 0.1611

GL 28h
[0.4, 2.0] −2.53236 0.11526 0.02117
(2.0, 3.0] −6.4864 0.00000 0.1511

GL 30h
[0.4, 1.6] −1.946625 0.098350 0.009656
(1.6, 3.0] −6.19152 0.13680 0.09266

GL 32h
[0.4, 0.6] −1.61538 0.07035 0.01870
(1.4, 3.0] −6.15110 0.17779 0.07631

It is worth noting that the outcomes from Equation (2) must be rounded to the nearest
tenth to further be employed in the height beam determination (Equation (3)). Thus, the
resulting width of the beams has to be rounded to the closest value in 10 mm increments,
with a minimum value set at 90 mm.

For the different strength classes, Figure 3 illustrates the optimal values of the beam
width as a colored area within the snow load and span plot. It can be inferred that the
optimal model frequently employs the minimum value as the optimal beam width across
many span–snow load scenarios, which becomes more prevalent as the strength class
increases. In terms of maximum width, it is typically set at values 66.66% greater than the
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minimum width. Additionally, the graphical representation highlights a marked disparity
in the coverage area between widths of 130 mm to 170 mm, which is substantially smaller
than the area spanned by widths from 90 mm to 130 mm. A noteworthy observation is the
similarity across the graphical representations for the GL 28h to GL 32h strength classes,
indicating consistent behavior in beam width selection within this range.

Sustainability 2024, 16, x FOR PEER REVIEW 9 of 21 
 

GL 32h 
[0.4, 0.6] −1.61538 0.07035 0.01870 
(1.4, 3.0] −6.15110 0.17779 0.07631 

For the different strength classes, Figure 3 illustrates the optimal values of the beam 
width as a colored area within the snow load and span plot. It can be inferred that the 
optimal model frequently employs the minimum value as the optimal beam width across 
many span–snow load scenarios, which becomes more prevalent as the strength class in-
creases. In terms of maximum width, it is typically set at values 66.66% greater than the 
minimum width. Additionally, the graphical representation highlights a marked disparity 
in the coverage area between widths of 130 mm to 170 mm, which is substantially smaller 
than the area spanned by widths from 90 mm to 130 mm. A noteworthy observation is the 
similarity across the graphical representations for the GL 28h to GL 32h strength classes, 
indicating consistent behavior in beam width selection within this range. 

 
Figure 3. Optimal width of the beam, in mm, for the different timber strength classes. Figure 3. Optimal width of the beam, in mm, for the different timber strength classes.

Although a direct comparison to other optimization research [19,34] is not possible
due to different optimization thresholds as well as material and load conditions, some
commentary can be made regarding the observed patterns within the optimization results.
For instance, Jelušič [34] reported that the maximum beam height-to-width ratio always
ranged between 7 and 8. Conversely, for comparable strength (GL 30h) and separation,
the optimization proposed in this research resulted in ratios ranging from 13.4 to 24.3,
which justifies the lower beam widths arising from this investigation. Contrarily, Baran-
ski et al. [19] limited the optimization to a maximum beam height-to-width ratio of 10,
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whereas in the present research, such a ratio is not restricted in order to study the complete
90–200 mm range with the sole limitations imposed by the structural standards. It is also
worth mentioning that Baranski et al. [19] found the same width dimensions of beams to
be valid for the complete strength range.

The optimal beam height (Hb), in meters, can be determined using Equation (3):

Hb =
(A+B × Span +C × Snow load + D × Snow load × Span)

1
E × 100

Wb
(3)

where span and beam width (Wb) are expressed in meters and the snow load is expressed
in kN/m2. Coefficients A, B, C, D, and E are detailed in Table 3, categorized according to
the strength class and snow load.

Table 3. Coefficients for the determination of the beam height as a function of the span, snow load,
beam width, and strength class according to Equation (3).

Strength
Class

Snow Load Range
(kN/m2) A B C D E

GL 20h
[0.4, 0.8] −2437.7 364.9 −387.0 0.0 1.3
(0.8, 3.0] 43.6916 7.7027 −0.6686 1.8943 0.8

GL 22h
[0.4, 1.6] −107.79 32.44 0.000 10.64 1.0
(1.6, 3.0] 44.525 8.276 0.000 1.516 0.8

GL 24h
[0.4, 2.4] −82.268 30.655 0.000 9.972 1.0
(2.4, 3.0] 9.7869 0.4573 2.1313 0.1799 0.5

GL 26h
[0.4, 1.8] −1195.93 149.32 0.000 47.62 1.2
(2.2, 3.0] 35.029 0.000 0.000 1.920 0.7

GL 28h
[0.4, 2.6] −1899.6 255.0 −931.2 152.6 1.3
(2.6, 3.0] −67.787 2.356 31.563 0.000 0.6

GL 30h
[0.4, 2.0] −790.05 121.95 −260.80 66.66 1.2
(2.0, 3.0] 480.66 0.000 −233.57 23.77 1.0

GL 32h

[0.4, 0.6] 227.14 61.13 −1924.63 111.49 1.2
(0.6, 1.4] −143.50 18.99 138.30 0.000 0.9
(1.4, 2.4] −565.42 55.17 220.20 0.000 1.0
(2.4, 3.0] −1288.73 66.47 396.61 0.000 1.0

In this case, the height of the beam must be rounded to the nearest multiple of 40,
reflecting the laminate thickness, up to a maximum value of 1200 mm.

Figure 4 shows the optimal beam height for the different span–snow load scenarios
across the different timber structural strength classes. The analysis revealed greater variabil-
ity in beam height compared to width, since the genetic algorithm predominantly optimizes
the structure by adjusting the height due to the influence of this variable on the moment of
inertia of the cross section. This behavior is particularly noticeable for the lower-strength
classes that ultimately reach an optimum at the maximum available height value for some
scenarios. Similarly to the optimal width, the distribution of the beam optimal height across
the GL 28h to GL 32h strength classes shows comparable patterns.

No proportional relationship was observed between the strength class and the beam
height-to-span ratio, since the model adjusts the height of the beam based on all geometric
variables. For GL 30h, this lack of proportionality could also be observed in Jelušič [34]. In
the investigation carried out by Baranski et al. [19], who studied a roof structure for a load
of 0.9 kN/m2, a threshold of span/20 to span/40 was employed in the optimization. The
aforementioned range is close to that resulting from this investigation, with values of beam
height oscillating between span/20 and span/32. To assess the influence of the span, roof
length and snow load on the optimal number of beams, a multiple linear regression analysis
was conducted. No evidence of heteroscedasticity or significant deviations from a normal
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distribution of data was observed (Levene’s test: p > 0.05; Shapiro–Wilk test: p > 0.05). The
span was found to be not significant, whereas the roof length, both independently and in
combination with the snow load, significantly influences (p-value < 0.001) the number of
beams. Equation (4) was derived from the correlation coefficients of the multiple regression
model (R2 > 0.95).
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The optimal values for the number of beams (Nb) and their spacing (Sb), in meters,
can be determined using Equations (4) and (5), respectively:

Nb =(A + B × Roof length + C × Roof length × Snow load)
1
D (4)

Sb =
Roof length
(Nb − 1)

(5)
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where roof length is expressed in meters and the snow load is expressed in kN/m2. Coeffi-
cients A, B, C, and D are detailed in Table 4, categorized according to the strength class and
snow load. It should be noted that the optimal number of beams must be rounded to the
next integer.

Table 4. Coefficients for the determination of the number of beams as a function of the span, snow
load and strength class according to Equation (4).

Strength Class Snow Load Range
(kN/m2) A B C D

GL 20h

[0.4, 1.0) 1.714653

0.029203 0.003352 0.5
[1.0, 1.4) 1.886763
[1.4, 1.8) 2.01307
[1.8, 2.6) 2.079799
[2.6, 3.0] 2.190146

GL 22h

[0.4, 0.6)

1.387500

0.179969

0.005556 1.0
[0.6, 1.0) 0.227129
[1.0, 2.2) 0.246142
[2.2, 2.8] 0.279475
(2.8, 3.0] 0.309969

GL 24h

[0.4, 0.6)

2.183385

0.035969

0.003365 0.6

[0.6, 1.0) 0.044658
[1.0, 1.4) 0.050095
[1.4, 1.8) 0.053231
[1.8, 2.5) 0.057995
[2.5, 3.0) 0.051065

GL 26h

[0.4, 0.6)

−13.01695

0.79546

−0.04728 1.4
[0.6, 1.0) 0.9864
[1.0, 1.4) 1.13949
[1.4, 1.8) 1.31396
[1.8, 3.0] 1.49259

GL 28h

[0.4, 0.6)

1.416667

0.175884

0.002162 1.0
[0.6, 1.0) 0.219464
[1.0, 1.4) 0.245759
[1.4, 1.8) 0.279462
(1.8, 3.0] 0.312182

GL 30h

[0.4, 0.6)

−0.23722

0.24909

0.01508 1.1
[0.6, 1.0) 0.29747
[1.0, 1.4) 0.34151
[1.4, 1.8) 0.39152
(1.8, 3.0] 0.43494

GL 32h
[0.4, 1.0)

2.232859
0.041501

0.005099 0.6[1.0, 1.8) 0.045316
[1.8, 3.0] 0.050558

In other optimization research [19,34], the separation between beams is not subjected
to optimization, but has a fixed value of 4 m. Nonetheless, the results arising from this
optimization point to 4 to 6 m separation for the lower snow load values and between
3 and 3.5 m for greater snow load values, both regardless of the considered strength class.

3.1.3. Width, Height and Spacing of Purlins

It was found that the width of the purlin remains unaffected by the span and snow load,
as in [36], or by the strength classes. Therefore, it could be consistently set at the optimal
minimum of 90 mm. In contrast, the snow load and strength class impact the optimal
height value of the purlins. Thus, for the GL 32h class, the ideal height falls between
120 and 160 mm. For the remaining classes, the optimal height lies between 160 and
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200 mm, as indicated in Table 5. As for the spacing between purlins, the optimal distance is
consistently the maximum allowable, set at 1.25 m.

Table 5. Optimal purlin height values as a function of the snow load and strength class.

Strength Class Snow Load Range (kN/m2) Purlin Height (mm)

GL 20h
[0.4, 0.6] 160
(0.6, 3.0] 200

GL 22h
[0.4, 1.6] 160
(1.6, 3.0] 200

GL 24h
[0.4, 2.4] 160
(2.4, 3.0] 200

GL 26h
[0.4, 2.6] 160
(2.6, 3.0] 200

GL 28h
[0.4, 2.8] 160
(2.8, 3.0] 200

GL 30h [0.4, 3.0] 160

GL 32h
[0.4, 0.6] 120
(0.6, 3.0] 160

Example 1. Case study of a roof structure located in an area subjected to a snow load of 1 kN/m2

with a span of 20 m and a depth of 50 m consisting of tapered beams and purlins of glued laminated
timber pertaining to GL 24h strength class.

From Equation (2):

Wb = 90 + 10 × (−3.20080 + 0.14541 × 20 + 0.02972 × 1 × 20) = 93.018 ∼= 90 mm

From Equation (3):

Hb =
(−82.268 + 30.655 × 20 + 0 × 1 + 9.972 × 20 × 1)

1
1 × 100

90
= 811.41 ∼= 840 mm

From Equation (4):

Nb =(2.183385 + 0.050095 × 50 + 0.003365 × 50 × 1)
1

0.6 = 13.93 ∼= 14 beams

From Equation (5):

Sb =
50

(14 − 1)
= 3.85 m

Hence, through the application of the proposed equations (Equations (1)–(3)), the
optimal solution involves the use of 14 beams with a 5◦ inclination angle and cross-sectional
dimensions of 90 × 840 mm spaced at intervals of 3.85 m. The optimal dimensions for
purlins are 90 mm width and 160 mm height at a separation of 1.25 m.

3.2. Optimum Timber Volume as a Function of Glulam Strength Class

Determining the optimal volume required for the construction of a timber roof struc-
ture offers relevant information regarding material usage and cost estimations. Nonetheless,
it could also be used as a comparison parameter between timber materials pertaining to
different strength classes, since it facilitates an assessment of which strength class provides
the best value in terms of material volume or cost while complying with the structural and
safety requirements.
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A multiple linear regression analysis was performed to explore the influence of the
span, roof length and snow load on the timber volume required for the roof structure,
taking into account different strength classes and ranges of span and snow load. The
data exhibited no heteroscedasticity or significant deviations from a normal distribution,
as confirmed by Levene’s test (p > 0.05) and Shapiro–Wilk test (p > 0.05). It was noticed
that the span in combination with roof length, the snow load in combination with roof
length, as well as the interaction between all three variables significantly influenced the
timber volume (p < 0.001). Correlation values greater than 0.95 support the reliability of
Equation (6), which was derived from the correlation coefficients arising from the multiple
linear regression model.

Thus, for a roof structure consisting of double-tapered beams and purlins, the optimal
timber volume (V), in m3, can be determined using Equation (6):

V = A + Roof length × (B + C × Snow load + D × Span + E × Snow load × Span ) (6)

where roof length and span are expressed in meters and the snow load is expressed in
kN/m2. Coefficients A, B, C, D, and E are detailed in Table 6. categorized according to the
strength class, snow load and span.

Table 6. Coefficients for the determination of the volume of timber as a function of the roof length,
snow load and span according to Equation (6).

Strength Class Snow Load Range
(kN/m2)

Span
Range (m) A B C D E

GL 20h [0.4, 3.0]
[15, 24] 2.49589 −0.39406 −0.33466 0.04909 0.03310
(24, 30] 7.38722 −2.81552 0.0000 0.12969 0.0275

GL 22h [0.4, 3.0]
[15, 23] 1.06634 −0.30129 −0.27391 0.04309 0.02919
(23, 30] 7.26380 −0.65811 −0.98976 0.05306 0.06075

GL 24h [0.4, 3.0]
[15, 23] 0.92186 −0.26346 −0.29997 0.03967 0.03067
(23, 30] 6.42904 −0.61534 −0.95922 0.04981 0.05996

GL 26h [0.4, 3.0]
[15, 22] 0.07444 0.00000 −0.39930 0.02437 0.03664
(22, 29] 5.13592 0.00000 −1.12414 0.02561 0.06663
(29, 30] 6.0173 0.8492 0.8507 0.0000 0.0000

GL 28h
[0.4, 2.5]

[15, 22] 0.14786 0.0000 −0.4101 0.02465 0.03664
(22,30] 4.40794 0.0000 −1.05264 0.02806 0.06222

(2.5, 3.0]
[15, 22] −1.19404 0.0000 −0.35815 0.01146 0.03943
(22,30] 8.53219 0.0000 −1.12923 0.0000 0.07523

GL 30h [0.4, 3.0]
[15, 23] 1.25132 −0.18641 −0.35579 0.03370 0.03375
(23, 30] 5.65268 −0.57068 −0.97329 0.04615 0.06066

GL 32h [0.4, 3.0]
[15, 22] 0.91510 −0.20407 −0.30354 0.03422 0.03088
(22, 30] 4.25579 −0.50446 −0.87409 0.04427 0.05749

Figure 5 illustrates the linear correlation between the timber volumes predicted by the
proposed equations and those arising from the genetic optimization. The regression line
(R2 = 0.9977) virtually overlaps the one-to-one ratio relationship indicated by the dashed
line. This finding highlights a near-perfect equivalence between the predicted and opti-
mized volumes that points to an exceptionally low prediction error.

To provide a comprehensive analysis of the differences in timber volume across the
examined strength classes, Figure 6 showcases the percentage of variation between each
strength class relative to the GL 32h reference class. This comparison is calculated based on
the impact of the snow load and the span on the roof structure. The overview intentionally
omits the factor of roof depth, as it has been determined to have negligible impact on the
percentage difference between any given class and the benchmark GL 32h class.
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Therefore, from a close examination of Figure 5 and in direct comparison with the
reference class GL 32h, the following insights emerge.

• The selection of the GL 20h strength class roughly requires 17–20% additional vol-
ume for snow loads ranging from 0.4 to 1.0 kN/m2. For higher snow loads of 1 to
2 kN/m2 and 2 to 3 kN/m2, the increase in timber volume needed is about 12–15%
and 10–12%, respectively.

• For the GL 22h class, an increase in timber volume of approximately 11–13% is needed
for snow loads ranging from 0.4 to 0.7 kN/m2. The requirement decreases to 8–11%
for loads between 0.7 and 1.8 kN/m2, 6–8% for 1.8 and 3 kN/m2 with spans of 15 to
18 m, and 3–6% for the same snow load with spans of 18 to 30 m.

• The GL 24h class demands an additional 6–8% timber volume for snow loads from
0.4 to 0.8 kN/m2, 4–6% for 0.8 to 1.8 kN/m2 with spans of 15 m to 20 m, 5–7% for
0.8 to 1.6 kN/m2 with spans of 20 to 30 m, 3–5% for 1.8 to 3.0 kN/m2 with spans of
15 to 18 m, and a minimal increase up to 3% for 1.4 to 3.0 kN/m2 with spans of 18 to
30 m.

• The GL 26h class roughly requires 6–8% additional timber volume for snow loads
between 0.4 and 0.8 kN/m2, 4–6% for 0.8 and 1.2 kN/m2, 2–4% for 1.2 and 2.0 kN/m2,
and a slight increase to 2% for snow loads of 2.0 and 3.0 kN/m2.

• For the GL 28h class, a 5–7% timber volume increase is necessary for snow loads of
0.4 to 0.8 kN/m2 across spans of 15 to 27 m. A lower volume increase of 3–5% occurs
for three scenarios: snow loads of 0.8 to 2 kN/m2 and spans of 15 to 25 m, 0.4 to
1.3 kN/m2 and spans of 27 to 30 m as well as snow loads between 2.6 and 3.0 kN/m2.
Moreover, a −1% timber volume variation for snow loads of 2.0 to 2.6 kN/m2 and
spans of 15 to 25 m, as well as for snow loads between 1.3 and 2.0 kN/m2 with spans
of 25–30 m should be noted. The difference reaches a -2% value for snow loads of
1.3 to 2.6 kN/m2 and spans of 25 to 30 m.

• The selection of the GL 30h class requires a 4–6% increase in volume for snow loads of
0.4 to 0.6 kN/m2 and spans of 15 to 20 m, with a marginal 0–2% increase for similar
snow loads across spans of 20 to 30 m as well as for snow loads of 1.0 to 2.0 kN/m2

for spans of 15 to 20 m. For the remaining loads and spans, a decrease of up to 2% in
timber volume could be achieved.
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In order to analyze the aforementioned cost approach, a Spanish construction cost
database [49] was employed to assess the cost of glulam timber pertaining to different
strength classes. For instance, the price for 1 m3 of GL 24h timber was 1080 EUR, whereas
1 m3 of GL 32h timber reached 1140 EUR. Since GL 24h resulted in a 5.26% lower cost,
it could be inferred that for snow loads in the range of 2 to 3 kN/m2, using the GL 24h
material would be desired, while for snow loads ranging from 0.4 to 2 kN/m2, the preferred
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decision lies in the GL 32h class. In this regard, there are numerous cases where, for snow
loads greater than 2 kN/m2, cost considerations would be the sole driver in the decision
due to the same timber usage for both GL 30h and GL 32h classes. Although in a smaller
capacity, there are also instances following this pattern for GL 26h and GL 28h classes.
Moreover, this approach should go beyond strength class and contemplate the difference
in cost of different species with the suitable strength properties required for the studied
strength class. Through the consideration of wood species, both within the same or a
different strength class, the role of the different tree species in the ecosystem is regarded.
Then, the sustainability of such derived decisions includes both material reduction and
the promotion of less commonly used materials, which further biodiversity and future
resilience against climate change.

Example 2. Two worked examples initially proposed by Argüelles Álvarez and Arriaga Mar-
titegui [50] are compared with the corresponding optimal timber volume derived from Equation (6).
Specifically, their Example 8.1 consisting of GL 28h double-tapered beams and a modification of
Example 6.1 focusing on purlins were employed. It should be noted that their Example 6.1 was
modified to account for the same material and load conditions as in Example 8.1. The final result for
a roof structure of 20 × 45 m exposed to a snow load of 0.47 kN/m2 resulted in a GL 28h timber
consumption of 39.75 m3.

Table 7 shows the calculated optimal timber volumes (Equation (6)) required for the
aforementioned roof structure, while also including the volume incurred for the remaining
strength classes. Moreover, the variation in the timber requirements across all strength
classes is compared to the reference 39.75 m3, providing a comprehensive overview of
material efficiency.

Table 7. Optimal timber volumes (Equation (5)) for Example 2 and variation of timber consumption
compared to the reference [50].

Strength Class Optimal Volume (m3) Variation (%)

GL 20h 35.87 −9.76
GL 22h 32.84 −17.38
GL 24h 31.4 −21.01
GL 26h 29.06 −26.89
GL 28h 29.16 −26.64
GL 30h 29.94 −24.68
GL 32h 29.17 −26.62

From the direct comparison for the same timber material (GL 28h), the optimization
leads to a significant reduction of 26.64% in the material volume required for the roof struc-
ture. Considering material costs [49], the reference roof incurs an expense of 43,315 EUR,
whereas the optimized structure costs 33,243 EUR, representing a 10,000 EUR saving.
Hence, the optimization results in more efficient resource use and lower construction costs
without compromising structural integrity.

Similarly, the selection of timber pertaining to a different strength class also results
in savings while allowing for diversification in the wood species selected or adaptation
to locally available materials. Thus, such a strategy could seek economic and material
efficiency but also include sustainability considerations in the decision-making process.

Finally, to provide a simplified approach to the comparison between classes, Table 8
shows the percentage reduction between the modulus of elasticity parallel to the grain
(Table 1) of a specific strength class and that of the GL 32h reference (RMOD) as well as
the percentage reduction between the required timber volume of a specific class compared
to the GL 32h reference (RVOL). As proved by the statistical analysis, the snow load
range significantly explains the variability of the correlation between RVOL and RMOD
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(Equation (7)), with a slope approximately 1.53 times steeper for the 0.4 to 1.5 kN/m2

snow range.

For Snow load range [0.4, 1.5]→ RVOL =− 2.0375 + 0.4349 × RMOD
For Snow load range (1.5, 3.0]→ RVOL =− 2.0375 + 0.2847 × RMOD

(7)

Table 8. RMOD and RVOL values for the comparison of a strength class to the GL 32h reference class
as a function of the snow load range.

Snow Load Range
(kN/m2) % GL 20h GL 22h GL 24h GL 26h GL 28h GL 30h

RMOD 40.8 26.1 19 14.8 11.3 4.2

[0.4, 1.5] RVOL 15.9 9.8 6 3.2 2.6 1.1

(1.5, 3.0] RVOL 10.2 5.2 2.7 1.6 0.7 0.1

4. Conclusions

This research focused on the optimization of roof structures comprised of glulam
beams and purlins of different strength classes and exposed to varying snow loads. The
developed genetic algorithm tool, along with the structural calculation program, was em-
ployed to generate 1792 optimal roof structures with dimensions (i.e., roof length and span)
and load conditions (i.e., snow loads below 3 kN/m2) typical of European construction.
From a systematic statistical analysis, several predictive equations were proposed as a
reliable method for optimizing timber roof design in accordance with Eurocode 5 [45].
Firstly, the predictive model could be used to optimize the beam width and height as well
as their spatial arrangement as a function of the roof dimensions, loads, and the desired
strength class. Additionally, the developed model also enabled the determination of the
overall optimal timber volume required for a roof structure as a function of the strength
class. Although this approach seeks material usage reduction and economic savings, it
ultimately could include sustainability considerations in the decision-making process. Since
an optimal solution could arise from timber pertaining to various strength classes, it would
allow for diversification in the wood species selected or adaptation to locally available ma-
terials. Thus, such a strategy would assist in the promotion of the use of alternative wood
species, which would further biodiversity and future resilience against climate change.

Among the findings, it was found that double-tapered beams exhibited their optimal
inclination angle at 5◦, leading to a 30% reduction in the total timber volume used for the
roof structure compared to an inclination of 10◦. The optimal spacing between purlins coin-
cided with the maximum set value, i.e., that allowed by the roofing material. This pointing
to consideration of non-traditional roofing materials as a future optimization strategy.

For structures exposed to snow loads greater than 2.5 kN/m2, a similar timber volume
requirement, with at most a 3% difference, was noticed for most strength classes (GL 24h,
GL 26h, GL 28h, GL 30h, and GL 32h). Thus, suggesting the existence of a broad range
of wood species that effectively could rival the most commonly employed (GL 24h and
GL 32h). Similarly, for snow loads greater than 1 kN/m2, GL 30h and GL 32h classes also
resulted in similar consumption of timber volumes (up to 1%). Across all strength classes,
the largest differences in volume occur at span values close to 15 m and for lower snow
loads, with differences up to 20% for GL 20h compared to GL 32h. In any case, a strong
relationship exists between the increase in the timber volume and the reduction in the
strength class or the modulus of elasticity.
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Abstract: Enhancing energy efficiency in buildings plays a pivotal role in realizing the ambitious
objective of achieving carbon neutrality by 2050, as outlined in the European Green Deal. Roofs
represent the technical element most affected by energy phenomena related to heat transfer: in
winter, roofing can lose up to 35% of heat, and the summer heat flux can even be higher. This paper
provides a catalogue of optimized and sustainable solutions, with a specific focus on standardization
and prefabrication principles, for enhancing the energy efficiency of the most prevalent types of
roofs that characterize the national residential building heritage. The methodological approach
that guided the research presented in this article was based on the identification and study of
the most common roofings in the diverse national residential building heritage, followed by their
classification according to their construction era. In the context of essential energy retrofitting of
deteriorated residential building stock, 21 optimized standardized solutions have been identified.
The outcome of performance evaluations of the proposed solutions allowed the implementation of a
matrix that can be a valuable support for designers in selecting the most efficient precalculated and
prefabricated solutions for the national residential building heritage based on energy performance
and sustainability criteria.

Keywords: energy requalification; standardized sustainable efficiency solutions; existing building
stock; building energy performance; cost analysis; multi-criteria analysis; sustainable building

1. Introduction

In recent years, a growing interest has emerged in addressing energy efficiency as
a pathway for carbon mitigation, constraining energy usage, and enhancing building
energy performance to achieve sustainable buildings [1]. This focus has become a pivotal
concern for both developing and developed countries in the twenty-first century, with
energy efficiency standing as an integral, if not paramount, component of green and
sustainable buildings [2]. Notably, the building sector ranks among the highest in energy
consumption [3]. As such, increasing awareness of environmental constraints and available
resources necessitates a renewed perspective on sustainable development [4]. Within
this evolving paradigm, principles of energy efficiency and sustainability should guide
all sectoral policies [5]. Given the close relationship between environmental issues and
resource consumption, it is evident that the construction sector significantly impacts the
utilization of non-renewable raw materials, land occupation, and energy consumption
across the entire lifecycle of buildings—from material production to management and
eventual decommissioning.
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According to the European Commission, most of the European and national real
estate stock is still outdated and inefficient, accounting for approximately 40% of the total
energy consumption and 36% of energy-related greenhouse gas emissions [6,7]. Buildings
are places where a significant amount of time is spent, and therefore, a renovated and
more energy-efficient building stock could significantly contribute to combating climate
change and minimizing its effects. In Europe, households consume 80% of the energy for
heating, cooling, and domestic hot water. Thirty-five percent of the EU building stock is
over 50 years old, and nearly 75% of buildings are considered energy inefficient. Moreover,
merely 1% of buildings undergo renovation annually [8]. The need for decarbonization
in the European construction sector is evident, requiring the development of innovative
sustainable strategies, with the importance of interventions for the renovation of both public
and private buildings underscored by data and confirmed by the European Green Deal [9].
This deal is an integral part of the European Commission’s strategy for implementing
the United Nations’ Agenda 2030 and sustainable development goals, which is poised to
become one of the primary key actions to pursue. The pivotal initiative for promoting
energy efficiency identified in the European Green Deal is the Renovation Wave [10,11].
It is at the core of national programs for economic recovery, aiming to double the rate of
building renovations by 2030. The Renovation Wave has identified three areas of interest:
tackling energy poverty and buildings with the worst performance, improving public
buildings and social infrastructure, and decarbonizing heating and cooling [12]. Such
an initiative will not only achieve results in terms of environmental sustainability but
also provide a substantial boost to the renovation sector. This sector is characterized by
a significant number of local businesses, making it a crucial driver for the economic and
employment revival of the entire construction industry.

In December 2021, the European Commission introduced a proposed amendment to
the Energy Performance of Buildings Directive (EPBD) within the framework of the “fit
for 55” legislative package. This proposed revision seeks to realize a minimum reduction
of 55% in European Union greenhouse gas (GHG) emissions by 2030, consistent with
the stipulations of the 2021 European Climate Law [13,14]. This revision of the EPBD
establishes how the EU can achieve a zero-emission and fully decarbonized building stock
by 2050. Specifically, it involves increasing the renovation rate for the least performing
buildings in each EU member state. The European Commission’s proposal includes a
requirement, starting from 2030, for all new buildings in the EU to be zero-emission (by
2027 for all new public buildings). To ensure more harmonized standards among member
states, minimum energy performance requirements will be set at the EU level. Residential
buildings are expected to achieve Class E by 2030 and Class D by 2033.

At the national level, according to data provided by the 15th census of population
and housing in 2011 by ISTAT, the overall national residential building stock amounts
to 14,515,795 units, among which 12,187,698 are residential buildings or complexes (ap-
proximately 84%). As can be seen from the graph shown in Figure 1, over 70% of Italian
buildings are over 45 years old, meaning that they predate the first national energy-saving
regulation No. 373 of 1976 [15]. Over 25% of buildings constructed before this regulation
exhibit annual consumption ranging from a minimum of 160 kWh/m2 per year to over
220 kWh/m2 per year [16]. The national real estate stock predominantly comprises build-
ings falling within energy classes F and G, accounting for 25% and 37.3%, respectively.
These statistics are derived from the Energy Performance Certificate Information System
(SIAPE) during the period 2016–2019, based on analyses conducted by the National Agency
for New Technologies, Energy, and Sustainable Economic Development (ENEA) [16].

It seems imperative to promote the conversion of existing buildings into high-performance
energy structures through the implementation of diverse interventions. These interventions
may include enhancements to the building envelope, such as roofs, walls, and transparent
closures, as well as upgrades to lighting systems, thermal energy production and distribu-
tion systems, and the installation of renewable energy-based production systems [17]. It is
known that the overall energy efficiency of a building is predominantly influenced by the
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effectiveness of its envelope, which serves as the delineation between the indoor and outdoor
environments [18]. Specifically, half of a building’s total energy consumption for general
purposes is expended through its envelope [19]. Roofs represent the technical element most
affected by energy phenomena related to heat transfer: in winter, a roof can lose up to 35% of
heat, and the summer heat flux can even be higher [20] (these data are indicative as they are
strongly influenced by geometric parameters, building stratifications and volumes, as well as
climatic conditions).
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Numerous research efforts have focused on evaluating the energy consumption of the
existing building stock, and on some factors that can contribute to its reduction, such as
the thermal transmittance of both transparent and opaque surfaces, geographical location
within specific climatic zones, construction period, orientation, and the characteristics of
building elements. Zhenjun Ma et al. [21] asserted that “building retrofit with compre-
hensive energy simulation and economic analysis is an effective approach to identify the
best retrofit solutions, but further research and investigation in this field are required to
facilitate economically viable building retrofits.” Lizana et al. [22] have stated that selecting
the correct method and variables to identify the most effective retrofit solutions still repre-
sents a technical challenge. Paraschiv et al. [23] emphasized that a significant portion of
the potential for energy savings and, consequently, a plausible reduction in greenhouse
gas emissions, resides in the thermal renovation of existing buildings. This requires im-
provements in thermal efficiency to building energy consumptions. Other investigations
typically solely focus on assessing the winter heating demand, concentrating on optimizing
the steady-state thermal transmittance of building envelope components [24].

Numerous methodologies and tools have been developed to support the decision-
making process towards a conscious and effective promotion of energy efficiency through
the renovation of the building envelope such as “façade refurbishment toolbox (FRT)
approach” [25], a bottom–up model for analyzing the Italian residential sector [26], IEE-
TABULA Project (Typology Approach for Building Stock Energy Assessment) [27], and
others [28–31]. Even the most recent Building Information Modeling (BIM) methodology
supports energy efficiency enhancement processes. Alhammad et al. [32] asserted that “the
integration of Building Information Modeling (BIM) with Building Energy Modeling (BEM)
provides an innovative opportunity to leverage the full potential of BIM for optimizing
the energy consumption of existing high-energy-efficient Building Automation Systems”.
However, there are still significant limitations and challenges associated with this method,
despite the promised advantages. For instance, transitioning from BIM to BEM through
the IFC data model results in the loss of numerous details, such as building envelope
stratifications [33–35]. Additionally, there are methods and approaches based on digital-
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twin technology aimed at developing an intelligent optimization and automation system for
energy management, ranging from building scale to neighborhood scale. This is achieved
through the use of a three-dimensional data model integrated with Internet of Things (IoT),
artificial intelligence (AI), and machine learning [36]. This methodology requires advanced
computer skills and significant financial investment for the purchase and installation
of sensors. Therefore, various innovative simulation tools are accessible for the energy
modeling of new constructions and can also be applied to simulate existing buildings.
However, many of them require the user to possess a profound technical understanding
of the construction system, the thermal properties of materials, and retrofitting options
available on the market, along with their associated costs [37].

These tools do not incorporate standardized insulation solutions, primarily prefabri-
cated, and furthermore, they do not provide an estimate of the costs associated with energy
efficiency interventions. It is crucial to also note that these renovation research projects
do not encompass an assessment of the environmental sustainability associated with the
proposed energy efficiency interventions. In summary, the literature review uncovered
that most methodologies and tools associated with building energy efficiency lack the
incorporation of verification processes for the mandated energy class upgrades under the
new European regulations [38]. It is therefore evidently important that new studies and
tools are aimed at promoting and supporting energy efficiency interventions in the building
stock to achieve ambitious regulatory goals.

Hence, the final aim of this paper is to improve the energy efficiency of the nation’s
residential building inventory, emphasizing the construction or the renovation of high-
efficiency buildings in accordance with upcoming energy transition regulations. This
objective is pursued through the development of a standardized catalogue of optimized
building and the implementation of retrofit systems applicable to building roofs. The
authors of this research are driven by the aim of developing a methodology and a tool
that allow for the identification and promotion of sustainable solutions guiding designers
in implementing tailor-made energy renovation interventions, capable of adapting to the
different scenarios within the national residential building landscape. The energy efficiency
solutions are characterized by significant prefabrication and recycled content, aligning with
the prevailing minimum environmental criteria (CAM) [39,40].

The proposed methodology was developed by CITERA, the research center of Sapienza
University of Rome, as part of the “Research of the Electricity System” program with ENEA
and the Ministry of Economic Development concerning “Solutions and tools for the energy
efficiency improvement of buildings on a territorial scale”.

2. Materials and Methods

This research aims to empower architects, engineers, and planners in optimizing
energy efficiency interventions within residential buildings. The professionals will be
equipped with a methodology to calculate insulation scenarios and determine optimal
thicknesses for different technological solutions, further promoting energy efficiency. This
guidance will steer them towards more efficient, prefabricated, and sustainable standard-
ized solutions, contributing to overall energy efficiency improvements. Economic assess-
ments will enable these professionals to evaluate the feasibility of implementing these
solutions in the context of energy efficiency. Moreover, architects, engineers, and planners
will benefit from an optimized technological solutions diagram, tailored to climatic, geomet-
ric, and technical parameters, aiding in informed decision-making and supporting energy
efficiency initiatives. With a focus on prefabrication criteria, they will have clear guidance in
selecting suitable solutions for energy efficiency interventions. Performance data compiled
into accessible sheets will facilitate them in identifying the most suitable options based
on climatic zones, ultimately contributing to enhanced energy efficiency outcomes. This
comprehensive approach will empower designers to select effective technological solutions
tailored to construction era, building type, and climatic zone, thereby promoting energy
efficiency across residential buildings in both winter and summer seasons. This is achieved
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through the development of a catalogue of standard construction configurations to define
sustainable retrofit systems applicable to upper closures.

A schematic of the methodology devised to derive optimized standardized solutions
for existing building roofs is depicted in Figure 2.
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2.1. State of the Art of the Main Types of Upper Horizontal Closures

The subject of this paper is roofing, namely the classes of technical elements that
horizontally separate the interior of the building from the exterior. They bear natural
loads related to atmospheric agents (such as wind, snow, hail, rain) and those due to
the passage of people, animals, and objects. The methodological approach guiding this
research involved identifying and studying the most common upper horizontal closures
(UHC) in the diverse national residential building stock, classifying them by construction
era. The evolution of building envelope typologies in different construction era classes
has depended on changes in construction techniques, the materials used, the coupling of
building components, and the insulation level. These changes primarily affect the selected
insulating materials, the thicknesses and the thermal transmittance values, which constitute
essential parameters for selecting the most representative building envelope typologies.

This study identified prevalent construction types and those likely to undergo energy
retrofit interventions, predating energy efficiency regulations. The selection of the most rep-
resentative stratifications and construction era classes for the development of the following
abacus was based on the Technical Report elaborated by CTI UNI/TR 11552:2014, which
lists all the elements of the building envelope closures, including flat and sloped roofs.

The various types of roof coverings that characterize the national residential building
heritage have been classified based on slope, type of resistant layer, accessibility, and
construction era. Based on the slope, the following were identified:

• 14 sloped roofs;
• 16 flat roofs.

According to the type of resistant layer, the following were identified:

• 6 roofs with a wooden structure;
• 24 roofs made of reinforced concrete.

Based on the level of accessibility, the following were identified:

• 8 accessible roofs;
• 22 inaccessible roofs.
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The construction era classes were identified in relation to specific historical events and
the enactment of energy-related regulations that influenced building types and construction
techniques, as follows:

• Up to 1950;
• From 1930 to 1975;
• From 1976 to 1990;
• From 1991 to 2005;
• Since 2006.

Figure 3 shows the number of roofs identified and presented in the matrix based on
the construction era class.
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Table 1 provides a summary overview of upper horizontal closures (brief descrip-
tion and nomenclature) categorized by construction era class, further explored in detail
within Supplement S1, crucial for understanding the evolution of construction systems that
characterize the national residential building heritage.

Table 1. Classification of upper horizontal closures by construction era class.

Construction Era Class Roof Typology

Up to 1950 A pitched roof with a wooden structure and decking (UHC.01)

From 1930 to 1975 Latero-cement pitch roof (UHC.05–UHC.05.1)
A non-walkable flat latero-cement roof (UHC.09–UHC.09.1–UHC.09.2–UHC.09.3)

From 1976 to 1990

A pitched roof with a wooden structure and decking, low level of insulation (UHC.02–UHC.02.1)
A pitched roof with brick tiles, low level of insulation (UHC.06–UHC.06.1)
A non-walkable latero-cement flat roof, low level of insulation
(UHC.10–UHC.10.1–UHC.10.2–UHC.10.3)

From 1991 to 2005

A pitched roof with a wooden structure and decking, medium level of insulation (UHC.03–UHC.03.1)
A pitched roof with brick tiles, medium level of insulation (UHC.07–UHC.07.1)
Non-walkable latero-cement flat roof—medium level of insulation
(UHC.11–UHC.11.1–UHC.11.2–UHC.11.3)

Since 2006

A pitched roof with a wooden structure and decking, high level of insulation (UHC.04)
A pitched roof with brick tiles, high level of insulation (UHC.08–UHC.08.1)
Non-walkable latero-cement flat roof—high level of insulation
(UHC.12–UHC.12.1–UHC.12.2–UHC.12.3)

The table below (Table 2) provides an extract from the abacus of various types of upper
horizontal closures, including the following information:

• Roof coding;
• Designation;
• An image with highlighted and numbered components;
• The period during which it was most prevalent;
• Description of each numbered component;
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• Thickness of each numbered component;
• Energetic performance parameter—steady-state and periodic thermal transmittance.

Table 2. Extract from the abacus of existing upper horizontal closures.

UHC.05 Latero-Cement Pitch Roof
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Used from 1930 to 1975

Stratigraphy:

1. Roof tiles/waterproofing element: 1.5 cm
2. Cement mortar: 2 cm
3. Reinforced concrete: 4 cm
4. Latero—cement floor/supporting element: 16 cm
5. Internal plaster: 2 cm

U = 1.82 W/m2K
YIE = 1.03 W/m2K

As mentioned above, the entire abacus of existing upper horizontal closures has been
documented in Supplement S1 through summary tables for each closure.

2.2. Study of Insulating Materials for the Redevelopment of Existing Upper Closure Types

The incorporation of an insulating layer is essential to achieve the thermal trans-
mittance values required by current regulations, ensuring a reduction in heat losses and,
consequently, energy consumption. A properly insulated roof allows for the elimination of
surface condensation phenomena on the intrados of the technical element, the containment
of thermal losses, and the maintenance of comfortable conditions in spaces beneath the
upper closure in both summer and winter. Building energy efficiency regulations empha-
size the performance attributes of thermal insulation materials, aligning with principles of
the circular economy [41]. This has led to the introduction of various high-performance
materials to the market. To make an informed and critical choice from the extensive range
of insulation materials on the market, which vary in performance, type, and origin, as well
as in application and production methods, it is necessary to conduct a comparison of the
characteristics of each material [42]. The comparison of insulation materials was carried
out to identify the most effective types, particularly from an energy and environmental per-
spective. To facilitate this comparison, several parameters were selected, not only related to
winter and summer insulation capabilities but also considering the environmental impact,
usage type, and cost [25]. In particular, in relation to performance indicators, the following
parameters were chosen: thermal conductivity (λ), density (ρ), specific heat (c), thermal
diffusivity (α), and water vapor diffusion resistance factor (µ) (Figure 4). To estimate the
environmental impact, the following aspects have been analyzed: the origin of the raw
material (natural organic insulators, synthetic organics, synthetic inorganics), the amount of
energy required in the insulation’s production phase, linked to the Potential Environmental
Impact (PEI) value, expressed in MJ/kg and the possibility of recycling the material at the
end of its life. Aspects related to usage have been further investigated since insulators
present heterogeneous characteristics regarding both potential use and the format in which
they are produced. These indications have been developed based on specific insulator
characteristics, such as impact resistance, compactness, or weight. It was deemed important
to conduct an economic assessment of insulating materials based on the DEI 2023 price list,
as the cost per square meter is considered a significant selection parameter.
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Figure 4. Comparison parameters for insulation materials.

Based on the prices identified in the DEI 2023 price list and through market research,
four cost categories were determined:

• Low < 30 EUR/m2;
• Medium > 30 and ≤70 EUR/m2;
• Medium-high > 70 and ≤100 EUR/m2;
• High > 100 EUR /m2.

To express a comparative evaluation to some characteristic parameters (thermal con-
ductivity, density, specific heat, PEI) of the main selected insulating materials (natural
organic, synthetic organic, synthetic inorganic materials), radial diagrams were used. To
facilitate the comparison among insulation materials, ranges have been defined for each in-
dicator based on the performance values representative of all insulating materials (Table 3).

Table 3. Range of indicators for insulation materials comparison.

Insulation Material Indicators

Conductivity
W/m2K

Density
Kg/m3

Specific Heat
J/kgK

PEI
MJ/kg

1 λ ≤ 0.015 ρ > 200 c ≥ 2000 PEI ≤ 10
2 0.015 < λ ≤ 0.030 150 < ρ ≤ 200 1700 ≤ c < 2000 10 < PEI ≤ 30
3 0.030 < λ ≤ 0.040 50 < ρ ≤ 150 1300 ≤ c < 1700 30 < PEI ≤ 60
4 0.040 < λ ≤ 0.050 20 < ρ ≤ 50 1000 ≤ c < 1300 60 < PEI ≤ 100
5 λ > 0.050 ρ ≤ 20 c < 1000 PEI > 100

At the center of the radar, the highest value is assigned, and the values decrease
towards the periphery on a scale from 5 to 1, where 1 corresponds to the best performance:
the further away from the center, the more relevant the performance is, positively speaking.
Each insulation material is represented by a colored trace that allows for the evaluation
of similarities and differences in performance; the larger the area delimited by the trace,
the better the performance of the insulating material. The comparison graphs clearly show
the following:

• Among natural organic insulators, wood fiber insulation performs better across most
indicators, particularly in terms of thermal conductivity (Figure 5);

• Among synthetic organic insulators, rigid expanded polyurethane exhibits better
performance, especially in terms of thermal conductivity (Figure 6);

• Among synthetic inorganic insulators, aerogel and rock wool demonstrate superior
performance, especially in terms of thermal conductivity and density (Figure 7).
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The Supplement S2 illustrates the entire process of selecting insulating materials for
use in opaque horizontal closure solutions for energy efficiency.

2.3. Definition of a Broad Range of Sustainable Insulation Solutions Primarily Characterized by an
Off-Site Approach

The insulation of the roof is a crucial aspect in the energy efficiency enhancement
of existing building stock [43]. Insulation solutions for the roofs of existing residential
buildings can be applied either on the external side (extrados) or on the internal side
(intrados), or on the top floor just beneath the roof. The latter solution was not investigated
in the present study. The solutions vary based on the slope of the roof and, consequently,
the level of accessibility. In general, three main functional models are distinguished based
on the placement of the insulation in relation to the waterproofing layer:

• Warm roof insulation, where the insulation material is positioned below the water-
proofing layer;

• Cold (or inverted) roof insulation, where the insulation material is positioned above
the waterproofing layer;

• Insulated and ventilated roof, a type of building covering that incorporates an air
space between the roof surface and the underlying insulation layer.

To identify insulation solutions for the most common national upper closures, a study
of products available on the market was carried out based on the previously described
comparison parameters. With the aim of promoting environmental sustainability in the
construction sector and minimizing impacts during construction, reducing the time for the
implementation of redevelopment interventions was considered. The installation methods
of each solution were evaluated, favoring mostly pre-assembled construction systems
that significantly reduce execution times and related environmental impacts. By selecting
mostly prefabricated technological solutions, the following were identified:

• 7 solutions applicable to non-ventilated or micro-ventilated roofs;
• 8 solutions for insulated and ventilated roofs;
• 4 solutions applicable to the intrados.

The most commonly used insulating materials for thermal insulation of horizontal
closures are as follows: expanded polyisocyanurate foam, expanded polystyrene (EPS)
with graphite (Neopor), wood fiber, blonde cork, closed-cell polyurethane foam, rock
wool, aerogel, and rigid closed-cell polyisocyanurate foam (Figure 8). The identified
solutions were studied and compared with a performance, environmental sustainability
and economic perspective. Each identified solution has been associated with an acronym
accompanied by a progressive number:

• IE—insulation on the extrados;
• VEI—ventilated external insulation;
• II—insulation on the intrados.

To compare the various identified solutions and identify the most efficient ones, the
following parameters were taken into consideration:

• From an energy performance perspective, thermal conductivity was primarily assessed;
• From an environmental standpoint, PEI and the percentage of prefabrication were considered;
• From an economic perspective, the cost range and applicability to the main types of

roofing existing nationally were evaluated.

Table 4 presents the legend of the comparison parameters used to select the most
efficient insulation solutions in various aspects. The colors indicate the ranges identified for
each parameter: green represents the best values, ochre-yellow represents average values,
and red indicates the least performing values.
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Table 4. Comparison parameters for insulation solutions.

Cost range (EUR /m2) ≤100.00 >100.00 and ≤200.00 >200.00
Conductivity (W/m2K) ≤0.025 >0.025 and ≤0.040 >0.040

PEI (MJ/kg) ≤30 >30 and ≤60 >60
Prefabrication (%) >70 >30 and ≤70 ≤30

Applicability (n. of roofs) >20 >10 and ≤20 ≤10
Note: The colors indicate the ranges identified for each parameter: green represents the best values, ochre-yellow
represents average values, and red indicates the least performing values.

The following images (Figures 9–11) depict the comparisons made among the various
insulation solutions identified in the market. The selected solutions are highlighted in green.
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values, ochre-yellow represents average values, and red indicates the least performing values).
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ity. To meet the minimum environmental criteria (CAM), with the perspective of promot-
ing “environmentally preferable” technologies and products, common criteria applicable 
to all building components were assessed. These include the percentage of disassembly 

Figure 10. Comparison of selection parameters for ventilated roof insulation solutions. (The colors
indicate the ranges identified for each parameter: green represents the best values, ochre-yellow
represents average values, and red indicates the least performing values).

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 31 
 

 
Figure 10. Comparison of selection parameters for ventilated roof insulation solutions. (The colors 
indicate the ranges identified for each parameter: green represents the best values, ochre-yellow 
represents average values, and red indicates the least performing values) 

 
Figure 11. Comparison of selection parameters for internal roof insulation solutions. (The colors 
indicate the ranges identified for each parameter: green represents the best values, ochre-yellow 
represents average values, and red indicates the least performing values) 

Verification of Sustainability through Minimum Environmental Criteria: Disassembly 
and Recovered or Recycled Material 

The prevailing national legislation, encompassing the ‘Decreto Rilancio’ (Relaunch 
Decree), offers valuable guidance for securing tax deductions associated with specific en-
ergy requalification interventions. It stipulates that the insulating materials employed 
must adhere to minimum environmental criteria, aimed at identifying the optimal solu-
tion from an environmental standpoint across the life cycle, considering market availabil-
ity. To meet the minimum environmental criteria (CAM), with the perspective of promot-
ing “environmentally preferable” technologies and products, common criteria applicable 
to all building components were assessed. These include the percentage of disassembly 

Figure 11. Comparison of selection parameters for internal roof insulation solutions. (The colors
indicate the ranges identified for each parameter: green represents the best values, ochre-yellow
represents average values, and red indicates the least performing values).

Verification of Sustainability through Minimum Environmental Criteria: Disassembly and
Recovered or Recycled Material

The prevailing national legislation, encompassing the ‘Decreto Rilancio’ (Relaunch
Decree), offers valuable guidance for securing tax deductions associated with specific
energy requalification interventions. It stipulates that the insulating materials employed
must adhere to minimum environmental criteria, aimed at identifying the optimal solution
from an environmental standpoint across the life cycle, considering market availability.
To meet the minimum environmental criteria (CAM), with the perspective of promoting
“environmentally preferable” technologies and products, common criteria applicable to
all building components were assessed. These include the percentage of disassembly
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(Criterion 2.4.14 Disassembly and end-of-life) and the percentage of recovered or recycled
material (2.5_Technical specifications for construction products).

Each material may contribute with varying impacts within the framework of current
regulations, respecting the specified percentages. At these percentages, each material
may contribute with varying impacts in accordance with current regulations. Both in the
minimum environmental criteria (CAM) and in the economic assessment, for pitched roofs
with a brick sealing layer, a minimum recovery of 70% of existing tiles was considered.
In the case of flat roofs with a gravel protective layer for the waterproofing membrane, a
minimum recovery of 80% of existing pebbles was considered.

Data regarding the remaining materials were derived from product environmental
declarations and literature. Below, there is an extract from the calculations performed
to determine the quantity of disassembled material and recycled/recovered material for
each proposed insulation solution, aiming to assist designers in preparing the CAM report
(Figure 12).
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2.4. Simulation for the Identification of Solutions

The selected insulation solutions have been applied to the types of roofing found
in the Abacus of existing upper horizontal closures, which characterize the residential
building heritage.

To identify the thickness of the insulation material for each proposed technological
solution, simulations were performed using certified BIM energy software (TerMus-BIM
v.52.00h (x64). An excerpt of the energy simulations conducted using this software is
provided in Figure 13.

This allowed the verification of periodic and steady-state thermal transmittance values
to identify applicable solutions for each roofing type and climatic zone.

The limit values for steady-state thermal transmittance (Table 5) were derived from the
6 August 2020 decree, “Technical Requirements for Accessing Tax Deductions for the Energy
Requalification of Buildings—so-called Ecobonus” (Official Gazette General Series no. 246
of 5 October 2020) Attachment E—Requirements for Thermal Insulation Interventions [44]
Table 1—Maximum Allowed Thermal Transmittance Values for Accessing Deductions.
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Table 5. Steady-state thermal transmittance limit values specified by the Ecobonus Requirements
Decree of 05/10/2020 (calculated according to UNI EN ISO 6946) for horizontal opaque structures.

UNI EN ISO 6946

Climate Zone W/m2K

A ≤0.27
B ≤0.27
C ≤0.27
D ≤0.22
E ≤0.20
F ≤0.19

The periodic thermal transmittance values, attenuation factor, thermal lag, and ob-
tained through the application of various thermal insulation solutions have been compared
with the limit values specified by the Minimum Requirements Decree of 26 June 2015 and
the UNI EN ISO 13786:2008 standard [45] (Tables 6 and 7).

Table 6. The limit values for periodic thermal transmittance as stipulated by the Minimum Require-
ments Decree of 26 June 2015.

Periodic thermal transmittance (calculated
according to UNI EN ISO 13786:2008 and

subsequent updates)
<0.18 W/m2K

To verify the thermal transmittance values of ventilated roofs, the reference standard con-
sidered for calculating the thermal resistance of air gaps is UNI EN ISO 6946:2018—Building
components and structures—Thermal resistance and thermal transmittance—Calculation
methods. This standard identifies three types of air gaps: non-ventilated, weakly ventilated,
and strongly ventilated. The following Table 8 outlines the method for determining the
thermal resistance of the air gap for each of the three cases.
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Table 7. Qualitative parameters—UNI EN ISO 13786:2008.

Lag Time (Hours) Attenuation Performance Performance
Quality

S > 12 fa < 0.15 Excellent I
12 ≥ S > 10 0.15 ≤ fa < 0.30 Good II
10 ≥ S > 8 0.30 ≤ fa < 0.40 Average III
8 ≥ S > 6 0.40 ≤ fa < 0.60 Sufficient IV

6 ≥ S 0.6 0 ≤ fa Mediocre V

Table 8. Non-ventilated air gaps thermal resistance values (m2K/W).

Type of Air Gap

Thickness of the Air Gap
(mm)

0 5 7 10 15 25 50 100 300

Thermal Resistance
(m2K/W)

Horizontal air layer
(upward heat flow) 0 0.11 0.13 0.15 0.16 0.16 0.16 0.16 0.16

Vertical air layer
(horizontal heat flow) 0 0.11 0.13 0.15 0.17 0.19 0.18 0.18 0.18

Horizontal air layer
(downward heat flow) 0 0.11 0.13 0.15 0.17 0.19 0.21 0.22 0.23

To assess the outcomes of the conducted simulations and identify the solutions and cor-
responding applicable thicknesses for each roof to be included in the matrix, a spreadsheet
was created for each horizontal closure. The spreadsheet includes the following columns:

• Indication of the roof type with its corresponding code (UHC and progressive number
found in the chart of upper horizontal closures);

• Indication of the solution type with its corresponding code (IE–VEI–II and pro-
gressive number);

• Thickness of the simulated solution expressed in millimeters;
• Steady-state thermal transmittance value achieved with the application of the solu-

tion, highlighted in light blue to indicate compliance with the limits set by current
regulations; in yellow otherwise, and in white when the values specified for the colder
climatic zones have already been satisfied by previous thicknesses and, therefore, were
not considered in the preparation phase of the performance data sheets;

• Periodic thermal transmittance value achieved with the application of the solution,
highlighted in green to indicate compliance with the limits set by current regulations,
and in red otherwise.

• Indication of the climatic zones in which solutions are applicable based on the achieved
thermal transmittance values;

• The code of the performance sheet given by the combination of the code of the existing
roof and the applied and simulated solution, followed by a letter distinguishing them
by the thickness of the insulating material;

• Cost of the solution per square meter (the color of the cell indicates the cost range
to which it belongs—green if ≤EUR 100; ochre if >EUR 100.00 and ≤EUR 200.00;
red > EUR 200.00).

An extract of the spreadsheets for the verification of the analyzed solutions is presented
below (Figure 14).
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3. Results

Based on simulations carried out to identify standardized energy efficiency solutions
applicable to the upper closures that characterize the national residential building stock, an
abacus of the most efficient standardized retrofit solutions has been developed. This abacus
facilitated the formulation and definition of performance sheets aimed at providing a
broad range of solutions for the renovation of existing roof structures, including parametric
construction costs. The simulation results for standardized solutions, as detailed in the per-
formance sheets, allowed the creation of a matrix serving as a valuable tool for identifying
the most suitable retrofit solutions for a specific type of upper closure characterizing the
building subject to energy retrofit interventions.

3.1. Abacus of Standardized Sustainable Insulation Solutions

The simulations conducted on the most common upper horizontal closures in the
national residential building stock, along with assessments related to the sustainability
and costs of the solutions, have led to the identification of 13 non-ventilated solutions
at the extrados, 4 ventilated solutions, and 4 solutions applicable to the intrados, mostly
prefabricated. An abacus has been developed for the 21 proposed insulation solutions, as
detailed below:

• Performance indicators related to the materials constituting the stratigraphy (thickness,
conductivity, specific heat, and density);

• PEI as an environmental impact indicator for the insulation material;
• Percentage of disassembly of the insulation system;
• Minimum total percentage of recycled or recovered content of the insulation system;
• Most EUR/m2 resulting from the price analysis for each simulated thickness.
• Installation methods.

The abacus of the identified solutions is presented as an example (Figure 15).
The comprehensive abacus is presented in Supplement S3.

3.2. Performance Sheets of the Identified Solutions

Once the insulation solutions described in the chart were identified through simula-
tions conducted on the most prevalent upper horizontal closures in the national residential
building stock, which are the most distinctive, performance data sheets were developed.
These sheets allow for a comparison of the performance parameters achievable with the
application of the identified solutions on the same type of upper horizontal closure they
are applicable to. The proposed solutions contribute to reducing the energy consumption
of existing buildings, with reference to both winter and summer air conditioning. Each
performance data sheet includes the following information:
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• UHC code of the existing upper horizontal closure, the time during which it was most
widely used, and the stratigraphy to which the proposed solution is applicable;

• Code of the insulation solution (IE = insulation at the non-ventilated or micro-ventilated
extrados, VEI = ventilated external insulation, II = intrados insulation);

• Type, thickness, and conductivity of the insulation material of the proposed solution,
PEI value, percentage of disassembly, and percentage of prefabrication;

• Drawing of the roof stratigraphy and the applied insulation solution with a description
of its components;

• Thermophysical properties of the building components of UHC and the proposed
insulation solution;

• Results of the performance values achievable in winter and summer by applying the
insulation solutions;

• Verification of the absence of surface condensation (isotherms);
• Verification of the absence of interstitial condensation (Glaser diagram—critical month);
• Radial chart to compare values related to steady-state U-value, periodic Y-value, PEI,

percentage of disassembly, and prefabrication percentage of the proposed solution;
• Verification of compliance with the limit values specified by current regulations in

winter and summer conditions.

The thermophysical properties of the building components of the upper horizontal
closures and the proposed insulation solutions were studied to assess their ability to reduce
the transmission of thermal energy, preventing its dissipation to the external environment in
winter and its entry into the conditioned environment in summer. The studied parameters
reported in each performance data sheet include the following: the thickness (s) of each
material, thermal conductivity (λ), thermal resistance (R), specific heat (c), density (ρ), and
surface mass (Ms).

The thermal transmission parameters of the studied opaque envelope components,
which define their ability to control the flow of heat due to a temperature difference between
the internal and external environment, are as follows: steady-state thermal transmittance
(U) to verify performance in winter conditions according to the limit values specified by
Annex E of the Eco-bonus Requirements Decree GU 5 October 2020 (calculated according to
UNI EN ISO 6946); periodic thermal transmittance (Yie) to verify performance in summer
conditions according to the limit values specified by the Minimum Requirements Decree
26 June 2015 (calculated according to UNI EN ISO 13786:2008 Thermal performance of
building components—Dynamic thermal characteristics—Calculation methods and sub-
sequent updates); phase shift (Φ) of the thermal wave verified according to qualitative
parameters specified by UNI EN ISO 13786:2008; coefficient of attenuation (fa) of the ther-
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mal wave verified according to qualitative parameters specified by UNI EN ISO 13786:2008;
areic thermal capacity calculated according to UNI EN ISO 13786:2008, represents the
ability of a building component to accumulate heat from the internal side of the closure.

An opaque envelope characterized by high heat accumulation capacity allows for
the reduction in unwanted temperature fluctuations in both summer and winter periods,
contributing to reducing energy consumption for air conditioning. Low values of the
attenuation factor fa, together with high values of periodic thermal transmittance, areic
thermal capacity, and the phase shift Φ of the thermal wave, denote the good behavior of
opaque closures in attenuating the effects of external summer thermal stresses. The analysis
and performance verification of existing and optimized structures were conducted using
energy performance certificate software. Simulations with different insulation thicknesses
were performed on each type of roof from the matrix to define sustainable standardized
insulation solutions. The matrix and performance data sheets contain the results of the
simulations conducted in climate zone E, in the municipality of San Didero (Province of
Turin), because this climatic zone hosts the most significant national residential building
stock, as shown in Table 9 [16].

Table 9. Number of residential buildings in 2018 by climate zone.

Climate Zone Number of Buildings m2

A 5217
170,118,357

B 710,079

C 2,737,222 615,486,151

D 2,896,204 734,707,925

E 5,340,672 1,383,758,265

F 731,009 145,735,486

The thermo-hygrometric verification aims to ensure that the following phenomena do
not occur:

• Interstitial condensation between the layers that make up the upper horizontal closure,
as the occurrence of such a condition causes material degradation, especially of the
insulating material, compromising the thermal performance of the roof;

• Surface condensation can lead to a conducive environment for mold and fungal growth.
• The calculation for verifying interstitial condensation is defined by the European

Standard EN 13788 (Glaser diagram). The profiles of temperatures and water vapor
pressures (saturated and actual) within the roof have been calculated: if the actual
vapor pressure (Pe) reaches or exceeds that of the saturated vapor pressure (Ps),
condensation will occur in the wall. Each data sheet includes the Glaser verification for
the most critical month. To facilitate the comparison between the proposed insulation
systems, ranges have been defined for each indicator based on the limit values specified
by current regulations. A score from 1 to 5 has been assigned to each range, where
1 corresponds to the best performance.

• The data identified for the ranges of each indicator are reported in Table 10.

Table 10. Range of indicators for insulation solutions comparison.

Classification
Steady-State Thermal

Transmittance (U)
(W/m2K)

Periodic Thermal
Transmittance (Yie)

(W/m2K)

PEI
(MJ/kg) Disassembly (%)

1 U ≤ 0.19 Yie ≤ 0.04 PEI ≤ 10 Disa. = 100
2 0.19 < U ≤ 0.20 0.04 < Yie ≤ 0.06 10 < PEI ≤ 30 50 < disa. ≤ 75
3 0.20 < U ≤ 0.22 0.6 < Yie ≤ 0.10 30 < PEI ≤ 40 25 < disa. ≤ 50
4 0.22 < U < 0.27 0.10 < Yie ≤ 0.17 40 < PEI ≤ 100 0 < disa. ≤ 25
5 U = 0.27 Yie > 0.18 PEI > 100 Disa. = 0
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An example of the performance sheets is provided in Figure 16.
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3.3. Matrix of Upper Closures and Their Corresponding Most Efficient Solutions

Following the development of the abacus for existing upper horizontal closures, the
abacus for the most efficient solutions, and the performance sheets of the identified solutions
for each roof, it was deemed appropriate to compile a matrix summarizing the results
obtained from the simulations and already reported in the aforementioned sheets.

The building matrix is a scheme that represents possible configurations of building
envelope types found within the national residential building stock. The matrix serves
as a useful tool for identifying the most suitable retrofit solution for a specific roof type
characterizing a building undergoing energy retrofit interventions. This tool is valuable
for designers, guiding them towards the selection of the most suitable sustainable solution
based on the characteristics of the building to be improved and the intervention location.
The rows composing the matrix represent possible roof types, organized based on the
construction era class, building typology, and the most prevalent construction type.

The sequence of different closure types follows the chronological evolution of con-
struction techniques. The matrix is based on a system of sequential filters. Once the
construction period of the building undergoing an insulation intervention is identified and
cross-referenced with the building typology and construction type, the existing closure
types of the opaque building envelope can be selected. At this juncture, transitioning to
the delineation of geometric, performance, and morphological attributes, the categories of
extant horizontal upper enclosures are recognized.

Each row of the matrix includes the following:

• Configuration number (ID);
• Construction era class (Class 1: up to 1900; Class 2: 1901–1920; Class 3: 1921–1945;

Class 4: 1946–1960; Class 5: 1961–1975; Class 6: 1976–1990; Class 7: 1991–2005; Class 8:
after 2005);

• Main building typologies, subdivided into isolated buildings (single-family and multi-
family) and aggregated buildings (detached, tower, row, balcony, small building,
and block);

• Construction types, subdivided into load-bearing masonry (stone, stone, and brick,
brick and reinforced concrete) and framed (wood, reinforced concrete, and steel);

• Characteristics of the existing building envelope;
• Characteristics of the pre-existing upper horizontal closures, including the following:
• Thickness of the opaque building envelope;
• Steady-state thermal transmittance (W/m2K);
• Morphological and geometrical characteristics;
• Accessibility level.
• Link to the sheet containing simulation outcomes with an indication of the performance

sheets of solutions applicable to the specific opaque building envelope.

It is then possible to proceed by coupling the identified renovation solutions with
different thicknesses of insulating material to the existing enclosure, determining the
thermal transmittance (steady-state and periodic) of the entire stratigraphy. This tool is
able to provide the climatic zones in which individual solutions can be adopted to meet the
minimum requirements specified by current regulations, and a link is provided that allows
viewing the descriptive and performance sheet resulting from the coupling of the insulation
solution to the existing structure. The technical sheets are identified by combining the
code of the upper horizontal closure UHC and the code of the retrofit solution IE, VEI, II,
followed by a lowercase letter indicating the type of thickness of the solution.

An excerpt of the matrix is presented in Figure 17.
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4. Discussion

The age of the existing national residential building stock highlights the need to
intervene in the building stock with energy efficiency measures, including thermally
insulating the building envelope [46]. This measure reduces heat loss in winter and
heat gain in summer, enhancing climate control efficiency. Energy retrofit interventions
aim to decrease energy consumption for heating and cooling while reducing greenhouse
gas emissions and improving comfort. The promotion of sustainable construction goes
beyond the efficiency of existing assets. This also means rethinking materials, components,
and building systems more efficiently in terms of resource consumption. This involves
the use of recycled and recyclable materials, streamlining installation methods, as well
as designing prefabricated and dry-assemblable systems to maximize recycling or reuse
of components at the time of decommissioning. This must be performed in compliance
with the technical specifications provided by the minimum environmental criteria (C.A.M.)
applicable to building components.

During this research, a wide range of insulation materials available on the market was
examined, comparing them based on specific energy performance indicators, environmen-
tal impact, cost, and usage indications. This analysis allowed for the selection of twenty-one
insulation solutions characterized by the best performance and limited environmental im-
pact. To determine the thickness of the insulation material for each proposed technological
solution, a methodology was developed in which the performance of insulation scenarios
was precalculated. This guides the designer towards more efficient, prefabricated, and
sustainable standardized solutions for the national residential building stock. Simulations
were carried out for each solution with different thicknesses of insulating material on each
type of upper horizontal closure present in the diagram. To ensure the applicability of the
proposed insulation solutions, compliance with common criteria for all building compo-
nents, such as the percentage of disassembly and the percentage of recovered or recycled
material content, was verified. These criteria both reduce the need for raw materials and
stimulate the waste valorization chain from construction and demolition.

An examination of insulation intervention costs facilitated an economic assessment of
the viability of implementing the identified solutions, offering the designer an additional
selection criterion. This process culminated in the creation of an optimized technological
solutions diagram based on climatic, geometric/dimensional, and technical/performance
parameters. The solutions were primarily chosen based on prefabrication criteria, providing
guidance for designers involved in energy efficiency interventions within the residential
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real estate sector. Following the identification of the most efficient standardized insulation
solutions, performance data for each solution pertaining to every type of upper horizontal
closure in the national residential building stock were compiled through simulations.
Subsequently, these performance data were consolidated into performance sheets for
each solution and for every roof, facilitating the immediate identification of the most
performance-oriented system based on climatic zones. These elaborations have given
rise to the development of a matrix populated by the configurations of the most common
opaque closures in the national residential building stock, with a description of existing
roofs and a link that allows access to a summary of the simulation results subsequently
detailed in the relevant performance sheet. Through the matrix and performance sheets, the
designer can easily identify the case that best corresponds to the specific energy efficiency
intervention based on the construction era, building type, construction type, climatic zone,
and the most effective technological solutions according to the performance requirements
to be met in both winter and summer. The matrix produced is an open system that can be
implemented following the evolution of new components and systems. Dashboards have
also been developed that provide a summary for each UHC:

• Description of the upper horizontal closure before work;
• The number and type of applicable solutions;
• The minimum number of applicable solutions in different climatic zones based on the

results of energy simulations;
• The number of solutions by type of insulation (IE = non-ventilated or micro-

ventilated insulation solutions, VEI= ventilated external insulation; II = underside
insulation solutions);

• The minimum number of solutions by type of insulation applicable for each climatic zone;
• Classification of solutions by type of insulation based on cost per m2.

The following is an example of a dashboard (Figure 18).

1 

 

 
 

 

Figure 18. Cont.
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Figure 18. Example of a dashboard.

5. Conclusions and Future Developments

Defining eco-sustainable solutions is one of the most crucial challenges for the future,
particularly in the context of energy retrofitting.

It is an innovation process that is affecting the entire construction supply chain and
the renewal of existing building stock, as increasingly, plans are being implemented to
align buildings with new criteria for energy efficiency and eco-sustainability.

The objective guiding the research presented here consists of attempting to identify
and promote sustainable solutions capable of directing designers towards energy retrofit
interventions for the upper closures of national residential buildings, primarily charac-
terized by high levels of prefabrication and recycled content, in accordance with current
minimum environmental criteria (CAM). The main limitations of this research are related to
the absence of an evaluation of maintenance costs for the standardized thermal insulation
solutions proposed. Furthermore, the roofing considered for defining the pre-calculated
solutions are those most commonly found within the national residential building stock and
may not include some types. Lastly, for a comprehensive energy analysis, it is necessary to
consider all building envelope closures. Indeed, this study will be integrated in the second
year of ENEA research with a prior focus on identifying standardized thermal insulation
solutions for vertical closures—vertical perimeter walls [23].

The research outcomes will constitute the core for the development of a tool sup-
porting energy efficiency interventions in residential buildings during renovation. The
development in the second year of research will indeed focus on creating a tool to guide the
designer in identifying scenarios that best correspond to the real situation of the property to
be redeveloped, based on the construction era class, building type, construction type, and
climatic zone. Utilizing the database of identified optimized proposals, the tool will enable
the selection of the most effective technological solutions (standardized, energy-efficient,
and sustainable) that ensure compliance with performance requirements set by current
regulations in winter conditions, following Off-Site construction indications.
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The tool will provide the opportunity to conduct a preliminary energy analysis ca-
pable of outlining the potentialities offered by a range of proposed retrofit interventions
concerning the opaque building envelope. It will be a valuable instrument for the profes-
sional technician, who, during the selection of redevelopment options for a building, can
efficiently assess, through preliminary energy performance simulations, the outcome of
applying the different optimized solutions of the opaque building envelope previously se-
lected through the dynamic matrix in terms of energy savings and economic feasibility. The
calculation of energy demand will encompass both heating and cooling requirements. The
tool’s calculations will cover both the building envelope and the most common plant types.

The research findings underscore the effectiveness of adopting the described method-
ology in enhancing the percentage improvement of steady-state thermal transmittance
(W/m2K). Notably, a substantial average improvement of over 66% is observed in up-
per horizontal closures, ranging from a minimum of 34% to a maximum of 92%. This
indicates a substantial enhancement in energy efficiency achievable through targeted in-
terventions. The graph visually represents the distribution of improvement percentages
in steady-state thermal transmittance across the existing roofs of the national building
stock utilizing optimized, standardized, and sustainable solutions. It is evident that the
percentage improvement in transmittance is particularly higher in cases where the existing
roof system belongs to an older construction era class, characterized by significantly higher
pre-renovation transmittance values. These values necessitate post-renovation adjust-
ments to comply with prevailing regulatory standards. This observation underscores the
need for tailored interventions to address specific building characteristics and regulatory
requirements, ensuring optimal energy efficiency outcomes (Figure 19).
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The tool will allow for the identification of the economic savings achievable with
the application of the proposed insulation solutions and the net present value (NPV).
It will inform the user about any incentives available for the implementation of the
simulated intervention.
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The user can download performance sheets containing the stratifications of applica-
ble solutions on vertical closures (perimeter walls) and upper horizontal closures (roofs),
thermophysical properties, simulation results, thermo-hygrometric verifications, and sus-
tainability indicators. When there is a need to intervene in a property, the tool will
enable following:

• Creating an energy model of the building subject to redevelopment interventions
in the pre-intervention situation using the matrix of existing vertical and horizontal
closures that characterize the national residential building stock.

• Evaluating the energy performance of the real building in its current state through
synthetic indicators.

• Guiding the choice using databases of identified optimized solutions for both perimeter
walls and roofs.

• Constructing a post-intervention building model.
• Evaluating the outcome of adopting the identified solutions in terms of technical/economic

feasibility downstream of the simulated scenarios.

Using the tool, it will also be possible to create a “ranking” of priority for energy
redevelopment actions by comparing different solutions.

In conclusion, the new European directives represent a significant step towards a
more sustainable and energy-efficient Europe, laying the groundwork for a comprehensive
transformation of the construction sector towards climate neutrality. By adopting ambitious
measures and innovative tools, such as the one proposed in this article, it will be possible to
enhance the durability and overall performance of existing buildings and drastically reduce
greenhouse gas emissions and energy consumption in the construction sector by 2030.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su16093850/s1, Supplement S1: Abacus of existing up-
per horizontal closures; Supplement S2: Study of insulating materials for the redevelopment of
existing upper closure types; Supplement S3: Abacus of insulation solutions for upper horizontal
closures (UHCs).
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Abstract: Wood is poised to become a material of choice for future construction. When appropriately
managed, it is a renewable material with unique mechanical properties. Thus, there has been a
growing demand for hardwoods, including Castanea sativa Mill., the focal point of this investigation,
for structural applications. Albeit in a limited capacity, Eurocode 5-2 offers friction coefficients
for softwoods, but it falls short for hardwoods. These coefficients play a critical role in numerical
simulations involving friction, enabling the optimization of joints and, by extension, the overall
structural integrity. Test samples were evaluated at 15% and 18% moisture content (Service Class
2) for various orientations of timber-to-timber and timber-to-steel friction. The results provide an
experimental database for numerical simulations and highlight the influence of moisture on the
stick–slip phenomenon, which was absent for the timber-to-timber tests, as well as on the rising
friction values. At 18%, the static and kinetic coefficients were 0.70 and 0.48 for timber-to-timber and
0.5 and 0.50 for timber-to-steel. The increase was around 50% for timber-to-timber friction and over
170% for timber-to-steel pairs. Moreover, the findings proved a relationship between both coefficients
and the validity of the linear estimation approach within the 12–18% moisture commonly applied to
softwoods.

Keywords: friction coefficient; tribology; mechanical properties; contact simulation; Eurocode 5

1. Introduction

Historically, wood has been a traditional and widely used material in construction
due to its abundance, ease of use, and adequate mechanical properties. However, as
technological advancements made steel and concrete not only more accessible but also
cost-effective, these materials began to be perceived as superior alternatives due to their
modern aesthetic, enhanced durability, and significantly improved fire resistance. In turn,
the prominence of wood in the construction industry diminished as it was relegated to
small-scale or less demanding structural applications due to concerns regarding instability,
fire safety, decay, and sound transmission [1].

Currently, with the construction sector widely recognized as a major contributor to en-
vironmental degradation due to substantial material and energy consumption, greenhouse
gas emissions, and waste generation, wood is experiencing a resurgence as a sustainable
construction material. The favorable mechanical properties relative to its weight, the
enhancement of its durability through innovative treatments, and the advent of new en-
gineered timber products, e.g., glued laminated timber (glulam), cross-laminated timber
(CLT), and laminated veneer lumber (LVL), are some of the driving factors in its resur-
gence besides the pursuit of sustainable development. In this regard, beyond its inherent
sustainability, the use of wood has a crucial role in addressing climate change concerns
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due to its significantly lower embodied energy [2] and reduced CO2 emissions [3,4] while
simultaneously acting as a carbon sink of approximately 1.5 t of CO2 per m3 of wood [5].
As a renewable resource originating from responsibly managed forests, wood further alle-
viates the pressures of raw material scarcity, highlighting its multifaceted contribution to
environmental conservation.

For this investigation, chestnut wood (Castanea sativa, Mill.) was selected as this decid-
uous species covers more than 2.5 million hectares in Europe around the Mediterranean
region, with 89% concentrated in France, Italy, Spain, Portugal, and Switzerland, in decreas-
ing order of importance, as shown in Figure 1 [6]. Several research works have underscored
its ecological relevance as a source of support for a wide variety of flora and fauna [7,8] and
the European Council has included “9260 Castanea sativa woods’” in Annex 1 of the Habitats
Directive [9]. Commercially, chestnut is valued both for fruit and non-wood products as
well as timber. For instance, in Spain, the average total volume (with bark) of chestnut
stands harvested in 2021 reached 97,878 m3 [10], mostly from the north provinces (Galicia,
Asturias, Navarre, and Catalonia), but also arising from the center and south of the country
(Figure 1). Chestnut wood is valued for its appearance and strength; it is particularly appre-
ciated for external use due to its natural protection against decay [11,12], and it possesses a
vast tradition of use for both structural and non-structural purposes in construction (beams,
joists, and traditional grain stores), woodworking, furniture, flooring, fine veneer, general
joinery, and poles) [11]. Nowadays, sustainability concerns have spurred a new interest in
its use. In this regard, Carbone et al. [13], who investigated the market competitiveness of
laminated chestnut timber products, forecasted a bright future for this type of wood while
indicating the need for a targeted chestnut wood policy to significantly bolster its market
penetration and growth.
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In structural timber engineering, the friction properties of wood, which are the focus
of this study, hold significant relevance, particularly in the designing of joints and supports.
The friction coefficient between wooden parts or between wood and metal connectors
significantly influences the magnitude and manner of force transmission [14–20]. For
instance, in step joints [14] and reverse joints [18], load distribution varies across contact
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faces depending on the coefficient of friction. For tie-rafter connections in trusses, a
higher friction coefficient increases force transmission in areas of greater contact while
reducing it in areas of lesser contact, thus decreasing the shear stress at the tie end and
increasing the compression oblique to the grain in the rafter. For dowel joints [15], a
higher friction coefficient leads to a more uniform stress distribution around the perimeter,
which reduces joint slippage. In tapered tenon joints [16,17], the friction coefficient affects
the forces on the frontal and lateral faces differently, with a higher friction coefficient
reducing the contact forces on the front face. For connections with dowel-type fasteners
and nut–washer fixings [19], the pre-tensioning creates an initial axial load that improves
the friction effect at the wood–wood interfaces and the load distribution between faces. For
timber connections with metal fasteners [20], the friction coefficient impacts the distribution
of loads transmitted directly between pieces, whether through metal–wood or wood–
wood contacts.

Thus, the understanding of this parameter is crucial for the analysis and simulation of
both carpentry joints and mechanical connections. As with most mechanical properties of
wood, friction also varies with the moisture content reached by the specimen in balance
with the relative humidity and temperature of its surrounding environment. Consequently,
Eurocode 5 [21] incorporates this effect in design by establishing three service classes
reflecting the environmental conditions (i.e., temperature and relative humidity of the
surrounding air) to which the wood will be exposed and its eventual equilibrium moisture
content:

• Service Class 1: corresponds to conditions (20 ◦C and 65% relative humidity) where
the average moisture content in most softwoods remains below 12%;

• Service Class 2: corresponds to conditions (20 ◦C and 85% relative humidity) where
the average moisture content in most softwoods remains below 20%;

• Service Class 3: corresponds to conditions where the average moisture content in most
softwoods exceeds 20%.

It should be noted that although Eurocode 5 [21] identifies service classes for soft-
woods, the temperature and relative humidity conditions describing the different service
classes and moisture contents are also applicable to hardwoods such as chestnut. In this
regard, there are international standards that define service classes applicable to both
softwood and hardwood. For instance, the National Design Specification for Wood Con-
struction [22] issued by ANSI defines two service conditions: “dry” (with up to 16%
moisture content for laminated wood and CLT and 19% for sawn wood) and “wet” (for
moisture contents exceeding these levels). Likewise, the Canadian standard for engineering
design in wood [23] specifies a “dry” service condition, where the average equilibrium
moisture content of solid wood over a year is 15% or less and does not exceed 19%, whereas
the “wet” service condition encompasses all conditions that do not meet the dry criteria.

Therefore, the standards used to characterize the mechanical properties of wood
stipulate testing at a specific moisture level, commonly 12%. Then, subsequent adjustments
are made in calculations through the use of coefficients based on the intended service
class. However, there is no European standard regarding the experimental determination
of friction coefficients, but conversely, it is referenced in Table 6.1 of Eurocode 5-2 [24]
for conifer timber in the context of stress-laminated decks. Specifically, values for the
static friction coefficient are provided at moisture contents of ≤12% and ≥16%, with the
provision that values within this range can be linearly interpolated.

Although several researchers [25–27] have commented on the linear variation in
properties with moisture contents from 8% to 20%, or until fiber saturation is reached,
limited research has explored the relationship between moisture content variations and
friction, with investigations predominantly centered at the 12% equilibrium moisture
content. Among those that do consider or provide insights on moisture content, the
following studies (Table 1) are noteworthy.
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Table 1. Noteworthy fiction coefficients from the literature review.

Test Static Friction
Coefficient

Kinetic Friction
Coefficient Moisture Content References

Timber-to-timber 0.25 to 0.7 0.15 to 0.4 Dry Argüelles
et al. [26,28]

Timber-to-timber 0.5 to 0.71 0.3 to 0.65
From 11.25% to 20% at different wood

sections (tangential, diagonal, and
radial)

Fu et al. [29]

Timber-to-timber 0.36 to 052 0.25 to 0.34 12% at different orientation of the
contact surfaces

Villar-García
et al. [30]

Timber-to-timber 0.44 to 0.51 0.33 to 0.39 12% at different orientation of the
contact surfaces

Villar-García
et al. [31]

Timber-to-steel
- 0.1 to 0.3 From 10% to 14%

McKenzie et al. [32]- 0.4 to 0.64 At fiber saturation

Timber-to-steel
- 0.3 to 0.5 Dry

Glass and
Zelinka [27]

- 0.5 to 0.7 Intermediate moisture
- 0.7 to 0.9 Close to saturation

Timber-to-steel
0.156 to 0.238 - 12% at different fiber directions

Dorn et al. [33]0.121 to 0.176 - Oven-dried at different fiber directions
0.280 to 0.344 - Saturated at different fiber directions

Timber-to-steel 0.16 to 0.21 0.15 to 0.18 12% at different orientations of the
contact surfaces

Villar-García
et al. [31]

For varying moisture content values, Argüelles et al. [26,28] reported values for the
static friction coefficient ranging from 0.25 to 0.7 and for the kinetic friction coefficient within
the 0.15 to 0.4 range. The coefficients increased with the moisture content of the timber-
to-timber testing specimen up to saturation and remained constant beyond that point.
This effect was also noticed by Glass and Zelinka [27], who reported that the coefficients
continuously increase until fiber saturation is reached. Then, the values stabilize until water
is present on the surface, triggering a decrease in the coefficients due to the lubricating effect.
Although for beech timber, Fu et al. [29] examined the influence of both the moisture content
and wood section (i.e., tangential, diagonal, and radial) on the static and kinetic friction
coefficients. Both values increased with the moisture content within the 5–30% range,
but greater moisture contents are responsible for marginal increases. For the different
orientations of the contact surfaces, the authors reported static friction coefficients ranging
from 0.5 to 0.71 and kinetic friction coefficients ranging from 0.3 to 0.65 at 11.25% and 20%
moisture levels, respectively.

Regarding timber-to-steel friction, there are a limited number of studies, predom-
inantly focused on dynamic assessments. McKenzie et al. [32] performed an extensive
examination of the kinetic friction coefficients of numerous wood species against rough
and smoot steel surfaces, although chestnut was not included in the investigation. For
smooth surfaces, which are common in timber connections, the study reported kinetic
friction coefficients ranging from 0.1 to 0.3 for moisture contents between 10% and 14%,
depending on the speed of sliding. For moisture levels at fiber saturation, the values ranged
from 0.4 to 0.64 for increasing sliding speeds. Moreover, based on the figures describing
the dynamic friction included in the research, it could be inferred that the static friction
values were only slightly higher than those reported for the kinetic friction.

Similarly, Glass and Zelinka [27] noticed that the kinetic friction coefficient for smooth
timber in contact with hard, smooth surfaces, such as steel, can vary from 0.3 to 0.5 in dry
specimens, from 0.5 to 0.7 at intermediate moisture contents, and from 0.7 to 0.9 when
approaching saturation. Despite the distinct properties compared to sawn timber, it is
worth mentioning the study on the friction behavior of microlaminated Picea abies against
steel carried out by Dorn et al. [33]. The authors recorded static friction coefficient values
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ranging between 0.16 and 0.24 at a 12% moisture content. For oven-dried specimens, these
values remained mostly constant. However, for saturated specimens, the static friction
coefficient increased between 74% to 123% for tests parallel to the grain and between 82%
and 182% for tests perpendicular to the grain.

This research focuses on the study of both static and kinetic friction coefficients of
chestnut timber. Through an enhanced understanding of friction, the aim is to expand
the use of Castanea sativa for structural designs involving frictional forces, promoting con-
struction sustainability by encouraging the use of less exploited materials, which entails a
diversification in the range of species used in construction and thus alleviates the demand
for more commonly exploited ones. Examples of targeted applications include stressed
plate bridges and walkways, timber trusses with carpentry joints, and constructions with
mechanical timber-to-steel connections. The experimental program takes into account
the orthotropic nature of wood by assessing different wood orientations involving both
the wooden frictional pairs as well as against a steel plate. Moreover, the influence of
the moisture content was considered by carrying out tests at 15% and 18% (i.e., Service
Class 2 conditions). The results arising from the experimental program would provide a
comprehensive database to be used as an input for precise engineering calculations, such
as those carried out in numerical simulations, that would allow for a more accurate volu-
metric optimization of this natural resource. Additionally, in combination with previous
findings by the authors on timber-to-timber and timber-to-steel tests at a 12% moisture
content [30,31], this program would be used to validate the interpolation approach sug-
gested for softwoods within the 12–18% moisture content range for hardwoods.

2. Materials and Methods

Test samples of 105 × 50 × 25 mm were prepared from Spanish chestnut (Castanea
sativa Mill.) with a density of 670 kg/m3 (12% moisture content). Since the variation in
moisture content changes the frictional properties of wood, the tests were carried out at
two moisture contents: firstly, at 18% moisture content, which represents Service Class 2
according to Eurocode 5 [21] (e.g., structures under cover but open to the air, canopies, cov-
ered pergolas, walkways, and bridges that are either covered or protected by a wear layer,
as well as indoor and enclosed swimming pools [21,25,26]), then at 15% moisture content
(i.e., an intermediate value to the 12% moisture content used to represent the conditions of
Service Class 1 established in Eurocode 5 [21]). Thus, one set of specimens was stored in
a condition room with a constant temperature of 20 ◦C and a relative humidity of 85% to
ensure hygroscopic equilibrium and the desired moisture content of 18%. Conversely, for
conditioning to a humidity of 15%, a temperature of 38 ◦C and a humidity of 80% were
set [27]. The moisture levels were checked immediately before carrying out the tests using
a hygrometer and afterwards via oven drying according to EN 13183-1 [34].

In the absence of a specific European standard test for determining the friction coeffi-
cient of wood and drawing upon the general recommendations provided by the American
standard ASTM G115-10 [35], the authors developed and validated a test procedure based
on a direct shear machine [36]. The proposed method adapts common geotechnical equip-
ment to facilitate the placement and contact of the surfaces to be tested (i.e., specimens
were positioned in the device by their largest surface area, ensuring that sliding occurred
along the longest dimension), thereby facilitating both accurate experimental conditions
as well as the application and recording of the necessary variables. Firstly, this method
allows for the application of a normal load (N) to the upper face of the specimen through a
distribution plate connected to a load bridge and counter-balance device while controlling
the sliding speed. Similar to other research works [30,31,37,38], this study employed a
0.5 MPa load and an 8 mm·min−1 speed to simulate conditions encountered in practice
while also effectively preventing the occurrence of inertial forces. Moreover, this method
enables the measurement of both displacement and the necessary force (F) required to
produce sliding by means of an LVDT (Linear Variable Differential Transformer) displace-
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ment sensor and load cell sensor, respectively. Therefore, the coefficient of friction (µ) is
determined according to Equation (1):

F = µ × N, (1)

Here, the proportionality constant is the friction coefficient, designated as either the
static friction coefficient (µs) or kinetic friction coefficient (µk), contingent upon whether it
pertains to the value at the precise moment just before sliding commences or during the
ongoing relative displacement of the solids or the surfaces under examination.

Two separate experimental series were executed to evaluate the frictional behavior
between pairs of materials: one set examined timber-to-timber interactions while the other
focused on timber-to-steel contacts. Moreover, to simulate the conditions of surfaces that
are designed to come into contact within the joint assembly, the influence of both the
orthotropic nature of wood as well as the different roughness across the cutting planes
was considered. As such, three distinct orthogonal axes were considered: longitudinal -L-
(parallel to the fiber or grain, i.e., the axis of the tree), radial -R- (perpendicular to the grain
in the radial direction and normal to the growth rings), and tangential -T- (perpendicular
to the grain but tangent to the growth rings), as shown in Figure 2.
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Figure 2. Timber-to-timber and timber-to-steel friction planes for the varying anatomical directions
(L, R, and T) of the specimen of wood and their respective sliding directions.

Consequently, the three possible friction planes and their two respective directions
of slippage were evaluated (Figure 2), ensuring a comprehensive analysis of frictional
behavior under varied conditions:

• Transverse plane (perpendicular to the fiber):

1. (A) predominant direction of radial sliding (sliding parallel to the radius of the growth
rings);

2. (B) predominant direction of tangential sliding to the growth rings;

• Radial plane (defined by the axis of the three and a radius of the trunk):

1. (C) sliding direction parallel to the fiber (i.e., radial surfaces);
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2. (D) sliding direction perpendicular to the fiber;

• Tangential plane (tangent to the growth rings):

1. (E) sliding direction parallel to the fiber (i.e., tangential surfaces);
2. (F) sliding direction perpendicular to the fiber.

Therefore, Figure 2 presents the array of friction pairs that reflect combinations fre-
quently encountered in structural connections. On the one hand, timber-to-timber tests
could be divided among surfaces with identical orientations: A-A, B-B, C-C, D-D, E-E, and
F-F, and tests between surfaces of differing orientations: A-C, A-E, B-C, and B-E. On the
other hand, timber-to-steel tests were designed as A-S, B-S, C-S, D-S, E-S, and F-S, with S
indicating the steel plate. Thus, the experimental program reached a total of over 400 tests
and ultimately offered significant insights into frictional behavior.

3. Results and Discussion
3.1. Timber-to-Timber Tests with Identical Orientations

Figure 3 showcases the most illustrative graphs depicting the variation of the friction
coefficient relative to the displacement for tests involving surfaces of identical orientations
and friction directions under a controlled moisture content of 18%.
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Figure 3. Representative examples (— A-A; — B-B; — C-C; — D-D; — E-E; — F-F) of the friction
coefficient variation for sections with the same orientation in both specimens at a moisture content
of 18%.

The oscillations observed in Figure 3 are illustrative of the stick–slip phenomenon.
However, the fluctuation manifested with reduced intensity compared to similar tests
conducted at lower moisture levels [30,31]. This reduction aligns with findings by [29,39],
highlighting that higher moisture weakens the stick–slip behavior between the wood
surfaces. The differences between the frictional force–displacement curves of dry and wet
surfaces were also observed by Fu et al. [29], who attributed them to the softening of the
fibers and the decreased amplitude of the rough peaks, which led to a weakened stick–slip
motion in the 5–30% moisture range. As described by Möhler and Herröder [40] in friction
scenarios A and C, the sliding motion occurs continuously across the friction path and is
characterized by a parabolic decrease in the horizontal force, at least in an initial segment.
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Table 2 shows the friction coefficients from various sawn specimens and frictional
directions grouped by friction pairs with identical orientations and a moisture content of
18%. Both the mean value derived from the 15 tests performed for each specific pairing
and the coefficient of variation (CoV) are indicated to highlight the average performance
and the variability within each set.

Table 2. Friction coefficients between wood surfaces of identical orientation at 18% moisture content.

Mean
(CoV %) A-A B-B C-C D-D E-E F-F

µs
0.67

(15.3)
0.71

(11.4)
0.68

(14.4)
0.78
(8.2)

0.63
(13.9)

0.73
(9.9)

µk
0.42
(4.8)

0.47
(12.7)

0.49
(12.9)

0.56
(16.7)

0.46
(29.3)

0.54
(24.6)

Based on the comparison between the results presented in Table 2 and those obtained
for these same orientations in a previous work [30], it becomes noticeable that moisture
content significantly impacts both static and kinetic friction, overshadowing the effects of
the testing orientation. This finding aligns with observations made by [29]. Nonetheless,
knowledge of the specific friction values for different wood orientations can significantly
enhance decision making during joint construction. Then, it would allow for more favorable
designs by tailoring the cut of wood, notches, and contact interfaces to optimize frictional
force transmission between the components. By strategically exploiting the orthotropic
nature of wood, such as by rotating the R and T axes of the beams, the distribution of
stresses could be improved.

On average, disregarding orientation, the static friction coefficient stands at 0.70
and the kinetic friction coefficient at 0.48. Such values represent roughly 50% increases
compared to those measured at 12% moisture content. These findings are consistent
with those reported by Argüelles et al. [26] (i.e., a 0.7 static friction coefficient and 0.4
kinetic friction coefficient) and Fu et al. [29] at 20% moisture content (µs = 0.5–0.71;
µk = 0.3–0.65). In this experimental program, the average coefficients of variation for
the different orientation test series were 7.6% for static friction and 10% for kinetic friction.
Notably, the CoV for each friction pair significantly decreased by about 15% compared to
the 12% moisture tests, suggesting that increased moisture on the contact surfaces leads to
less variability in friction.

3.2. Timber-to-Timber Tests with Different Orientations

Figure 4 presents some representative examples that capture the fluctuation of the
friction coefficient as a function of displacement, focusing on experiments that involve
surfaces with different orientations and sliding directions, conducted at a moisture content
of 18%.

Similar observations apply to Figure 4 regarding the stick–slip behavior of the tested
specimens. The performance of the friction pairs demonstrates a consistent relationship
between the displacement and friction coefficient, closely aligning with the patterns noted
in scenarios of identical orientation between wood surfaces (Figure 3).

Table 3 compiles the friction coefficients from various sawn specimens and frictional
directions, grouped by friction pairs with identical orientations and a moisture content of
18%. A trend consistent with the earlier discussion is observed as values exhibit a notable
increase compared to those at 12% moisture content [31]. Specifically, there is a 42% surge
in the static friction coefficient, averaging at 0.67, and a 30% rise in the kinetic friction
coefficient, averaging at 0.47. Nevertheless, the increment is less pronounced than the
increase observed for samples with identical orientations, as recorded in Table 2.
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Table 3. Friction coefficients between wood surfaces of different orientations at 18% moisture content.

Mean
(CoV %) A-C A-E B-C B-E

µs
0.70

(18.1)
0.65

(15.6)
0.64
(9.9)

0.70
(10.3)

µk
0.48

(25.7)
0.45

(13.6)
0.43

(14.3)
0.50

(20.7)

The overall average values, both static and kinetic, are remarkably similar to those
obtained for the same orientation at 18% moisture content and align with the referenced
literature from the previous section. The lack of significant variance for any specific pair
could respond to a homogenizing effect of increased moisture levels. Notably, the A-C
and B-E pairings continue to register the greatest friction values, a pattern consistent with
observations at 12% moisture. However, no direct correlation is observed between the
highest values in Table 3 and the superior frictional values arising from the friction of
wood surfaces of identical orientations (Table 2). Regarding the coefficient of variation,
the values decreased compared to the 12% moisture level for each tested friction pair,
mirroring the trend observed for pairs of identical orientation. Nonetheless, the CoV values
remained in the same range as those obtained for 18% moisture content for wood surfaces
of identical orientation.

It is worth noting that the average static friction coefficient value (µs = 0.69) signifi-
cantly exceeds those specified in Eurocode 5-2 [24]. For the calculation of stress-laminated
deck plates consisting of sawn softwood at a moisture content greater than 16%, the design
values established for the static friction coefficient are 0.45 for scenarios perpendicular to
grain and 0.35 for scenarios parallel to grain. Nevertheless, this comparison should take into
account the case-specificity differences regarding the type of wood and moisture content
(i.e., specimens derived from Castanea sativa, a deciduous tree, conditioned at 18% moisture
content). Moreover, it should be acknowledged that the values stipulated by Eurocode
5-2 [24] serve as design guidelines, factoring in safety margins to ensure structural integrity.
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Thus, the proposed values in Eurocode 5-2 [24] are deliberately conservative since greater
friction coefficient values are beneficial for the outcomes of the engineering calculations.

3.3. Timber-to-Steel Tests

Figure 5 showcases representative friction cases of the tests comparing the timber
specimens at 18% moisture content and the steel plate, focusing on experiments that
involved different fiber orientations relative to the sliding direction.
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coefficient variation between the timber specimens at 18% moisture content and the steel plate.

Conversely to previous timber-to-timber test series, Figure 5 illustrates the absence of
the stick–slip phenomenon, corroborating findings from other studies [29,41]. As also noted
by those researchers, the increase in moisture does not introduce a pronounced inflection
at the beginning of displacement. The shape of the obtained curves (Figure 5) is similar
to the type B classification proposed by Möhler and Herröder [40] in which the frictional
force exhibits a flat parabolic shape, indicative of a friction trajectory that either slightly
decreases or, in certain instances, remains constant after reaching the peak load. Notably, in
some instances, the value of friction marginally increases shortly after the sliding begins.

Table 4 details the mean values for both static and kinetic friction coefficients, accom-
panied by the coefficient of variation from tests involving the interaction between a steel
plate and a wood specimen conditioned at 18% moisture content and sawn to exhibit a
specific orientation.

Table 4. Friction coefficients involving a wood surface at 18% moisture content and the steel plate.

Mean
(CoV %) A-S B-S C-S D-S E-S F-S

µs
0.48
(2.5)

0.49
(6.1)

0.55
(4.6)

0.53
(3.2)

0.54
(4.9)

0.52
(4.4)

µk
0.45
(7.2)

0.47
(7.2)

0.53
(7.2)

0.52
(3.1)

0.53
(5.2)

0.50
(5.3)
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Analysis of the data in the test series for the different wood orientations reveals an
average static friction coefficient of 0.52 and a kinetic friction coefficient of 0.50, with
coefficients of variation of 6% and 7%, respectively. Two main insights emerge from
these findings.

On the one hand, there is a substantial increase in both static and kinetic friction
coefficients compared to steel–wood pairs at 12% moisture content [31]. For instance, the
average static coefficient exhibits a 173% rise and the kinetic coefficient a 194% surge, which
closely places the kinetic value on par with the static coefficient. The greater increase in the
kinetic coefficients is indicative of a more pronounced effect of moisture that facilitated the
lifting of the wood fibers during sliding interactions [29]. These substantial increases are
in line with those documented by Dorn et al. [33], who conducted tests on wood against
steel ranging from oven-dried to fully saturated specimens. Moreover, the obtained values
fall within the range specified by Glass and Zelinka [27] for the friction of wood against
hard and smooth surfaces at intermediate moisture (µk = 0.5–0.7) and are consistent with
the findings reported by McKenzie et al. [32] of µk = 0.4–0.64. Nonetheless, it is worth
noting that this increase significantly exceeds that observed for the same moisture variation
in the timber-to-timber tests, suggesting that when friction occurs against a very smooth
surface, such as steel, the moisture content of the wood has a significantly major role in the
friction coefficient.

On the other hand, the CoV values within each orientation are considerably lower
compared to those obtained for wood specimens at 12% moisture content. Such a reduction
in variability is attributed to both the increased moisture at the contact surface and the ho-
mogenizing effect of steel (i.e., the limited roughness) in the wood–steel friction dynamics.

3.4. Correlation between µk and µs

For each friction specimen pairing within the timber-to-timber test series, Figure 6a
illustrates the relationship between the static friction coefficient (µs) and the kinetic friction
coefficient (µk). Similarly, Figure 6b displays the average values for each friction combi-
nation. The µk/µs ratio for surfaces of identical orientation averaged 0.72, similar to the
values obtained at 12% moisture content, which indicated no significant change in their
relationship. For surfaces of different orientations, the µk/µs ratio was 0.69, yielding a
value comparable to that of surfaces with identical orientation at an 18% moisture level.
This similarity suggests that the orientation of wood surfaces does not markedly affect
the relationship between static and kinetic friction coefficients under the same moisture
conditions.
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Although no strong relationship emerged from the entire dataset, the analysis of the
average values (Figure 6b) allowed for an acceptable correlation (R2 = 0.70) between static
and kinetic friction coefficients (Equation (2)).

µk = 0.809µs − 0.0777 (R2 = 0.70), (2)

Additionally, the consideration of specific friction orientations allowed for improved
correlations such as those shown in Equations (3) and (4) for the A-C and E-E friction pairs,
respectively.

For the friction pair A-C: µk = 0.98µs − 0.19 (R2 = 0.76), (3)

For the friction pair E-E: µk = 0.89µs − 0.035 (R2 = 0.74), (4)

A similar approach for the relationship of the static and kinetic friction coefficients of
the timber-to-steel tests is followed in Figure 7a,b. The µk/µs ratio averages 0.97, which
numerically captures the behavior depicted in Figure 5 (i.e., a flat parabolic curve with a
minimal reduction in the coefficient value during sliding). In this case, a notable difference
is observed in the ratio compared to the values obtained at 12% moisture, which had an
average of 0.83, indicating a further reduction in the differences between static and kinetic
values. The greater proximity to unity reflects the absence of the initial inflection point in
the registered friction behavior. This phenomenon was also noted by Fu et al. [29], who
observed that the difference between µs and µk decreases with higher moisture contents.
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From the average coefficients for the different timber-to-steel tests, Equation (5) shows
the relationship between static and kinetic friction. The robustness of the correlation
(R2 = 0.96) allows for a highly reliable prediction of the kinetic coefficient from a known
static coefficient and vice versa. Moreover, the specific friction pair combinations also
display strong correlations between both coefficients. It should be noted that the high
degree of correlation was also identified for the 12% moisture content [31] pointing to a
generalization of this observation across the entire studied moisture spectrum, as further
detailed in subsequent discussions.

µk = 1.350µs − 0.199 (R2 = 0.96), (5)

3.5. Influence of Moisture Content on Friction Coefficients

To evaluate the validity of the linear coefficient–moisture relationships, the experi-
mental program included a targeted series of tests at an intermediate moisture level of
15% while maintaining all other test parameters at constant levels. The average value and
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coefficient of variation from 10 determinations within each friction pair combination (i.e.,
between wood surfaces of identical orientation, wood surfaces of different orientations,
and wood and steel) of static and kinetic coefficients are displayed in Tables 5–7.

Table 5. Friction coefficients between wood surfaces of identical orientation at 15% moisture content.

Mean
(CoV %) A-A B-B C-C D-D E-E F-F

µs
0.59
(6.3)

0.61
(5.2)

0.51
(33.1)

0.69
(31.1)

0.48
(7.5)

0.70
(7.7)

µk
0.37

(17.7)
0.33

(11.8)
0.37

(28.3)
0.47

(26.3)
0.37

(27.1)
0.43
(6.4)

Table 6. Friction coefficients between wood surfaces of different orientations at 15% moisture content.

Mean
(CoV %) A-C A-E B-C B-E

µs
0.56

(32.0)
0.57

(20.9)
0.51

(26.5)
0.56

(17.4)

µk
0.44

(16.2)
0.39

(31.7)
0.40

(26.3)
0.41

(25.9)

Table 7. Friction coefficients between a wood surface at 15% moisture content and the steel plate.

Mean
(CoV %) A-S B-S C-S D-S E-S F-S

µs
0.33
(7.3)

0.34
(17.2)

0.36
(10.6)

0.35
(2.9)

0.33
(8.8)

0.37
(17.6)

µk
0.31
(8.1)

0.31
(5.5)

0.32
(10.2)

0.34
(5.7)

0.32
(5.4)

0.32
(15.9)

Consistent with previous observations, the CoV resembles more closely the results
from the 12% moisture tests due to a lower moisture-induced homogenizing effect on
the frictional behavior at this intermediate level. Nevertheless, taking into account the
inherent variability of wood as a natural material, these CoV values are deemed acceptable,
especially when considering those reported in the literature.

Both the static and kinetic friction coefficients fall within the range of those arising
from specimens conditioned at 12% and 18% moisture contents, which is in accordance
with the known dependence behavior between the moisture content and the mechanical
properties of wood. Certainly, Eurocode 5-2 [24] and several researchers [25–27] accept that
intermediate friction coefficients could be determined through linear interpolation. There-
fore, taking into account the static and kinetic coefficient results obtained by the authors
at 12% [30,31] and 18% moisture contents, all possible linear regressions were determined.
Figures 8 and 9 show these linear relationships as dotted lines colored according to each
friction pair combination of the timber-to-timber and timber-to-steel tests. Moreover, to
evaluate the precision of the interpolation method, the corresponding experimental results
at 15% moisture content are also included in Figures 8 and 9.
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Figure 9. For each group of timber-to-steel tests, average static (a) and kinetic (b) friction coefficient
values at moisture contents of 12% (from [31]), 15%, and 18%, as well as the linear regression between
the two extreme values of the studied range, are shown.

Aside from a few exceptions, the slopes of the linear regressions are similar for each
type of friction coefficient displayed in the different figures, which is especially apparent
in timber-to-steel friction cases. This observation underscores the robustness of the linear
estimation approach across different materials and conditions. Moreover, Table 8 presents
the interpolated friction coefficients at the 15% moisture content from each linear regression
(i.e., dotted lines) in Figures 8 and 9. Although, in most cases, the accuracy of the linear
regression compared to the experimental value is evident from the figures, the observed
error compared to the average experimental result at the same moisture content is also
reported in the table.

The observed errors (Table 8), particularly in scenarios involving timber-to-steel fric-
tion, are consistently lower than the coefficients of variation recorded across all experimental
tests carried out at 15% moisture content. This finding highlights the precision of the linear
estimation approach within the 12–18% moisture range, but also confirms its applicability
to hardwoods like the sawn chestnut (Castanea sativa Mill.). Therefore, the method that
was originally limited to the friction coefficient of softwoods in stress-laminated decks as
per Eurocode 5-2 [24] proved to be significantly effective in enhancing the predictability
of the frictional behavior of this particular hardwood species (i.e., chestnut), which previ-
ously lacked specific and comprehensive friction coefficient data or prior testing for linear
estimation accuracy.
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Table 8. For each studied scenario (friction coefficients involving wood surfaces of identical orienta-
tion, wood surfaces of different orientations, and wood and steel), the values of the static and kinetic
friction coefficients resulting from the linear interpolation and the percentage of error relative to the
experimental values at a 15% moisture content are shown.

Interpolated value
(error %) A-A B-B C-C D-D E-E F-F

µs
0.56 0.55 0.54 0.65 0.50 0.64

(−5.0%) (−9.5%) (6.4%) (−5.7%) (3.2%) (−8.6%)

µk
0.37 0.36 0.40 0.45 0.37 0.47

(−0.1%) (9.2%) (7.7%) (−4.5%) (0.0%) (8.2%)

Interpolated value
(error %) A-C A-E B-C B-E

µs
0.61 0.54 0.54 0.59

(8.7%) (−4.5%) (6.8%) (6%)

µk
0.43 0.39 0.40 0.44

(−1.2%) (−0.4%) (−0.9%) (7%)

Interpolated value
(error %) A-S B-S C-S D-S E-S F-S

µs
0.34 0.33 0.37 0.37 0.37 0.35
(2%) (−3%) (4%) (6%) (11%) (−5%)

µk
0.30 0.32 0.35 0.35 0.35 0.34

(−2%) (2%) (10%) (3%) (11%) (6%)

4. Conclusions

As current knowledge regarding the friction properties of hardwood is limited, this
investigation studied both the static and kinetic friction behaviors of sawn chestnut timber.
The understanding of this parameter is crucial for the analysis and simulation of both
carpentry joints and mechanical connections; thus, the friction behaviors involving both
wood samples at identical and different orientations as well as wood samples against a steel
plate were considered. Moreover, since moisture content plays a major role in this property,
tests were carried out at 15% and 18%, providing insights into the wood’s performance
under Service Class 2, a common scenario in wooden structures, and allowing comparison
with the 12% moisture content representing Service Class 1.

For timber-to-timber tests, a reduction in the stick–slip phenomenon, up to its almost-
disappearance in some initial phases of tests, was observed due to the increased moisture.
However, a clear initial peak was still noticed, albeit one less pronounced than at 12%
moisture content, and higher µk/µs ratios were determined. For timber-to-steel tests, there
was a complete absence of the stick–slip phenomenon reported at 12% moisture content
determinations. It was also noticed the lack of any peak at the onset of sliding and either the
maintenance of or slight increase in the friction coefficient once relative motion commenced,
which resulted in a higher µk/µs ratio of 0.97.

Both static (µs) and dynamic (µk) coefficients exhibited increased values compared
to those at 12% moisture content (Service Class 1). Although the results were in line with
those found by other researchers, given the limited literature available on wood friction
at moisture contents exceeding the 12% value associated with standard testing, the direct
comparison of the results was challenging, particularly for hardwood and chestnut. For
the 18% tests, the average values were µs = 0.68 and µk = 0.47 for timber-to-timber tests
and µs = 0.52 and µk = 0.5 for timber-to-steel tests. The increase was around 50% for
timber-to-timber friction pairs and over 170% for timber-to-steel friction pairs compared
to the 12% moisture content. Moreover, it was proven that these new data points could
be used in the same manner as the linear interpolation outlined in Eurocode 5-2 [24] for
softwoods. In this regard, the study confirmed the accuracy of this approach by comparing
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each interpolated value with the corresponding experimental result at the intermediate
moisture content of 15%.
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