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Reprinted from: Buildings 2022, 12, 683, doi:10.3390/buildings12050683 . . . . . . . . . . . . . . . 123

Keerthana John, Sherin Rahman, Bidur Kafle, Matthias Weiss, Klaus Hansen,

Mohamed Elchalakani, Nilupa Udawatta, et al.

Structural Performance Assessment of Innovative Hollow Cellular Panels for Modular Flooring
System
Reprinted from: Buildings 2022, 12, 57, doi:10.3390/buildings12010057 . . . . . . . . . . . . . . . 141

Ilı́dio S. Dias, Ana Silva, Carlos Oliveira Cruz, Cláudia Ferreira, Inês Flores-Colen and
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Editorial

Assessment, Diagnosis and Service Life Prediction

Ana Silva

Civil Engineering Research and Innovation for Sustainability (CERIS), Department of Civil Engineering,
Architecture and Georesources, Instituto Superior Técnico, University of Lisbon, Av. Rovisco Pais,
1049-001 Lisbon, Portugal; ana.ferreira.silva@tecnico.ulisboa.pt

Service life prediction is crucial for the adoption of more sustainable solutions, allow-
ing optimizing the costs and environmental impact of buildings during their life cycle.
Accurate assessment of the service life of buildings requires a thorough understanding
of degradation mechanisms and materials’ behaviour. Building pathology assessment
methods allow characterizing the deterioration state of the buildings and their components,
using as indicators specific measurable properties. Based on this information, different
service life prediction methodologies can be defined in order to provide reliable data con-
cerning the most probable failure time of buildings and components according to their
characteristics and their age.

This Special Issue intends to provide new perspectives on the existing knowledge
related to various aspects of Assessment, Diagnosis and Service Life Prediction of buildings and
components. The ten original research studies published in this Special Issue come from
research centres and university departments of Civil and Construction Engineering, Safety
Management, Building and Real Estate, Environmental Engineering, Sustainability and
Innovation in Structural Engineering, Geotechnical Engineering, Architecture and Built
Environment, with the relevant contribution of international experts from Australia, Brazil,
Czech Republic, Hong Kong, Iran, Israel, Norway, Portugal and Taiwan.

All constructions endure a gradual degradation process, from the moment they are
built and put into use [1], due to the action of several degradation agents, such as solar ra-
diation, high temperatures, wind-driven rain, freeze–thaw cycles, the presence of chemical
substances, among others [2,3]. Therefore, the assessment of the degradation condition
of constructions over time is crucial for an adequate diagnosis, service life prediction and
management of the maintenance activities over the years. Different approaches can be
adopted to model the degradation mechanisms over the constructions’ lifetime, namely,
(i) fieldwork surveys and (ii) laboratory testing.

Fieldwork surveys, based on periodic inspections, allow obtaining relevant informa-
tion about the defects that may occur throughout the constructions’ service life [4]. In
this approach, the degradation condition of constructions when subjected to real exposure
conditions is evaluated adopting an ex post facto approach, i.e., making an anamnesis of
the construction by studying possible relationships between the anomalies observed and
probable causes. Adopting this approach, Coelho et al. [5] proposes a service life prediction
method, applied to wood flooring systems, based on the collection of the degradation
condition of 96 indoor wood floorings’ in-use conditions, located in Portugal. This study
evaluates the impact of various characteristics that influence the floors’ durability, showing
the high importance of the type of protection, the type of wood, and the type of floor on the
estimated service life of wood floorings. Mousavi et al. [6] adopt a similar approach, propos-
ing a degradation model based on an extensive fieldwork survey to 162 stone claddings
directly adhered to the substrate, located in Tehran. The authors [6] obtained an estimated
service life of 65 years, concluding that the exposure to environmental agents, such as wind,
rain, and pollutants, is the main cause of degradation of the natural stone claddings in
Tehran. Additionally, using visual inspections and archival research, Kroftova [7] identify
the most common defects and failures of masonry structures in urban residential buildings
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from the second half of the 19th century and the start of the 20th century. This study [7]
highlights that a detailed and accurate analysis of the causes and consequences of de-
fects is a crucial precondition for the reliability and long-term durability of rehabilitation
of buildings.

Usually, visual inspections are the most common technique to assess the degradation
condition of constructions, and, in most cases, the information collected in this way is
appropriate to support the decision to intervene [8]. Nevertheless, new techniques have
emerged that allow improving and automatizing the collection of reliable on-site data,
reducing the uncertainty of the diagnosis. Dias et al. [8] provide an overview of the
emerging technologies for inspection (e.g., 3D laser scanning, infrared thermography,
photogrammetry, digital image processing, and drones) and perform a critical analysis of
the most adequate technique to detect a specific anomaly in buildings’ façades.

Real life conditions and the synergy between different degradation agents are difficult
to model in a laboratory [9]. Even so, laboratory tests allow obtaining results more quickly
and properly modeling the effects of a specific degradation agent. Asphaug et al. [3]
investigate the risk of moisture accumulation in a multi-layered concrete façade system
exposed to accelerated ageing in a climate simulator according to NT Build 495 [10]. This
study [3] reveals that the amount of moisture accumulation depends strongly on the type
of concrete and whether a water-repellent surface treatment is applied, providing relevant
knowledge about the degradation condition and thermal performance of the façade systems
under analysis.

The reference service life of a construction is often based on historical data, previ-
ous experience or the performance of the materials analyzed under similar conditions.
Ingebretsen et al. [11] perform a scoping study on the current body of knowledge on the
microclimate of air cavities in ventilated roofing and claddings in Nordic climates. This
study [11] reveals that the existing knowledge about climatic conditions in air cavities in
ventilated building roof and façade systems is limited. The design of future structures only
based on experience is not adequate, not allowing anticipating the impacts of future climate
changes on the risk of rot and mold growth in air cavities.

Degradation models and service life prediction are also crucial for evaluating the
performance of new materials and building systems. John et al. [12] present an experimental
study for the creation of a novel modular flooring system that can be flat-packed and
built into modular housing components on-site, answering to an increasing demand for
lightweight modular construction. The assessment of the new system condition after failure
mode tests reveals an adequate structural performance and ease in fabrication as opposed
to the conventional formworks and commercial temporary flooring systems.

The assessment, inspection and diagnosis of the construction and building materials
are crucial to maintain them in adequate performance conditions over time. The adoption
of adequate maintenance is the most cost-effective way to minimize the constructions’
deterioration while extending their service life. Nevertheless, even with a rational main-
tenance plan, there is always a risk that the constructions deteriorate at a faster pace,
compared to what was planned, requiring the anticipation of the necessary maintenance
actions, so as not to compromise the durability of these elements. To overcome the existing
gap, Dias et al. [13] propose property maintenance insurance policies developed based on
condition-based maintenance plans, to face the risk of needing anticipated maintenance
in buildings’ façades. This insurance policy allows changing the nature of the risk and its
allocation, transferring the risk to the insurer, and increasing the asset’s equity value, reduc-
ing the risk associated with the degradation of buildings and components. Santos et al. [4]
analyses the risks of not considering distinct structural deterioration processes over time
depending on their age, location, structural type, and other aspects, on the definition of
bridge management systems. This study [4] affirms that a superior level of safety and
serviceability must be reached to ensure the operating status of a bridge network, which
is crucial for countries’ social and economic development. In this sense, the authors [4]
propose degradation models to predict bridge deterioration and improve the inspection
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periodicity, improving the reliability of the decision process of the bridge management
system (BMS) in Brazil. The study by Wang et al. [14] emphasizes the synergy between the
maintenance conditions and the safety of educational institutions and public facilities. This
study [14] proposes a robust framework for a risk-informed integrated safety–maintenance
management framework for educational and public facilities, revealing that maintenance
activities significantly affect the safety of electric system components, infrastructures, fire
protection systems and structural components. The results of this study [14] suggest that
annual safety audits of the systems seem to be insufficient, and higher frequencies of main-
tenance as well as safety audits with intervals of between 3 and 6 months are suggested.

Now more than ever, the construction industry must adopt more durable solutions
and rational decisions at the design and maintenance stages. The different papers published
in this Special Issue address the strategic and economic relevance of assessment, diagnosis,
and service life prediction of constructions, ranging from facades or components of resi-
dential buildings to critical buildings such as schools or bridges. The knowledge about the
degradation processes and service life prediction is crucial, considering a detailed analysis
of the causes and consequences of defects. An important message from this Special Issue
is that the future studies must propose maintenance management frameworks based on
the knowledge of the degradation pattern of constructions, adopting proper maintenance
actions, in adequate timeframes, considering the specific conditions of the construction
under analysis, to ensure the functionality, durability and safety of the construction, while
minimizing the financial investment. Moreover, most of the existing studies adopt standard
values for the buildings’ service life (e.g., 50 years) when performing life cycle cost (LCC)
and life cycle assessment (LCA) analyses. In reality, the service life of a building varies
according to the materials applied, the construction methods and design, the exposure
to environmental conditions, and in-use and maintenance conditions. The adoption of
standard assumptions about the service life of buildings and components may lead to
incorrect results, leading to rough estimations of their real environmental impact. In this
sense, service life prediction and the knowledge about the durability of buildings and their
components has a crucial role in accurately assessing their sustainability or environmental
impacts over the years.

The editor would like to acknowledge the generosity of all the authors who shared
their scientific knowledge and expertise in different fields related to Assessment, Diagnosis
and Service Life Prediction. Moreover, the editor would like to express their gratitude to
the peer reviewers for their rigorous analysis of the different contributions, who have
appreciably contributed to enriching the quality of this Special Issue, and finally, to the
managing editors of Buildings, who have continuously supported everyone involved in this
Special Issue.
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Abstract: Building façades must endure severe climatic exposure throughout their lifetimes. To
prevent damage and expensive repairs, ageing tests are used in durability assessments. The NT Build
495 describes an artificial ageing procedure to address building material and component resistance
to ultraviolet (UV) light, heat, water, and frost using a climate simulator. The test has been used
for decades to investigate exterior surface materials and façade products but has only recently been
adopted for multi-layered systems. This study investigates moisture accumulation in a façade system
for retrofitting based on concrete and thermal insulation. Hygrothermal simulations of the façade
system subjected to ageing were conducted. Moisture accumulation was considered theoretically
for the current test procedure and compared to a modified setup in which the interior climate was
controlled at 21 ◦C. Physical measurements were performed in the climate simulator to determine
the boundary conditions. Results showed that moisture accumulation in the thermal insulation was
largely affected by the type of concrete, that applying a water-repellent surface treatment reduced
moisture accumulation, and that the current setup resulted in less moisture accumulation compared
to the modified setup. The latter implicates accelerated degradation with the modified setup.

Keywords: building defects; accelerated ageing; durability; ETICS; moisture control; climate adapta-
tion; mass transfer properties; hygrothermal simulations

1. Introduction

Buildings are exposed to severe degrading factors throughout their lifetime, including
solar radiation, high temperatures, wind-driven rain, freeze–thaw, and chemical sub-
stances [1]. More intense rainfall events and increased annual precipitation are predicted
in many geographical regions with cold climates owing to climate change [2]. When a
building’s “weather skin” fails to withstand climatic exposures over time, failures/leaks oc-
cur. Moisture penetrating the building envelope can lead to a range of damages, influence
occupants’ health and comfort, incur extensive costs, and reduce the thermal performance
of the envelope [3–6]. As damage can be prevented by selecting durable materials and
façade systems, accelerated ageing tests have emerged as an important tool to promote
sustainable buildings [7].

Accelerated artificial ageing involves subjecting materials to climatic factors similar to
those experienced through a building’s service life, but at a high intensity over a shorter
period. In this way, the vulnerability of building products or façade systems can be tested
within a reasonable time. Many different types of climate ageing laboratory apparatuses
have been developed for this purpose [1], including the climate simulator described by
Nordtest NT Build 495 [8]. The method is intended to expose the materials and components
used in a building envelope to ultraviolet (UV) light, heat, water, and frost. During the

Buildings 2021, 11, 568. https://doi.org/10.3390/buildings11120568 https://www.mdpi.com/journal/buildings5
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accelerated artificial climatic ageing test NT Build 495, the specimens are positioned
vertically in a rotating carousel and exposed to the four degrading factors repeatedly for
one hour each (see Section 2.2). The method does not include resistance to mechanical loads
such as hail, which might be an issue for Exterior Thermal Insulation Composite Systems
(ETICS) [9]. Other relevant degrading factors omitted from the test are environmental
pollution and dirt deposition, mould growth, vibrations, and wind [3].

The SINTEF, as the leading test facility in Norway, has used the NT Build 495 climate
simulator as a standardised exposure method for building materials and components
for several decades. Comparing test results to experiences from field investigations has
contributed to substantiating the applicability of the test method [1,6]. The test is primarily
used to consider whether materials and components can withstand climatic exposures
as harsh as those they may be subjected to in real life; if the exposure in the simulator is
endured, the durability is likely to be sufficient. Improvements are called for if damage
occurs after a short exposure time. Through repetitive testing, improvements to the material
composition or component design can be investigated and compared with the initial
results. Wind barriers, wood shingles and façade claddings, underlayer roofs, tape for
building purposes, brick, sealings, windows, and renders are examples of façade materials
which through testing according to NT Build 495 have achieved a documented level of
durability [10–13]. The test is also applied to façade systems such as ETICS because the
outer surface is vulnerable to cracking owing to freeze–thaw [6] and elevated temperatures
caused by solar radiation [14]. When exposed to severe driving-rain conditions, assemblies
with only a single-stage protection against wind and rain are particularly vulnerable, as
cracking of the exterior surface leads to leaks. Owing to the limited drying ability, even
small cracks can cause moisture to accumulate in the underlying structure and lead to
damage [6].

Rainwater may also be transferred into the underlying structure by capillary conduc-
tion or diffusion; the latter may occur when the exterior surface is wetted by rain and
subsequently heated by solar radiation. The uptake of rainwater at the surface depends
mainly on the capillary properties of the exterior materials, and whether a water-repellent
surface treatment is applied. The impact of these transfer mechanisms on the overall
moisture performance of assemblies varies depending on the mass transfer properties
which are often lacking, time-consuming, or expensive to measure, and may show large
standard deviations for the same material [15]. Numerical simulations are commonly used
to investigate the drying ability of assemblies; however, results are often prone to large
deviations because of large uncertainties in the mass transfer properties and the inability
to realistically include the diffusion and suction contacts between material layers [15].

In Norway, Technical Approvals authorized by SINTEF Certification, document to
builders that a façade system is suitable for the Norwegian climate. The criteria to obtain a
Technical Approval are mainly based on methods and criteria for assessing the performance
given by EAD 040083-00-0404 [16], but testing of durability properties according to NT
Build 495 is additionally required. The NT Build 495 has been found to be an applicable
test method in Norway [6]; however, the test is currently carried out without a habitable
climate on the indoor side of the specimen. Façade systems are subjected to degrading
climatic factors on the exterior side and the temperature/relative humidity (RH) on the
interior side is currently not controlled; that is, the temperature/RH on the interior side
follows the fluctuations on the exterior side. Although this practice works adequately in
most cases, it is necessary to investigate whether the interior climate should be controlled
when moisture-sensitive assemblies are assessed—e.g., assemblies with only single-stage
protection against rain intrusion.

In the authors’ opinion, omitting to control the interior climate (as in the current test
setup) should not result in more moisture accumulation compared to a modified setup
where the interior parts of the façade system are included, and the interior climate is
controlled. To consider the need to change the current test methodology of NT Build 495 to
control the interior climate, a complementary numerical analysis has been performed. This
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study investigates how moisture accumulation in a façade system exposed to accelerated
artificial ageing is affected by the interior climate.

To address these general inquiries and uncertainties, the following research questions
were raised:

1. To what extent does moisture accumulate in a façade system with single-stage weather
protection when exposed to climate exposure in the climate simulator?

2. How does the interior climate in the climate simulator affect moisture accumulation
in façade systems with single-stage protection?

Given the extent of the research field, certain limitations were determined:

1. This study concerns a façade system with single-stage protection against rain and
wind. Assemblies with two-stage protection were not addressed.

2. In the hygrothermal simulations, we presumed that the façade system endured the
accelerated ageing test without cracking of the exterior surface and that the mass
transfer properties did not change over time owing to degradation.

3. Material properties (including mass transfer properties) were mainly obtained from
the WUFI®Pro material database [17]; hence, they were not measured. The exception
is the material properties of the polyisocyanurate-insulation (PIR insulation), which
was defined based on input from the producer of the façade system.

4. The moisture content in the façade system or the degree of degradation occurring
throughout the ageing test were not measured.

5. Hysteresis in the concrete moisture storage function was not accounted for in the
numerical simulations.

6. Changes in material properties caused by degradation or chemical processes, such as
curing, were not accounted for.

7. The simulations were not validated with physical measurements.

2. Theoretical Framework

2.1. Durability of Façade Systems

Façade systems are primarily subjected to accelerated ageing to assess the durability
of an exterior surface because the ability to withstand UV light, heat, water, and frost are
crucial to a building’s climate shell/weather skin. However, all adjoining materials must
collectively withstand climatic exposures to achieve the best possible durability.

Façade systems erected in accordance with the principle of two-stage tightening is
considered a robust solution; that is, weather protection by a separate rain shield (cladding)
and air/wind tightening (wind barrier). Two-stage tightening is crucial in climates with
severe driving-rain exposure [18] as in large parts of the west coast of Norway [6]. The risk
of moisture-related damage decreases when moisture penetrating the exterior surface (the
rain shield) is allowed to dry effectively through a ventilated air gap. Façade systems with
only single-stage protection against wind and precipitation (e.g., ETICS) are much more
vulnerable to damage because cracking of the exterior surface can lead to leaks. Due to their
limited ability to dry, even small cracks can cause moisture to accumulate in the underlying
structure and lead to damage [6]. Therefore, the durability of the exterior surfaces of
façade systems with only single-stage protection is of major importance. A known cause of
failure is the stress that occurs when adjoining materials expand and contract differently
owing to temperature changes [19,20]. For ETICS, the critical factors in this context are
the stiffness and thermal expansion coefficient of the thermal insulation along with the
thermal expansion coefficient of the exterior rendering. Restrained movements of the
components can result in bending moments, particularly when the insulation material has
a high stiffness value [21]. Other major causes of degradation are frost weathering during
water-to-ice volume expansion, photodegradation caused by solar radiation, and hail [9].
These and several other climate exposure factors were further addressed by [1].

Considering only natural weather ageing to gain knowledge of the durability of ma-
terials or components is often unsatisfactory because the natural outdoor climate ageing
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processes take time [1]. Accelerated climate ageing tests are an option to obtain suffi-
ciently fast and economical results. Accelerated ageing is considered a valuable practice
to avoid extensive building damage owing to missing or too low resistance to climate
exposure [1]. A number of accelerated climate ageing apparatuses exist and can be utilised
in the laboratory according to different test methods and standards [1,22]. The purpose of
accelerated climatic ageing tests is, however, not to provide an accurate estimate of service
life expressed in terms of a number of years; it is to benchmark the ageing properties of
different materials, systems, and techniques [6].

2.2. Accelerated Artificial Ageing of Façade Systems

To assess the durability of façade systems/assemblies, test equipment further referred
to as the climate simulator is much-applied. The accelerated artificial climatic ageing in
the climate simulator is described by Nordtest NT Build 495 [8]. The test was developed
50 years ago by Byggforsk (which later merged with SINTEF). After many years of experi-
ence including comparisons with natural climatic ageing of façade materials, Byggforsk
developed a method description which was later approved as the Nordtest method [8].

During the accelerated artificial climatic ageing test NT Build 495, specimens are
positioned vertically in a rotating carousel and exposed to four degrading factors repeatedly
for 1 h each (see Figure 1). In the first chamber, UV radiation is applied using fluorescent
UV tubes with a relative spectral distribution in the UV band close to that of global solar
irradiance. The black panel temperature rises to its designated temperature (normally
63 ± 5 ◦C) in 45 min from the beginning of exposure to UV light and heat radiation. If
required, the black panel temperature may be chosen as 35 ± 5 ◦C, 50 ± 5 ◦C, or 75 ± 5 ◦C,
cf. ISO 4892. The temperature is controlled using infrared halogen lamps. In the second
chamber, the specimens are wetted with a spray of demineralised water. The suggested
strain was 15 ± 2 L/m2·h, but various spraying conditions may be used if required. To
allow water to drip off, the spraying is terminated 10 min before the specimens rotates in
to the third chamber. In the third chamber, an air temperature of −20 ± 5 ◦C is suggested,
but other specified air temperatures may be used if registered and reported. In the fourth
chamber, the specimens are thawed at a laboratory climate of 23 ± 5 ◦C and 50 ± 10% RH.

 

Figure 1. Climate simulator with four climate zones used for testing according to NT Build 495 as
illustrated by Kvande et al. [6]. The mid-section is rotating clockwise.

The results of the test include information on the changes occurring during the test,
the scale of the changes, and the time of occurrence. The results are assessed qualitatively,
and the performance properties is often a change in performance properties—change in
appearance of the specimens during the test or signs of degradation; for example, cracks,
loss of gloss, or delamination.
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Testing of façade solutions according to NT Build 495 [8] is currently carried out
without the interior parts of the walls and without a habitable climate on the indoor side of
the specimen. It is uncertain how this affects the moisture transfer at the surface and the
moisture performance of the tested specimens.

Although this might be a shortcoming in the current test setup, it is a setup much-
applied to assess the durability of exterior surfaces. E.g. D’Orazio et al. [23] investigated the
durability of an EPS-based lightweight prefabricated construction system without focusing
on the impact of the interior climate. Griciutė et al. [22] compares water adsorption of
ETICS samples with samples on plaster strips but does not focus on the interior parts of
the wall or the interior climate. Franzoni et al. [24] performed accelerated ageing tests to
investigate the durability of a new prefabricated external thermal insulation composite
board for building retrofitting without focus on the interior parts of the walls nor the indoor
climate. In addition there are many examples of studies focusing on accelerated artificial
ageing of small samples, such as [25,26].

Daniotti et al. [3] on the other hand, assessed the degradation evolution and the loss
in hygrothermal performance of ETICS using a test setup which included all layers of
the wall and a laboratory climate on the indoor side. They observed decreasing thermal
resistance due to an increase of water content caused by rain penetration. They concluded
that ageing, and moisture, whose content within layers is increased by ageing, affect
dynamic thermal performances. The main degrading factor highlighted in this study,
however, seems to be the thermal shock and dilatation-contraction events which causes
blistering and deformation of the top coat. Gonçalves et al. [14] assessed the degradation
and hygrothermal performance of the vacuum-insulation panel (VIP) based ETICS using
a test setup which included all layers of the wall and a laboratory climate on the indoor
side. They compared the test procedures defined in [16] with a new procedure to simulate
solar radiation conditions. The new procedure caused defects such as loss of flatness
and finishing coat microcracking, which were not found after the standard procedures,
revealing the importance of studying the radiation effect on ETICS systems.

Other noteworthy studies need also be mentioned. E.g. Maia et al. [27] investigated
the hygrothermal performance of a new thermal aerogel-based render applied as a com-
ponent of a multilayer coating system by measuring relevant material properties and
conducting hygrothermal simulations. The study highlights the importance of applying a
finishing coating with low capillary absorption to reduce the water content in the inner
layer and consequently the impact on the U-value of the façade. The numerical simulations
highlighted that the hygrothermal risk increased in more severe climates (such as Hannover
in Germany compared to Porto in Portugal) but does not focus on colder climates such
as Norway. The importance of taking into account freeze–thawing ageing in colder and
moderate climates is however assessed by Maia et al. [28].

2.3. Moisture Transfer in Façade Systems with Single-Stage Protection

Façade systems with only single-stage protection against wind and rain are considered
particularly vulnerable to moisture damage because cracking of the exterior surface can
lead to leaks and cause moisture to accumulate in the structure. Moisture from the exterior
surface might also be transferred inward to the thermal insulation by diffusion when a
wet surface is subjected to solar radiation. Without a ventilated air gap behind the exterior
surface to enable moisture to dry effectively, moisture might accumulate in the thermal
insulation behind the outer layer(s) and cause damage.

Façade systems tested in the climate simulator [8], are subjected to the degrading
climatic factors on the exterior side, since the purpose of the test is to detect material
degradation caused by exterior climatic exposures. The climate on the interior side is
currently not controlled, as it is not within the purpose of the test to assess the overall
heat resistance, general moisture transfer or durability of the interior parts of the structure.
However, because the inward diffusion of moisture (caused by temperature differences)
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might be affected by the interior temperature, it might be necessary to control the interior
climate when façade systems with only single-stage protection are tested.

In this study, we sought to evaluate the current test setup to determine whether the
interior climate should be controlled. Omitting to control the interior climate (as in the
current test setup) should not lead to more moisture accumulation compared to a modified
test setup where the interior part of the wall is included and the indoor temperature is
controlled.

2.4. Hygrothermal Simulations of Façade Systems Subjected to Accelerated Ageing

The ageing and degradation of materials and components cannot be meaningfully
investigated by means of numerical simulations only [3]. To gain information on the
durability, testing by either natural ageing or accelerated artificial climatic ageing must
be carried out [1]. In this study, however, the objective was to investigate the moisture
transfer from the exterior surface (exposed side) through the concrete and into the thermal
insulation to determine whether it is necessary to control the interior climate in the climate
simulator. As a theoretical approach, we assumed that the façade system was subjected
to accelerated ageing for 12 months without cracking of the exterior surface and without
significant changes to the hygrothermal properties. In this way, we may investigate the
possible moisture accumulation within the thermal insulation, not exclusively caused by
cracking of the exterior surface, and determine how the moisture transfer is affected by the
interior climate.

2.5. Calculating the Capillary Absorption of Rain

To calculate the capillary absorption of rain, WUFI®Pro [17] uses two material proper-
ties: Dws (moisture diffusivity coefficient for “suction” (m2/s)) and Dww (moisture diffusiv-
ity coefficient for redistribution (m2/s)). The Dws represents the capillary uptake of water
when the surface of a sample element is completely wetted such as during a rain event.
The suction transport is dominated by the larger capillaries because their lower capillary
tension is more than compensated for by their markedly lower flow resistance. The Dww
describes the dispersal of absorbed water when the wetting is complete; that is, when no
more water is taken up and the water in the material is further distributed. For a building
component, this corresponds to moisture transport when rain is absent. The redistribution
is then dominated by the smaller capillaries because their higher capillary tension draws
the water out of the larger capillaries (WUFI®Pro online help [17,29]). Moisture absorption
from rain is neglected in WUFI®Pro if the “adhering fraction of rain” is set to 0 or if the
rainfall is lower than 0.1 mm (it is then assumed that the rain evaporates before it is drawn
into the surface). Rain is also used to determine whether capillary absorption (Dws) or
capillary redistribution (Dww) is dominant in a building component. That is, for time steps
where the climate data show rain, Dws will be used to calculate the capillary transport
processes in the component. When rain is absent or very low, Dww is used. The Dws is gen-
erally significantly larger than Dww because redistribution is a slower process that occurs in
small capillaries with high flow resistance (WUFI®Pro online help [17,29]). It is uncertain
how well suited the software is to realistically replicate the uptake and distribution of rain
in a multi-layered façade system with a concrete surface repeatedly subjected to rain events
for a long period of time.

3. Methodology

Hygrothermal simulations were performed for a façade system subjected to accel-
erated artificial climatic ageing in the climate simulator. Simulations were performed
according to the test setup currently used in the climate simulator and compared to a
modified test setup in which the interior climate was controlled. The façade system was
simulated with and without a water-repellent surface treatment on the exterior side, and
five different types of concrete were compared. We assumed that the façade system was
subjected to accelerated ageing for 12 months without cracking of the exterior surface and
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without significant changes to the hygrothermal properties. Measurements were performed
in the climate simulator to determine the interior and exterior boundary conditions.

3.1. Overall Approach

The façade system chosen for this investigation is intended to be used on the exterior
side of the existing timber frame walls as a part of façade refurbishment. The façade system
consists of two 15-mm thick concrete layers with 30-mm PIR-insulation between them
and a vapour permeable rigid mineral wool board on the back as shown in Figure 2. The
system is of particular interest for this study because it is a commercial Norwegian product,
it contains many layers of material and features only single-stage protection. The façade
system is also previously tested according to NT Build 495 [8].

Figure 2. Test setups applied in the hygrothermal simulations. In the current setup, the façade system
was erected on a provisional wall and the interior climate varied depending on the exterior exposure.
In the modified setup, the provisional wall was replaced with a mineral wool board and an interior
vapour barrier. The exterior boundary conditions were the same as those of the current setup, but a
constant temperature and RH were set at the interior boundary.

Hygrothermal simulations were performed using the commercial software WUFI®Pro
version 6.4 [17]. Due to the fact that the simulation program addresses one-dimensional
heat and moisture transport, 3D effects from frameworks, steel and hat profiles, fasteners,
joints, and edges were neglected. The simulations were performed for two different test
setups (i.e., the current setup and the modified setup) (see Figure 2).

The current setup constituted the test setup currently used to carry out accelerated age-
ing tests in the climate simulator; the façade systems are mounted in the climate simulator
on a provisional wall consisting of two plywood boards with an air cavity in between. The
exterior and interior boundary conditions were determined from measurements in the cli-
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mate simulator. The interior climate was therefore not controlled but followed fluctuations
in temperature and RH from exposure on the exterior side.

The modified setup constituted a hypothetical situation in which the interior climate
in the climate simulator is controlled at 21 ◦C/50% RH. The objective of this kind of
modification is to create a climate that is more representative of heated buildings and
the heat and moisture transfer that occurs within building façades when exposed to a
varying exterior climate. In the modified setup, the provisional wall was replaced with
an insulated timber frame wall with a vapour barrier on the interior side. The exterior
boundary conditions were the same as those in the current setup. For the interior boundary
conditions, a constant temperature and RH were chosen.

3.2. Material Properties and Initial Conditions

The hygrothermal properties of the materials used in the façade system were not
documented or published by the manufacturer. Due to the fact that the properties of
concretes vary significantly, five different types of concrete were compared as shown
in Table 1. The concrete and other materials in the façade system were selected from
the WUFI®Pro material database. An overview of the material properties is provided in
Figure A1 and Table A1 in Appendix A. The initial temperature was set to 5 ◦C. The typical
built-in moisture contents suggested by WUFI®Pro were used as the initial condition as
shown in Table A1.

Table 1. Types of concrete used in hygrothermal simulations.

Name of Concrete in
This Study

Name in WUFI®Pro
Database

Source
Quality of Concrete

(WUFI®Pro Material Database)
Colours in Results

Old Concrete
w/c = 0.4

LTH Lund
University,

Sweden

Material data applies to several
years’ old concrete and cannot be
used to address built-in moisture.
Liquid transfer coefficients are not

included.

C12/15 Concrete, C12/15 Fraunhofer-IBP No additional information

MASEA Concrete
MASEA

Database,
Germany

No additional information

C35/45 Concrete, C35/45 Fraunhofer-IBP No additional information

Waterproof Concrete, w/c = 0.5 Fraunhofer-IBP

Moisture permeability of mature
concrete. With respect to the overall
moisture transmission, this concrete
is roughly equivalent to waterproof

types of concrete (appropriate
thickness and reinforcement

required).

3.3. Boundary Conditions

Climate data files were created using the CreateClimateFile.xlsm Ver.: 2.6 supplied
with the WUFI®Pro software [17]. Owing to the rapidly changing conditions in the climate
simulator, a 1-h time step was not appropriate for the boundary conditions, and shorter
time steps were adapted. In this case, 1/10 h (6-min intervals) proved to be an appropriate
resolution. The climate data used in the simulations consisted of a 4-h period which was
repeated for 12 months.

The same exterior boundary conditions were used in the simulations of both the
current and modified test setups. The conditions were determined based on the mea-
surements of temperature and RH performed in SINTEF’s artificial climate simulator (see
Appendix B). The temperature and RH variations used in the simulations are listed in
Table 2 and are depicted in Figure 3. Both test setups were simulated with and without
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a water-repellent surface treatment on the exterior side; that is, allowing or excluding
rain adsorption. The heat and moisture transfer coefficients on the exterior side were set
to zero because the boundary conditions were determined from temperatures measured
at the surface. The RH was measured only in the airgap behind the test element in the
climate simulator. Therefore, two different RH-scenarios, “worst case” and “high”, were
determined and used as boundary conditions at the exterior surface.

Table 2. Exterior and interior boundary conditions used in the hygrothermal simulations for the current and the modified
test setups.

Exterior climate
Current

and
modified test setup

At
exterior surface *

T
Temperature measured on exterior surface of test element (red). Solar radiation is therefore not
used as a boundary condition. (WUFI uses air temperature and solar radiation to calculate
surface temperatures.)

RH
RH determined from

measurements,
(Appendix B)

RH-scenario “worst
case”

(dark blue)

Sun: RH calculated from the RH
measured in air gap behind test element

Rain: RH set to 100%

Frost: RH set to 100%

Lab: RH set to 100%

RH-scenario “high”
(light blue)

Sun: RH calculated from RH measured
in air gap behind test element

Rain: RH set to 100%

Frost: RH calculated from T/RH
measured in air gap behind test element

Lab: RH reduced to 76%
(value between calculated RH (from
measured vapour pressure in air gap
behind test element) and measured
vapour pressure in the laboratory)

Rain 15 L/m2·h (adhering fraction of rain = 1)

Interior climate
Current test setup Indoor air **

T Temperature as measured in airspace behind test element (yellow)

RH RH as measured in airspace behind test element (green)

Interior climate
Modified test setup Indoor air **

T 21 ◦C

RH 50%

* Heat and moisture transfer coefficients = 0 W/m2K (because T/RH was measured at the surface). ** Heat transfer coefficient = 8.0 W/m2K.
The corresponding moisture transfer coefficient was determined by WUFI®Pro.

Figure 3. Interior boundary conditions used in the current test setup and exterior boundary conditions
used in both the current and the modified test setup. The 4-h period (6-min intervals) corresponds to
one rotation in the climate simulator and was repeated for 12 months in the simulations.
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The interior boundary conditions used in the simulations of the current test setup
were determined from the measurements performed in SINTEF’s climate simulator (see
Appendix B). The temperature and RH variations are shown in Table 2 and depicted
in Figure 3. The heat transfer coefficient was set to 8.0 W/m2K, and the corresponding
moisture transfer coefficient was determined by WUFI®Pro. In the simulations of the
modified test setup, the interior boundary condition was set as constant at 21 ◦C and
50% RH.

3.4. Parameter Study

As described in previous chapters, hygrothermal simulations were performed using
two different test setups, two different RH scenarios at the exterior side, and five different
types of concrete. Simulations were also performed with and without water-repellent
surface treatment on the exterior surface. An overview of the different variants is provided
in Table 3.

Table 3. Simulation variants.

Types of
Concrete

Current Test Setup Modified Test Setup

Water-Repellent Surface
Treatment

No Surface Treatment
Water-Repellent Surface

Treatment
No Surface Treatment

“Worst
Case” “High”

“Worst
Case” “High”

“Worst
Case” “High”

“Worst
Case” “High”

Old *
√ √ √ √ √ √ √ √

C12/15
√ √ √ √ √ √ √ √

MASEA
√ √ √ √ √ √ √ √

C35/45
√ √ √ √ √ √ √ √

Waterproof
√ √ √ √ √ √ √ √

* Liquid transfer coefficient is not included for this concrete.

Additional simulations were performed for:

• an alternative plywood board (Plywood USA);
• an alternative generic air layer (air layer of 100 mm without additional moisture

capacity);
• rain loads lower than 15 L/m2.h (i.e., 1.5, 0.11, and 0.01);
• adhering fractions of rain between 0 and 1.

4. Results

Hygrothermal simulations were performed for a façade system subjected to acceler-
ated ageing in the climate simulator. The results of the simulations of the current test setup
show that the variation of the moisture content in the PIR insulation varied significantly
depending on the type of concrete (see Figure 4 and Table 4). Minor differences occurred
when comparing the two RH-scenarios “high” and “worst case”. The water-repellent
surface treatment in the simulations (including or excluding the liquid uptake of rain)
affected the results differently for the various types of concrete. Two types of concrete
achieved a low moisture content in the PIR insulation when surface treatment was applied
and higher moisture content when rain was allowed to penetrate the surface. Two types
of concrete resulted in high moisture content even though surface treatment was applied
and somewhat lower moisture content when rain was included. The modified test setup
resulted in higher moisture contents in the PIR-insulation than the current test setup, in all
the simulated cases.
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Figure 4. Moisture content in the PIR insulation of the façade solution subjected to accelerated ageing in climate simulator.
The left and the right diagrams show the current and the modified test setups, respectively. The upper and lower diagrams
show results with and without a water-repellent surface treatment, respectively. The five types of concrete are depicted in
different colours. The light and dark colours distinguish between the two RH-scenarios.
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Table 4. Moisture content in PIR insulation after one year of accelerated ageing.

Type of
Concrete

Current Test Setup Modified Test Setup

Water-Repellent
Surface Treatment

No Surface Treatment
Water-Repellent

Surface Treatment
No Surface Treatment

“Worst
Case”

“High”
“Worst
Case”

“High”
“Worst
Case”

“High”
“Worst
Case”

“High”

Old * 12.6 6.9 12.6 6.9 34.0 23.0 33.6 23.0
C12/15 99.0 95.2 87.3 84.3 176.1 171.4 176.1 171.4
MASEA 3.0 2.1 91.6 91.1 5.12 2.8 203.1 202.8
C35/45 104.3 100.8 88.2 85.3 187.9 183.4 190.8 187.4

Waterproof 55.29 3.5 100.4 97.4 128.2 5.1 182.4 178.6

* Liquid transfer coefficients are not included for this concrete; results are thus equal both with and without surface treatment.

5. Discussion

This study investigates the risk of moisture accumulation in a multi-layered façade
system exposed to accelerated ageing in the climate simulator according to NT Build 495 [8],
and considers the need to change the current test setup by controlling the interior climate.
The results and answers to the research questions are discussed in the following section.

5.1. Moisture Accumulation in a Façade System Exposed to Accelerated Ageing

The hygrothermal simulations show that moisture may accumulate in the thermal
insulation; however, this is strongly dependent on the concrete quality and whether a
water-repellent surface treatment is applied. The C12/15 and C35/45 concretes have the
greatest ability to transfer moisture by capillary action (large liquid transfer coefficients)
and result in the largest moisture accumulation. The typical application of these concretes
is not stated in the WUFI®Pro material database, and the correspondence to the concrete in
the façade system is unknown. However, the high moisture uptake suggests that they will
not work well in a façade with single-stage protection.

The results also show, in line with previous research [30], that applying a water-
repellent surface treatment contributes to prevent moisture accumulation in the façade
system. When rain is allowed to penetrate the surface (no water-repellent surface treatment
is applied), all relevant concrete characteristics result in high moisture content in the PIR
insulation. When a surface treatment is applied (liquid uptake of rain is excluded), the
results vary more. The MASEA and Old concretes results in a low moisture content, the
waterproof concrete has a low or a moderate moisture accumulation depending on the
RH-scenario, and the C12/15 and C35/45 concretes results in high moisture content.

Comparing the results for the C12/15 and C35/45 concrete qualities with and without
a surface treatment, is interesting. When rain is allowed to penetrate the surface, the
concretes result in lower moisture accumulation in the PIR insulation than when rain is
excluded. This behaviour is caused by the mathematical model and the procedure for
calculating the capillary absorption of rain. In short, when rain is applied to the component
for capillary absorption, the amount of water absorbed during the time step depends on
the capillary properties of the surface material, the current saturation state of the material,
and the amount of rain available for absorption. Rain is also used to determine whether
capillary absorption or capillary redistribution processes are currently dominant in the
building component. During the time steps rain is applied, the liquid transport coefficients
for suction are used to compute all the capillary transport processes in the component.
Otherwise, the liquid transport coefficients for redistribution are used. Due to the fact
that the surfaces of the two types of concrete are already close to saturation when rain is
applied for adsorption, most of the rain runs off instead of being absorbed. The rate of
the moisture transfer in the other capillary material layers in the component, however, is
increased. As a result, more moisture is transferred from the PIR insulation towards the
interior side during rain events, resulting in a somewhat lower final moisture content in
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the PIR insulation despite the lack of a water-repellent surface treatment. It is uncertain
whether the qualities of these concretes are suitable for the exterior surface of façades with
only single-stage protection because of the risk of degradation by freezing and thawing.

5.2. Controlling the Interior Climate

Artificial accelerated ageing of building materials and products are performed ac-
cording to NT Build 495 [8]. The test is applied to façade systems to assess the durability
of their exterior surfaces as withstanding UV light, heat, water, and frost and are crucial
to a buildings’ climate shell/weather skin. In the current test setup, façade systems are
mounted on a provisional wall and subjected to degrading climatic factors on the exterior
side. One concern with the current test setup is that the façade systems are tested without
the interior parts of the wall assemblies and without a habitable indoor climate. The
concern is that that this setup might negatively affect the moisture performance. However,
the simulations show that the current test setup results in lesser moisture accumulation
in the thermal insulation compared to that of the modified test for all the investigated
types of concrete. This is mainly because the interior temperature in the current test setup
follows variations in the exterior surface temperature more closely than in the modified
setup where the interior parts of the wall is included and the indoor climate is controlled at
21 ◦C. The interior parts of the wall also limit the drying to the interior side to a certain
extent. According to Daniotti et al. [3], more water absorption detriments both ageing and
thermal performance of ETICS.

5.3. Limitations of The Study

In this study, we assess the possible moisture accumulation in the PIR insulation in
a façade solution that may occur without damage/degradation at the exterior surface.
It was therefore assumed that the façade system was subjected to accelerated ageing for
12 months without cracking of the exterior surface and without significant changes to the
hygrothermal material properties. To gain information on the durability, testing by either
natural ageing or accelerated artificial climatic ageing must be carried out.

Modelling the complex coupled heat and moisture transfer processes in building
components always involves simplification of reality. Some materials (e.g., concrete) do not
conform to the simplified transport equations and change their material data depending
on their present and past moisture content. Materials with a pronounced hysteresis in
their moisture storage function (e.g., concrete) may not be sufficiently described using
an averaged moisture-storage function. The total moisture transfer resulting from the
combination of liquid and vapour transport processes under varying thermal conditions,
as in the climate simulator, is also difficult to calculate because the two flows cannot be
divided in laboratory experiments. The errors caused by these general inaccuracies may be
negligible or serious. To determine the reliability of the calculations, the results should be
compared with measurements.

The boundary conditions applied in the hygrothermal simulations were determined
based on measurements of temperature and RH in the climate simulator. Due to the fact
that the RH humidity at the exterior surface (exterior boundary condition) was lacking,
two different RH scenarios were determined from measurements of RH in the air gap
behind the test samples: “Worst case” and “High”. The two determined scenarios were
considered conservative; that is, higher than what the measurements indicated, in particular
during exposure to the ambient laboratory climate. The two conservative scenarios were
considered appropriate for the scope of this study; however, the moisture accumulation
may be somewhat overestimated in this study because of this inaccuracy. If the purpose
of the simulations had been to determine the amount of moisture accumulation more
precisely, more detailed measurements of the boundary conditions and material properties
would have been necessary.

The material properties of the products in the façade system in this study have not been
documented. Ideally, the material properties should have been determined experimentally
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under similar boundary conditions as in practical use. This was beyond the scope of this
study. Therefore, five different types of concrete derived from the WUFI®Pro material
database were compared. The correspondence of these concretes to the actual material
properties of the concrete in the façade system is unknown.

As discussed in this chapter, there were inaccuracies in the calculations caused by the
limitations in the hygrothermal model, the determination of boundary conditions, and
the lack of documented material properties. A main concern is the unknown material
properties of the concrete and the modelling of rain absorption at the surface. The ability
of the simulation software to realistically replicate the moisture transfer in multi-layered
façade systems exposed to rain events over long time periods is questionable. Although
these inaccuracies must be acknowledged when interpreting the calculated moisture accu-
mulation, they are considered to be of less importance for the main results and conclusions
in this article.

6. Conclusions

The hygrothermal simulations of a façade system exposed to accelerated ageing
testing according to NT Build 495 [8], show that the amount of moisture accumulation
depends strongly on the type of concrete and whether a water-repellent surface treatment is
applied. The results show that a water-repellent surface treatment contributes to preventing
moisture accumulation in the façade system. The two types of concrete with the greatest
ability to absorb moisture by capillary forces resulted in the highest moisture content
in the thermal insulation at the end of the test. It is however uncertain whether these
two types of concrete are suitable for the façade system with only single-stage protection
because of the high moisture uptake at the exterior surface. The material properties of the
products in the façade system in this study have not been determined through testing. To
calculate the moisture accumulation accurately, the material properties must be determined
experimentally under similar boundary conditions as in practical use.

The current test setup resulted in lower moisture accumulation compared to that of
the modified test setup for all the investigated types of concrete. More water absorption
may lead to accelerated degradation and negatively affect the thermal performance.
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Appendix A

Figure A1. Material properties of the five types of concrete used in the simulations. The graphs are created by the authors
based on selected material data from the WUFI®Pro material database [17].
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Appendix B

Appendix B.1. Measurements

Temperature and RH measurements were performed on two test elements subjected to
accelerated artificial ageing in SINTEF’s climate simulator. The two test elements consisted
of parts of a façade system previously subjected to accelerated ageing according to NT Build
495 [8]. The two test elements were of the same build as the façade solution investigated
in the simulations but without the mineral wool board and the provisional wall. The
measured data were considered representative for the façade solution investigated in the
simulations in this study.

Temperatures were measured on the exterior surfaces and in the air gap behind the
test elements. The RH was measured in the air gap behind the two test elements. The
sensors on the outside (outdoor climate) were positioned on the surface of the test elements,
and the sensors on the back of the test elements (indoor climate) were positioned in the
air gap at the back. The RH on the surface of the test element used in the simulation was
partly calculated and partly determined by assessment as described below.

Based on the measured data, representative climate data for 4-h were constructed
which corresponded to an entire cycle in the climate simulator. In the simulations, these
four hours were repeated for one year (see Figure 2 in the main text). The temperature
and RH were measured with minute values because the changes in the climate simulator
during a 4-h period were expected to vary continuously. In WUFI®Pro, hourly values are
commonly used. In these simulations, 0.1-h (6 min) was considered to be a suitable time
step (see Figure 2 in the main text).

The exterior boundary conditions (applied in the simulations of both the current and
the modified test setups) are determined based on temperatures and the RH measured at
the surface of the test element. The temperatures used were the same as those measured in
the middle of the surface of one of the test elements. The selected measurement period was
20 March 2020, 15.00 to 18.54. The measured values were converted from minute values to
6-min values. The software WUFI®Pro calculates the surface temperature of a sample if
the air temperature and radiation data are provided. In this case, the measurements of the
surface temperature were used directly to account for solar radiation.

As there were no measurements of RH on the exterior surface of the test elements, the
RH on the surface (exterior boundary condition) of the façade solution in the simulation
was partly calculated and partly determined by assessment. Two conservative climate
scenarios were determined and used in the simulations: “high” and “worst case”. Both
climate scenarios represented RH variations which were probably higher than what would
have been measured. By making further assessments/assumptions, a third climate scenario
with a lower RH can be determined. A lower RH would result in a lower moisture content
in the PIR-insulation. Due to the fact that this will only have a positive effect and does
not affect the main results in the report, these simulations were not performed. The RH
on the surface of the façade element was first calculated from measurements of RH and
temperatures in the middle of the air space at the back of the test element along with the
temperatures measured on the surface of one of the test elements. The RH was calculated
using equations for the water vapour saturation pressure as a function of temperature. The
equations given in the WUFI®Pro online help were used [17,29]. In the rain chamber, the
RH at the front of the test element was considered to be 100%. There was more uncertainty
associated with the RH on the front of the test element when it was in the freezing chamber
or in the laboratory room. In the freezing chamber, it is conceivable that a water film
froze on the surface of the test element. The RH will then be close to 100% which is far
higher than the calculated RH based on measurements in the air behind the test element.
In the laboratory room, the RH in the airspace behind the test element was 100%. The
calculated RH on the front will then be over 100% and can therefore not be used. However,
measurement of RH and temperature in the laboratory near the climate simulator for
the relevant measurement period showed a low RH (3–8% at 20 ◦C). The calculated RH
for the test element surface based on the vapour pressure measured during the period
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when the test element was in the laboratory decreased from 100% to 7% RH in 1 h. The
correct RH was considered to be somewhere between these extremes. Due to the fact that
there was some uncertainty associated with the RH on the exterior surface, two different
climate scenarios were used in the simulations in this study (see Table 2 and Figure 3 in the
main text).

Appendix B.2. Rain

In the climate simulator, tested façade systems are subjected to a water spray for 50
min each quarter hour. The amount of rain in the simulation was therefore set at 15 L/m2.h,
which corresponds to the 15 mm of rain per hour of the climate simulator. The proportion
of rain that hit the surface of the façade solution (“adhering fraction of rain”) was set to 1.
This means that all the rain is made available to the surface. The proportion of rain drawn
into the material surface in the simulation then is dependent on the surface layer and the
moisture transfer properties of the concrete.

Appendix B.3. Surface Treatment on Exterior Surface

In the simulations, two different situations were studied (see Table 4). First it was
assumed that the surfaces of the façade solution were treated with a water-repellent
diffusion open-surface treatment; in this case the water hitting the exterior surface in the
rain chamber was not drawn into the surface capillary. Then, it was assumed that the
surface of the façade solution was untreated and thus that the water that hit the exterior
surface in the rain chamber was drawn into the surface depending on the properties of the
concrete.

Appendix B.4. Boundary Conditions on Interior Side

In simulations of the current test setup, the measured temperature and RH in the air
gap at the back of the test element were used for the interior surface of the façade solution.
The selected measurement period was 20 March 2020, 15.00 to 18.54. The measured values
were converted from minute values to 6-min values. A surface transfer resistance of
0.13 m2 K/W was applied to the interior surface.

In simulations of the modified test setup, the provisional wall was replaced with
100-mm mineral wool and a vapour barrier, and a constant climate of 21 ◦C and 50% RH
were used for the interior surface of the façade solution. A surface transfer resistance of
0.13 m2K/W was applied to the interior surface.
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Abstract: Bridges have substantial significance within the transport system, considering that their
functionality is essential for countries’ social and economic development. Accordingly, a superior
level of safety and serviceability must be reached to ensure the operating status of the bridge network.
On that account, the recent collapses of road bridges have led the technical–scientific community
and society to reflect on the effectiveness of their management. Bridges in a network are likely to
share coinciding environmental conditions but may be subjected to distinct structural deterioration
processes over time depending on their age, location, structural type, and other aspects. This variation
is usually not considered in the bridge management predictions. For instance, the Brazilian standards
consider a constant inspection periodicity, regardless of the bridges’ singularities. Consequently, it is
helpful to pinpoint and split the bridge network into classes sharing equivalent deterioration trends
to obtain a more precise prediction and improve the frequency of inspections. This work presents a
representative database of the Brazilian bridge network, including the most relevant data obtained
from inspections. The database was used to calibrate two independent predictive models (Markov
and artificial neural network). The calibrated model was employed to simulate different scenarios,
resulting in significant insights to improve the inspection periodicity. As a result, the bridge’s
location accounting for the differentiation of exposure was a critical point when analyzing the bridge
deterioration process. Finally, the degradation models developed following the proposed procedure
deliver a more reliable forecast when compared to a single degradation model without parameter
analysis. These more reliable models may assist the decision process of the bridge management
system (BMS).
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1. Introduction

A successful Bridge management system (BMS) depends heavily on defining appro-
priate intervention actions to ensure structural safety, functionality, and durability while
maintaining the lowest financial investment related to the available budget [1]. By ac-
counting for an adequate quality control plan and a risk classification, a prolonged quality
assurance of bridges can be assured and, consequently, a proper allocation of funds [2–4].

One of the keys to successful asset management is the use of predictive models that
allow foreseeing, for different periods, the performance of the asset, taking into account the
demand values of exposure. Thus, the subsequent modules related to the time and extent of
the necessary maintenance actions depend entirely on the established deterioration model,
the consequences triggered in case of failure, and the costs of each type of intervention [5].

Many investigations have attempted to improve the deterioration modelling. Ref. [1]
set a probabilistic model (two-dimensional Markov process) to predict bridge deterio-
ration and define the optimal inspection intervals. Ref. [6] applied a two-step cluster
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analysis to identify the most critical parameters, such as age, distance from coastline, and
climatic regions.

Numerous researchers have endeavoured to enhance the deterioration modelling
to predict the remaining service life of bridges in Brazil. Ref. [7] presents the results of
deterioration rates of constructions in 16 studied road segments, based on a methodology
that uses the Markov chains method. During the study, numerous reports of inspections
on bridges were collected, summing up 1707 bridges inspected in an average of 7 years. In
addition to verifying the rates of deterioration and their relationship with possible agents
of degradation, ref. [7] also contributes to the knowledge of inspection practices carried out
in Brazil and their effectiveness in its use for the administration of national road bridges.
On the other hand, ref. [8] analysed the pathological manifestations and the structural
deficiencies of bridges and viaducts of the federal highways in Pernambuco (a Brazilian
state). The obtained results allowed the authors to present the current situation of the
investigated bridges. The work aims to subsidise responsible public agencies’ decision-
making, planning maintenance, thus ensuring more outstanding durability and valuable
life for the bridges.

Additionally, ref. [9] presents the status of the bridges on Brazilian federal highways,
based on data obtained from National Department of Transport Infrastructure (DNIT),
Institute of Road Research (IPR), and National Land Transport Agency (ANTT), among
others, which constitute a register with 5619 bridges, with levels of information that vary in
dimensions, inspection results, sketches, photos, and geographic coordinates. The analysis
of these data provided more significant knowledge about the reality of bridges on Brazilian
federal highways, producing subsidies for the planning of a bridge management system
that is more compatible with reality and led to an understanding of the main aspects that
guide state assessments of the bridges. According to [10], the reinforced concrete beam is
the most used system (2764 bridges), representing more than 58%, followed by a reinforced
concrete slab (777 bridges) and the prestressed concrete (622 bridges), within a spectrum of
4725 bridges. Almost 25.7% of the bridges in the inventory were constructed before 1960,
and 52% were built between 1960 and 1975.

Brazil has an expressive set of bridges, with about 120,000 bridges [11] distributed
sparsely around the entire country, exposed to different environmental conditions. Al-
though most of these bridges have not been catalogued, this article gathers a comprehensive
database containing 10,331 bridges. The database includes geometric information, design
parameters, operating circumstances, and structural conditions. The inventory has specific
limitations regarding the inspections records, such as a short time window of inspection
for many bridges and large amounts of data scatter, added to the subjectivity of the visual
inspection itself that is also a limitation.

Currently, three standards establish the conditions required to carry out inspections
and present the results in Brazil. The DNIT-010 standard [12] has been used to evaluate
bridges located on highways under the jurisdiction of the Federal Government. NBR 9452
standard [13] proposes to assess structural safety in a similar way to DNIT-010 standard [12],
adding indicators related to durability and functionality. The standard published by the São
Paulo State Transport Agency (ARTESP [14]) is responsible for regulating state highways
granted in the State of São Paulo, and it adds the concept of “urgent intervention”.

The present study aims at applying two probabilistic models, Markov and Artificial
neural network (ANN), to forecast bridge deterioration and improve the inspection pe-
riodicity proposed by the standards [12–14]. The methodology proposed in this study is
implemented using a dataset encompassing information about inspections of 10,331 bridges
throughout Brazil from 2008 to 2021. The investigation results can assist bridge owners and
transport agencies in efficiently allocating maintenance resources and invest the capital cur-
rently allocated for unnecessary inspections in desired infrastructure development projects.

Section 2 discusses the current inspection standards, their applicability and limitations,
focusing on the periodicity of inspections, followed by Section 3, which presents a state-
of-art of the two predictive modeling methods. In Section 4, the most up-to-date bridge
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inventory is presented with additional statistical discussion. Finally, in Section 5, the
methodology and results of the two predictive models are presented.

2. Standards

Given bridge inspection’s strategic and economic importance, several governments
and research centers are dedicated to standardizing inspection techniques, test methods,
and bridge monitoring and management systems. Most of them are linked to government
agencies or directly subordinated to the countries’ transport departments, along with
agreements between governments and universities. Some of the standards on the subject
created by leading Brazilian centers and reference researchers in the inspection field of
bridges and viaducts will now be detailed.

The DNIT-010 standard [12] has been used to evaluate bridges located on highways un-
der the Federal Government jurisdiction. According to this standard, bridges are classified
based on structural safety indexes ranging from 1 to 5, where 1 corresponds to a condition
of precarious stability and 5 to an excellent condition of stability, prescribing/specifying
inspections every two years.

The NBR 9452 standard [13] proposes assessing structural safety in a similar way to
the DNIT-010 standard [12], although it adds indicators related to durability and function-
ality. The bridges are also classified according to condition indexes ranging from 1 to 5,
where 1 corresponds to a critical condition and 5 to an excellent condition. The proposed
periodicity of routine inspections is one year, regardless of the class.

The standard published in 2007 by the São Paulo State Transport Agency (ARTESP [14])
is responsible for regulating state roads granted in the State of São Paulo, adding the concept
of “urgent intervention”. The standard provides a total of eight classes, ranging from C0
(poor condition and urgency of immediate intervention) to A5 (excellent condition and
urgency of intervention in 5 years). The periodicity of routine inspections is one year,
therefore following the requirements of NBR 9452 [13].

Table 1 presents a qualitative comparison between the various bridge evaluation
criteria from the standards. The DNIT [12] and ABNT [13] standards present the same
classification criteria related to structural safety (reliability), ranging from 1 to 5. On the
other hand, the ARTESP [14] standard classifies the bridges according to eight classification
levels of conditions.

Table 1. Qualitative comparison between ABNT/DNIT and ARTESP.

ARTESP
ABNT/
DNIT

Condition

A5 5
Excellent condition
There is no damage or structural insufficiency
Nothing to do

B4/
A4

4
Good condition
There is some damage, but there are no signs that they are causing structural failure
Nothing to do; maintenance services only

B3/
B2/
C2

3

Apparently good condition
There is damage causing some structural insufficiency, but there are no signs of compromised structural stability
The recovery of the structure can be postponed. However, in this case, the problem should be placed under systematic
observation

C1 2

Poor condition
There is damage generating significant structural insufficiency in the bridge, but there is apparently no real risk of structural
collapse yet
The restoration (usually with structural strengthening) of the bridge must be done in the short term

C0 1

Critical condition/urgent intervention
There is damage causing severe structural insufficiency in the bridge; the element is critical, with a real risk of structural
collapse
Recovery (usually with structural strengthening)—or in some cases, replacement of the bridge—must be done without
delay
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In the European context, Cost Action TU1406, created in 2015, brings together aca-
demic researchers, industrial professionals, European government agencies, and interna-
tional observers to establish a European guideline on quantifying performance indicators to
evaluate the quality control plan. The result of the Cost Action TU1406 was the publication,
in 2019, of the quality specifications for roadway bridges, standardization at a European
level [4]. The TU1406 proposes five levels to assess the bridge Condition index (CI), ranging
from 1 to 5, associated with the urgency of intervention, where 1 corresponds to a bridge
in good condition and 5 a bridge in critical condition, requiring immediate intervention.
According to [4], the inspections need to be conducted in predefined intervals, but they
should rely on bridge condition and bridge significance to the network. Table 2 presents a
comparison between the bridge assessment systems presented above.

Table 2. Comparison between standards.

Standard Year
Performance Indicator Rate

Scale
Frequency of
InspectionsStructural Safety Durability Cost Environment Availability

DNIT-010 2004 � � � � � � 5 Biennial
NBR-9452 2019 � � � � � � 5 Annual
ARTESP 2007 � � � � � � 8 Annual
TU1406 2119 � � � � � � 5 Variable

3. Bridge Deterioration Models

Bridge deterioration is the process of decay resulting from normal operating conditions.
The deterioration process exhibits the combined physical and chemical transformations
occurring in various bridge elements. The situation is moderately complex because each
element has its distinctive decay rate. As bridges undergo gradual deterioration processes,
they are subject to periodic inspections. The purpose of the inspection is to detect defects
that may appear throughout the bridge’s life. The records of these inspections can be used
to develop bridge deterioration models, allowing to extrapolate the bridge CI over the
years. Precisely predicting the deterioration rate of each bridge element is hence vital to
the success of any BMS.

Approaches to calculating decay rates for bridge elements can mainly be sorted into
three general categories: deterministic method, stochastic approach, and ANN-based
model [15]. Deterministic models rely on a mathematical or statistical relationship between
the factors that affect bridge degeneration. The outcome of such models is described by
deterministic values representing average expected conditions, i.e., there are no probabili-
ties involved. Deterministic models can be carried out by extrapolation, regression, and
straight-line curve fitting methods [15]. However, deterministic models neglect the un-
certainty inherent in stochastic deterioration nature, are computationally expensive when
updating the model, and overlook the interaction between different bridge components [15].
In the following sections, stochastic and ANN models are adequately discussed.

3.1. Stochastic Models

Stochastic processes have been used to model the deterioration of infrastructure over
time, such as bridges and roads, due to the random nature inherent to a deterioration pro-
cess. A widely used stochastic process is the Markov chain process [16–18]. Markov chain
models capture the uncertainties and randomness of the deterioration process, accumulat-
ing the probability of transition from one condition state to another over several discrete
(or continuous) time intervals. The Markov model simplifies the transition probability by
defining that the next state only depends on the current state and not on the sequence of
preceding ones, as illustrated in Equation (1).

P(Xt+1 = j | Xt = i) = P(i, j) (1)
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The values assumed by i and j are called condition states and are denoted by 5, 4, 3, 2,
and 1, where 1 represents the worst CI, according to Table 1.

A Markov deterioration matrix presents the probability that a bridge will shift condi-
tion within a specified period, generally considered the time between two central inspec-
tions. An example of a Markov deterioration process based on a five condition state model,
with 5 as the best CI, is shown in Figure 1.

P =

⎡
⎢⎢⎢⎢⎣

P55 P54 P53 P52 P51
0 P44 P43 P42 P41
0 0 P33 P32 P31
0 0 0 P22 P21
0 0 0 0 P11

⎤
⎥⎥⎥⎥⎦

Figure 1. Transition probabilities for a 5 state model.

Discrete-time Markov chain is generally used assuming a constant interval between
inspections. The implementation of this model simplifies the mathematical formulation and
its calculation to obtain the performance prediction curve. However, this assumption does
not correspond to reality in many cases since inspections do not occur at uniform intervals.

In the continuous-time Markov chain, the transition between states occurs in a struc-
tured way. Assuming the chain is in a particular state i at time t = 0, the time (dwell time)
spent in the initial state i must have a memoryless property according to one of the Markov
properties, as discussed before. During a continuous-time process, the time between states
has an exponential distribution that depends only on the i state.

The first step to build the Markov model is to estimate the intensity matrix (Q), which
can be initially calculated by Equation (2) using the historical record of the condition states
assigned during inspections.

Q =

⎡
⎢⎢⎢⎢⎣
−θ1 θ1 0 0 0

0 −θ2 θ2 0 0
0 0 −θ3 θ3 0
0 0 0 −θ4 θ4
0 0 0 0 0

⎤
⎥⎥⎥⎥⎦ ;

⎡
⎢⎢⎣

θ1
θ2
θ3
θ4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

q54
q43
q32
q21

⎤
⎥⎥⎦ ; qij =

nij

∑ Δti
(2)

where qij represents the transition rate between adjacent states, nij is the number of ele-
ments that moved from state i to state j, and ∑ Δti is the sum of time intervals between
observations, whose initial state is i.

The transition matrix (P) is related to matrix Q through the following differential
equation:

∂P

∂t
= PQ (3)

Equation (3) is known as the Chapman–Kolmogorov equation. Solving Equation (3),
the transition matrix (P) is given by the following expression:

P = eQΔt (4)

In order to improve the quality of fit, the initial Markov model is improved through
an optimization process, by minimizing Equation (5) [17]:

log-likelihood =
N

∑
n=1

M

∑
m=1

ln (Pij) (5)

where M is the number of transitions observed in an element, N is the number of analyzed
elements, and Pij is the probability of occurrence of the observed transition, as predicted
by the Markov model.
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3.2. Artificial Neural Networks Models

ANN models have, as their primary source of inspiration, biological neural networks
by the attempt to mimic the human brain’s ability to recognize, associate, and generalize
patterns. Ref. [19] defines the neural network as a massive parallel distributed proces-
sor consisting of simple processing units, which have the natural propensity to store
experimental knowledge and make it available for use.

ANN is a nonlinear statistical technique capable of solving complex problems, able
to learn and, therefore, to generalize. Generalization refers to the fact that the neural
network produces adequate outputs for inputs that were not present during training. These
information-processing capabilities enable neural networks to solve complex problems [19].

The ANN prediction model can be designed to predict the state condition of highway
bridges. In this work, it was used a multiclass classification neural network (Figure 2) to
develop the ANN prediction model. The Python language [20] and Scikit-learn package [21]
were used to construct the ANN prediction model.

Input
layer

First
hidden
layer

Second
hidden
layer

1

2

3

4

5

Output
layerSoftmax

Figure 2. Multilayer perceptron with two hidden layers and softmax activation function.

All neurons in the hidden layers use the hyperbolic tangent activation function. The
output layer uses the softmax function (Equation (6)). The softmax regression is a logistic
regression that normalizes an input value into a vector that follows a probability distribu-
tion that totals up to 1. Additionally, as the asset cannot self-improve, an addition function
was created to recalculate the probability vector output, imposing a 0 probability to any
probability output that improves the condition state of the asset. Thus, the output is a
vector [P(5), P(4), P(3), P(2), P(1)], which presents the probability future condition states
5, 4, 3, 2, and 1, respectively.

σ(−→z )i =
ezi

∑K
j=1 ezj

(6)

where, σ is the softmax function, −→z is the input vector, ezi is the standard exponential
function for each element of the input vector, K is the number of classes in the multiclass
classifier, and ezj is the standard exponential function for the output vector.

3.3. Statistical Tests

The statistical analysis of a model obtained in a given study is essential for validating
and ensuring an acceptable extrapolation obtained for the population studied. Many
statistical fit tests are applied to categorical data to assess how likely any observed difference
happens by chance between the model and the observed data.

Many statistical tests can evaluate a model against the observed data. A commonly
used statistical test is the chi-square fit test [22]. The chi-square fit test is applied to assess
the fit between a set of observations (sample) and a theoretical distribution, comparing
the distribution of sample data with the theoretical distribution to which the sample
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is supposed to belong. The test is an overall measure of the discrepancy between the
frequencies observed in the sample and the expected frequencies (Equation (7)).

χ2 =
n

∑
i=1

(Oi − Ei)
2

Ei
(7)

where χ2 is the chi-square value, n is the total number of cells in the contingency table, Ei
is the expected frequencies, and Oi is the observed frequencies.

The chi-square test limitation is to not consider the uncertainty inherent to the vari-
able’s possible outcomes. As the database presents a high number of bridges that remain
in the same condition (from one inspection to another), using the chi-square test would get
good results even with a DummyClassifier model (that consistently predicts the majority
outcome [23]).

Cross-entropy can overcome this problem by measuring the dissimilarity between the
sample data and the model. The cross-entropy evaluates the model on a test set to assess
how accurate (based on the computation of likelihood) the model is in predicting the test
data by calculating the “uncertainty” (or “information”) of possible outcomes [24]. The
entropy (H) is the expected value of “information” and is evaluated using the following
Equation (8):

H(X) = E[I(X)] = − 1
N

N

∑
i=1

ln p(xi) (8)

where X is the test set, E is the expected value operator, I is the information content of
X, N is the size of the test set, and p(xi) is the probability of the predicted value xi from
the model.

Although entropy is crucial in assessing the quality of a model, the inverse of the
perplexity (IPP) (Equation (9)) will be used to assess generalization performance. The
inverse of the perplexity represents the probability of generating the expected outcome and
has to be maximized. In other words, better models will tend to assign higher probabilities
to the testing set. In this way, a DummyClassifier model would obtain zero as a result.

IPP(X) =
1

PP(X)
= exp(−H(X)) (9)

where IPP represents the inverse of the perplexity and PP symbolizes the perplexity.
With the statistical test defined, the next step is to distinguish between the model’s

performance on the training data and unseen test data. The common practice to avoid the
model’s overfitting is to divide the dataset into a training set (80%) and a test set (20%).
Subsequently, a stratified k-fold cross-validation technique is performed using the training
dataset (Figure 3), preserving the percentage of samples for each CI. The resampling
method uses different portions of the data (A, B, C, and D) to train and validate a model on
different iterations. The cross-validation gives an idea of how the model might perform in
the worst-case and best-case scenarios when applied to new data [23]. To summarize the
models’ cross-validation accuracy, the mean (μ) and standard deviation (σ) are computed.

Train Test

A Validation

Validation

Validation D

ValidationA

B C

A B

C D

B C D

Figure 3. Train/test split and four-fold cross-validation.
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4. Database

Due to data availability, and considering the large stock of bridges in different exposure
conditions, Brazil was chosen as the object of study for this work. Brazil has an area of
about 8,500,000 km2 distributed in five regions with diverse climatic and social conditions,
presenting an expressive group of bridges, with about 120,000 bridges [11].

A detailed inventory of 10,331 bridges was gathered up to the year 2021. The database
includes information on the: geographic location, total length, deck width, material type,
superstructure type, abutment type, standard traffic load model, year of construction,
Average daily Traffic (ADT), Average daily truck traffic (ADTT), concession type, and
structural condition.

The amount of information of the dataset varies from bridges presenting only their
name, location, total length, and width to bridges with more detailed information, including
results of inspections carried out, sketches, and photos.

The geographic coordinates of each bridge were exported to a Geographic Information
System application [25]. Figure 4 shows the distribution of bridges, considering Brazilian
geography, regions, and states. This figure clearly shows that most bridges (64%) are
located in the southeast and northeast regions. According to the inventory collected, the
states with highest number of bridges (above 500) are the states of Minas Gerais (MG),
São Paulo (SP), Rio de Janeiro (RJ), Rio Grande do Sul (RS), Bahia (BA), Pernambuco (PE),
Paraíba (PR), and Santa Catarina (SC). The states of MG (13.5%) and SP (12.3%) contain
26% of the Brazilian bridges.

Figure 4. Distribution of bridges in Brazil.

Some key categories were analyzed and presented to understand the available data
about the bridges. Regarding the material type, Figure 5a shows the number of bridges
built per each category. It is possible to notice that the highest number of bridges are
Reinforced concrete (RC), followed by Prestressed concrete (PC), amounting to about 71%
of the total bridge inventory. As only some bridges are constructed by other materials
(such as wood and masonry), they were clustered in one group (others). It is essential to
observe that around 25% of the bridges do not have a material classification available in
the database. Bridges’ type represents the structural system of the bridge. As shown in
Figure 5b, beam (54.4%) has the highest number among all bridges’ types and slabs are
the second (12.4%). As just a few bridges have a different structural system (such as arch
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bridge, cable-stayed bridge, suspension bridge, and truss bridge), they were clustered
in one group (others). This work did not consider the number of spans, length of the
largest span, static scheme, or skew angle, among others parameters, due to the scarcity of
these data.

(a) (b)

Figure 5. Distribution of bridges: (a) material type and (b) bridges’ type.

The jurisdiction defines whether the bridge is managed by the federal, state, or munic-
ipal government. Figure 6a presents the number of bridges per different jurisdiction. The
inventory shows that the federal administration is responsible for the most significant per-
centage of bridges (89.5%), followed by state administration (10.5%). Additionally, federal,
state, and municipal administrations are subdivided into public and private concessions.
Figure 6a shows that most bridges (66%) are under public concession. Even though the
number of Federal public bridges in Figure 6a is way higher, the number of inspections of
Federal private bridges (Figure 6b) overcomes the Federal public one. Considering inspec-
tions should happen once a year [13], it is expected that the total number of inspections
would be proportional to the number of bridges and their ages, but this is not observed,
showing that private concession seems to maintain the inspection schedule more strictly.

Figure 7 shows the distributions of the number of bridges per year of construction. It is
observed that 63% of Brazilian bridges are over 50 years of age. It also manifests the periods
of most significant and minor investment in the bridge construction sector, highlighting
the positive impact of the Maurício Joppert Law (1945), the period of President Juscelino
Kubitscheck (1956 to 1960), the revolutionary period started in 1964, in particular the
construction of the Rio-Niterói Bridge (1974), the negative impact of the 1988 Constitution
that radically altered the financing sector, and the resumption of investment during the
period of President Fernando Henrique Cardoso (1994 to 2002) [9]. Additionally, the ages
of the bridges allow estimating the live load. For example, concerning the standard traffic
load model, most bridges designed between 1960 and 1975 considered a TB-36 on roads:
a vehicle with 360 kN force [26]. The bridges designed after 1985, with the new version
of the Brazilian standard [27], started to consider vehicles with 450 kN force (TB-45) as
standard traffic load model. The high number of bridges for which the year of construction
is unknown (or was not informed) is just one example of the difficulties found for a more
detailed analysis of the existing situation and evidence of missing record information.
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(a) (b)

Figure 6. Distribution of bridges (a) and inspections (b) per jurisdiction and concession type.

Figure 7. Number of bridge by year of construction.

The ADT is the average volume of traffic recorded in one day (24 h). This data is
used to assess traffic distribution, measure the demand for a road, and schedule basic
improvements. Figure 8 presents histogram distribution of the ADT and ADTT. The
histogram clearly shows that ADT less than 10,000 has the highest frequency. For the
ADTT case, traffic less than 2000 has the highest frequency. It can also be seen that the
ADTT corresponds, on average, to 34% of ADT.

The bridges sum up approximately 626 km of length distributed according to Figure 8c,
with an average of 69 m. The data shows that 40.3% of the bridges have an extension equal
to or less than 30 m, and 29.0% show an extension higher than 60 m.

Visual inspections constitute the main form of evaluation of bridges in Brazil, and the
records of these inspections are used to assist in the construction and history of the bridge
inventory. The first inspections presented in the inventory date back to 2008, covering
approximately 13 years and resulting in 24,127 inspections. Figure 9 shows the periodicity
of inspections carried out in the period mentioned above. The time between inspections
that equals 0 means that only one inspection is available for the bridge. As can be concluded,
visual inspections are carried out mostly annually, according to what was discussed in
Figure 2.
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(a) (b)

(c)

Figure 8. Distribution of bridges according to (a) ADT, (b) ADTT, and (c) total length.

Figure 9. Periodicity of inspections.

5. Methodology and Results

The previously described bridges’ condition data are used to develop the Markov
model and the ANN model. Before implementing the predictive models, a filtering process
was performed on the database to remove inconsistencies. For example, ungraded records
were removed, along with cases where an improvement in grade was observed. This last
effect can be attributed to maintenance actions not included in the inventory or imprecision
in evaluating the bridge’s condition due to the subjectivity of the inspectors in the visual
inspection technique [28–30]. Unfortunately, the database does not differentiate one case
from the other, and all positive transitions had to be assumed as repair activities [30].

The original database includes a total of 10,331 bridge assets and 24,127 inspections.
After the filtering process, only 7,754 bridges and 12,681 inspections were considered for
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the deterioration modeling, keeping a reasonable amount of data [28,31]. A summary of
the inspection transitions are presented in Figure 10.

5 4 3 2 1
5 681 382 28 5 2
4 0 6196 824 62 14
3 0 0 3182 194 33
2 0 0 0 897 59
1 0 0 0 0 122

Figure 10. Matrix transition indexes.

5.1. Markov Model

As bridges in a network are likely to share comparable environmental conditions,
it would be plausible to presume that the deterioration processes should be similar in
equivalent scenarios if considering load and environment. Hence, in the first part of the
analysis, the bridges were assumed to have the same deterioration processes regardless of
structure type, location, and material of the superstructure.

Equation (10) shows the developed transition probability matrices for a general bridge,
representing the deterioration process under normal operational conditions in Brazil.
Table 3 summarizes the Markov model’s accuracy. The model achieved the same accuracy
during training and validation but had a higher dispersion during the latter. The model
reached a slightly lower accuracy during testing but showed that it could generalize to the
unseen data.

⎡
⎢⎢⎣

θ1
θ2
θ3
θ4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

0.42326519
0.09922577
0.0597748
0.0695101

⎤
⎥⎥⎦ P(1) =

⎡
⎢⎢⎢⎢⎣

0.655 0.3274 0.017 0.0004 0.00
0 0.9055 0.092 0.003 0.00
0 0 0.942 0.056 0.002
0 0 0 0.933 0.067
0 0 0 0 1

⎤
⎥⎥⎥⎥⎦ (10)

Table 3. Markov model performance during training, validation, and testing.

Dataset
IPP
μ(σ)

Training 0.670 (0.003)
Validation 0.670 (0.012)

Testing 0.664

The following results are presented as a form of illustration considering a 100-year
time horizon for a general bridge asset. During this period, no maintenance activities are
assumed, i.e., the bridge is allowed to decay constantly.

Figure 11a shows the probability of a bridge to be in a determined CI over time. It is
possible to observe that the probability of a bridge remaining in the CI equal to 5 drops
significantly in just a few years. For the case of the CI equal to 3 and 2, it is possible to
observe a more flat curve, meaning that these CIs remain for a longer period. Brazilian
standards do not specify a lifespan for the structures, but in principle, it seems to be
assumed as 50 years. Considering 50 years as the lifespan, 70% of bridges reach the CI
equal to 1. In Figure 11b, the average of the bridges reaches the CI equal to 3 in 14 years
and the CI equal to 2 in 32 years. Additionally, it is possible to observe a high dispersion in
the time that the bridge reaches the CI equal to 2, ranging from 10 to 75 years.
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(a) (b)

Figure 11. Results from Markov model. (a) Transition probability over time; (b) expected condition
over time.

Clusters

Previously, the bridges were assumed to have the same deterioration processes. How-
ever, it is plausible that the deterioration processes should be different in bridges subjected
to different conditions, such as material type, geographic location, and geometric proper-
ties. Thus, taking a step forward to improve the results, the bridges were clustered into
specific categories.

The first attempt of clustering the database was by material type. Thus, considering
the types of materials mentioned before (Figure 5a), the Markov model was run consid-
ering only the bridge records belonging to each material type. Figure 12a presents the
deterioration of bridges with different materials. As observed, reinforced and prestressed
concrete bridges have similar deterioration rates, whereas steel and composite bridges
have a higher deterioration.

Concerning geographic location, the bridges were categorized by states and regions
(Figure 4) to demonstrate their different performance and lifespan. Figure 12b shows the
deterioration curves for each state, showing no significant difference between states from
condition 5 to condition 3. If condition 2 (poor condition in Table 1) is adopted as the
minimum acceptable condition, the predicted average service life of a bridge in BA, RJ,
and SP is 25, 45, and 60 years, respectively, with SP presenting the best performance. The
anomalous behavior of the SC curve is justified by a high density of inspections with CI
equal to 5 in 2015 and 2016, having no further inspections after it. The significant variation
of the bridge service life illustrates the considerable impact of the state management policies
on the performance of a bridge.

Figure 12c presents the results obtained regarding the regions, where it is possible to
observe no significant difference between them, except the central–west region. The only
remark, in this case, is the small amount of data that might hinder the actual behavior of
this region compared to the others.

Additionally, the bridges were grouped into three categories according to their length.
As discussed in Section 4, the bridges were rated as short (for bridges shorter or equal
30 m), medium (for bridges longer than 30 m and shorter than 60 m), and long (for bridges
longer than 60 m). As illustrated in Figure 12d, longer bridges show a higher deterioration
compared to medium and short bridges. This observation is reasonable as it is expected
that there is a higher probability of having deterioration in a long bridge than in a short one.

The clustered Markov models reached higher accuracy during testing than the not
clustered one, as summarized in Table 4. It can be observed that the most remarkable
improvement was achieved when splitting the data by material type. These results show
that adding new features to the model help to improve its performance.
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(a) (b)

(c) (d)

Figure 12. Expected condition over time. (a) Material type; (b) state; (c) region; (d) bridge length.

Table 4. Clustered Markov models performance during testing.

Cluster IPP

All 0.664

Material 0.683
State 0.667

Region 0.672
Length 0.679

This section has evidenced the influence of selecting a suitable cluster to predict a
typical bridge performance. As these predictions are the basis for BMS, inaccuracies might
have significant impacts, especially in budget plans. Additionally, carrying out analysis
with a fragmented database, as in the case of the Markov model, does not seem to be a
good alternative as it can lead to unsafe predictions.

5.2. Artificial Neural Network

Similar to the Markov model analysis, the first assumption was to consider similar
deterioration processes for all bridges. For the first ANN model, two input nodes were
considered in the input layer, one for the initial CI and the other for the time between
inspections (Figure 9). The optimal configuration for the ANN classifier was determined by
trial and error. The inverse of the perplexity (IPP) was used as an entropy indicator, where
a higher rate indicates a lower entropy between the labels and predictions. Accordingly,
the final configuration of the ANN is a one-layer network with five hidden neurons in
the layer.

Comparing the ANN model against the Markov model, it is possible to observe, in
Table 5, that the ANN model achieved higher accuracy during training, validation, and
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testing. Even though the test accuracy in the ANN model is slightly lower than the training
and validation, the results show that the model could generalize.

Table 5. ANN and Markov models performance during training, validation, and testing.

Model Training Validation Testing

Markov 0.670 (0.003) 0.670 (0.012) 0.664
ANN 0.673 (0.003) 0.673 (0.010) 0.670

With the model calibrated, the performance of the bridge can be evaluated over the
years. Three approaches were considered to predict the model throughout the years.
For the first approach (Figure 13a), it is reasonable to assume the extrapolation of up to
100 years. As can be seen, the model could not extrapolate or make predictions outside
the training data range. Once it leaves the range for which the model has data, it simply
keeps predicting the last known point until it reaches a specific one (40 years), where it
drops abruptly. The model cannot generate “new” responses outside of what was seen in
the training data.

Another approach to predicting performance over the years is to obtain the transition
probability matrix for one year and evaluate the performance over the years, similar to the
Markov model. Figure 13b presents the results for this approach. It is possible to observe
that the ANN model yields higher deterioration results. However, it is tricky to consider
only one year between inspections when working with the ANN model as it was trained
with a time distribution of up to 10 years (Figure 9).

(a) (b)

(c)

Figure 13. Evolution of the degradation over time by ANN model. (a) Extrapolation approach;
(b) 1 year approach; (c) Monte Carlo approach.
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The final approach considered to obtain the CI through the years was a Monte Carlo
(MC) simulation based on the inspection periodicity distribution in Figure 9. During the
simulation, one million artificial bridges were generated with an initial CI equal to 5. For
each bridge, a random inspection periodicity was picked from the distribution (Figure 9)
and a new CI was calculated based on the probability from the calibrated model. After all
the bridges achieved 100 years, the mean and standard deviation were calculated by year,
generating the expected values and confidence interval presented in Figure 13c. As can be
seen, the results from the ANN are now very similar to the Markov results.

5.2.1. Filling the Database by ANN

As it was pointed out, the inspection periodicity as an input parameter can increase
the complexity of the ANN model. Therefore, a reasonable strategy is to eliminate it as
input by filling the empty inspections in the dataset and making the interval between
inspections constant (1 year). Different approaches could be used to reach such desired
results. One could assume the bridge maintains the same CI until the next inspection. For
example, if a bridge has a CI equal to 4 in 2008 and in the next inspection, in 2011, its CI is
equal to 2, the CI assumed for 2009 and 2010 would be 4 for both years. Another approach
would be to use a linear interpolation between the inspection records to fill the gap. In this
case, the CI for 2009 and 2010 would be 3 and 3.

Even though these approaches could solve the problem, they do not consider the
stochastic behavior of the deterioration process. Thus, predictive models such as Markov
and ANN would be a better option to fill in the gaps reliably. For the context of this work,
and considering the results obtained in Table 5, the approach selected is the one proposed
by [32], where the authors used an ANN model to generate artificial historical bridge
condition indexes. The example already discussed was used to exemplify the application
of the selected methodology, as illustrated in Figure 14.

ID 2008 2009 2010 2011
Bridge 1 4 - - 2
Bridge 2 5 - - 3

ID 2008 2009 2010 2011
Bridge 1 4 4 3 2
Bridge 2 5 4 4 3

ANN

Figure 14. Filling by ANN.

The final dataset was filled by artificial historical bridge condition indexes generated
from a MC simulation using the proposed methodology [32] and the inspection periodicity
distribution in Figure 9. A total of 4720 data points were generated, inducing the database
to go from 12,681 to 17,401 inspections.

5.2.2. Additional Features

Considering the deterioration processes should differ in bridges subjected to different
conditions, the model was updated by adding new features one at a time, attempting to
improve the results. The new parameters found to be significant to bridge deterioration
were the Gross domestic product (GDP), ADTT, total length, and geographic location. For
the case of categorical data, one-hot encoding [21,23] was used to feed the model. Figure 15
presents the results for some of the new parameters.

Previously, in the Markov model, the total length was modeled as a categorical
parameter. Now, for the case of the ANN model, it has been modeled as a continuum
parameter. The results presented in Figure 15a confirm the same outcome presented in
Figure 12d, where longer bridges show a higher deterioration than shorter bridges. It is
important to point out here the advantage of the ANN model, over Markov models, in
being able to use continuum inputs instead of only categorical ones.
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(a) (b)

(c)

Figure 15. Expected condition over time. (a) Bridge length; (b) GDP in USD billion for 2018; (c) ADTT.

The results presented earlier in Figure 12b clarify and help to understand how each
state manages its bridges. However, the state is a categorical feature with no natural
meaning built into it. In order to view the situation from another perspective, the categorical
parameter (states) was converted into an economic continuum parameter (GDP). Figure 15b
illustrates the influence of the GDP. It is possible to observe that states with a higher GDP
have a better performance. The significant variation of the bridge service life demonstrates
the considerable impact of the GDP on the performance of the bridge. To have an idea of
the impact, let us adopt condition 2 (poor condition in Table 1) as the minimum acceptable
condition. By observing Figure 15b, it is possible to notice that it could vary from 30 years
up to 100 years. Additionally, no significant difference from condition 5 to condition 3
was observed.

Some studies [33,34] have observed a significant influence of ADTT on bridge per-
formance, by an negative correlation. Thus, it was expected to observe the same results
in the analysis carried out. However, as demonstrated in Figure 15c, the results show a
low, or almost zero, influence of ADTT on bridge performance. A possible explanation
of why the ADTT did not present the expected results is the fact that the ADTT and the
GDP have a positive correlation. In other words, the influence of the GDP might be hiding
the influence of ADTT. Another possible reason is that bridges with a high ADTT usually
receive more attention from the managers. Further analysis considering the weight and
traffic distribution [35] could help to enhance the results.

The knowledge of the degree of atmospheric aggressiveness is vital in building mainte-
nance management to ensure the project’s useful life [36]. Humidity and high temperatures
notably favor the degradation processes of materials exposed to the atmosphere. Wetting
time, type and concentration of gaseous pollutants and particulate matter in the atmo-
sphere determine the magnitude of the attack. The availability of values for these variables
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greatly assists in assessing the potential risk of corrosion. Figure 16 illustrates a modified
Brooks atmospheric corrosivity index for the Brazilian region.

Figure 16. Modified Brooks atmospheric corrosivity index (adapted from [36]).

Although the theoretical conceptualisation in the Brooks index is straightforward, as
it only considers humidity and temperature as intervening factors, it can be of value in
qualifying the aggressiveness of large rural areas in Brazil, where the data are scarce or
nonexistent. On the other hand, when evaluating large cities, industrial areas, and coastal
regions, it is essential to be aware that the polluting agents (not considered in the Brooks
index [36]) cause a substantial increase in the corrosion rate.

Considering that the location of bridges influences the speed of bridge degradation,
particularly for bridges located on the coastal strip, different distances from the coastline
were analyzed. Figure 17a presents the results for coastline distance. As can be observed,
the coastline distance significantly influences the deterioration process. Figure 17b illus-
trates the influence of each aggressive zone, identifying an additional band (very high) into
the map proposed by Brooks (Figure 16), defined by a distance of less than 5 km from the
coast. From Figure 16, it is possible to conclude that bridges located on the coastline and in
the north of Brazil have an unquestionably high deterioration process.

As we are now using a new database, a new analysis not considering any cluster was
performed to be used as a reference value. A summary of the results is presented in Table 6.
These results show that adding new features to the model help to improve its performance.
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(a) (b)

Figure 17. Expected condition over time: (a) Coastline distance; (b) aggressive zones.

Table 6. Clustered ANN models performance during testing.

Model Training Validation Testing

All 0.729 (0.005) 0.729 (0.002) 0.710

Length 0.744 (0.009) 0.743 (0.002) 0.718
GDP 0.733 (0.005) 0.733 (0.003) 0.712

ANTT 0.736 (0.009) 0.736 (0.002) 0.718
Aggressive zones 0.735 (0.005) 0.732 (0.002) 0.713

5.2.3. Proof of Concept

A good-quality control plan specifies the extent and the interval of inspections and the
data necessary to estimate performance indicators and forecast future development [4]. In
this context, planning is essential to establish a schedule, scope, and optimal times between
inspections. As discussed in Section 2, visual inspection assessment practice differs from
standard to standard [12–14] when defining the frequency of inspections (periodicity).

The uniform interval approach has resulted in a very costly and inefficient process [37].
Provisions for adjusting the frequency of routine inspection for certain types or groups of
bridges to better conform with their inspection needs have been defined by [38], taking
into account the actual condition index, length, load redundancy, susceptibility to damage,
structure type, maintenance history, structure age, ADT, and ADTT. Ref. [1] developed a
framework for risk-based bridge inspection that identifies bridges for which inspection
intervals shorter or longer than the one defined by the standards are more appropriate.

According to [4], the frequency of bridge inspections should depend on bridge condi-
tion and bridge importance to the network. Therefore, bridges with poor condition and
the most critical bridges should be inspected more frequently than most bridges in the
network. On the other hand, new(er) bridges with little or no damage could be inspected
less frequently. Additionally, bridges with different material characteristics and locations
may require different attention. In order to answer this, bridges with different material
characteristics and locations are studied, and their performance is compared.

Six representative groups were selected to represent the case studies, with one bridge
representing each corresponding group. Three corrosivity zones (Figure 16) and the two
main materials (Figure 5) were selected, as shown in Table 7.

The predicted performance and service life of bridges for each representative group
(Table 7) are presented in Figure 18. As it can be seen, the bridges have a significant
distinction in performance. RC bridges located in a very high corrosive zone have an
elevated deterioration process. By adopting condition 2 (poor condition in Table 1) as the
minimum acceptable condition, the predicted average service life for bridges located in the
very high corrosive zone is around 20 years, whereas it is 40 years for a very low corrosive
zone. The significant variation of the bridge service life illustrates the considerable impact
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of the corrosive zone on the performance of the bridge, making it almost mandatory to
consider the aggressiveness of the region where the bridge is located when defining the
periodicity of inspections.

Table 7. Selected representative bridge groups.

Name Aggressive Zone Material

Bridge-1 Very low RC
Bridge-2 Very low PC
Bridge-3 Moderate RC
Bridge-4 Moderate PC
Bridge-5 Very high RC
Bridge-6 Very high PC

Figure 18. Expected condition over time by representative bridge groups.

6. Conclusions

The primary contribution of this study to BMS is the application of stochastic models
to probabilistically forecast bridge deterioration and the execution of a systematic method
to show new features importance in the degradation process, resulting in exciting insights
into the definition of inspection periodicity.

The Brazilian standards have different values related to the interval between inspec-
tions, but they all consider the periodicity constant, not giving consideration to the bridges’
singularities. As discussed throughout this article, bridges in a network are likely to share
similar environmental conditions but, depending on their age, location, structural typology,
and other aspects, they may be exposed to different structural deterioration process over
time. Hence, forecasting simulations were carried out to identify the bridge behavior for
different scenarios.

Two predictive models (Markov and ANN) were created to predict future bridge condi-
tions based on historical data. The most representative up-to-date database of the construc-
tion site was served as input for the models, containing information about 10,331 bridges
in Brazil from 2008 to 2021.

Considering the deterioration curve obtained for the whole dataset in Figures 11b and 13c,
the bridges will have, at the end of their 30 years, a condition rating of around 2, if only
routine maintenance is performed. Additionally, the forecasting results of two predictive
models (Markov and ANN) indicate that the ANN model can predict future conditions
more accurately than the Markov one.

In this work, some clusters were identified to improve existing BMS, especially at-
mospheric corrosivity, which has a significant influence on the deterioration process. The
results obtained indicate the proposition of a variation in the periodicity of inspections as a
function of the bridges’ degradation curves. While this investigation addressed limited
features, other continuous and categorical variables can be added to the methodology (such
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as the wearing surface and skew angle), which could improve the prediction accuracy of
the methodology.

It is essential to emphasize that, regardless of the outstanding potential of Markov and
ANN models, the bridge engineer’s opinion must not be ignored. On the contrary, when
an expert validates the obtained results, they gain plausibility and can be used confidently.

There is a need to expand and strengthen the works’ inventory to calibrate the results
obtained. To achieve this goal, it is necessary to implement joint efforts from all managers,
industry professionals, and researchers linked to bridge engineering to promote sharing
information, enabling this work to be expanded nationally and internationally.

One limitation of the work is that the results obtained to improve the frequency of
inspections are limited to internal factors (deterioration) and do not consider extreme
events, such as floods, earthquakes, or any vandalism act.
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Abstract: Wood is a natural, sustainable, and renewable material, which has been used as flooring for
centuries, but not enough is known about its durability and performance over time when subjected
to different degradation agents. This study proposes a methodology for the service life prediction of
wood flooring systems, considering the impact of different factors that influence the floors’ durability.
For that purpose, a fieldwork survey is performed to evaluate the degradation phenomena of 96
indoor wood floorings in-use conditions, located in Portugal. The data collected are converted
into degradation patterns that graphically illustrate the loss of performance of wood floorings over
time. An estimated service life of 44 years is obtained. This study thus allows quantifying the
impact of various characteristics on the indoor wood floorings’ service life. The results reveal the
high importance of the type of protection, the type of wood, and the type of floor (with a range of
estimated service life values of around 18, 17 and 16 years, respectively). This study is a first step to
understanding the degradation mechanisms of the wood flooring systems, in order to extend their
service life, while allowing optimising of maintenance actions, thus promoting the durability and
sustainability of these floorings.

Keywords: wood floorings; degradation phenomena; service life; durability

1. Introduction

Nowadays, stakeholders are more aware of the relevance of healthy and sustainable
buildings [1]. Recent studies [2] reveal that people in industrialized countries spend 90%
of their time inside buildings and, therefore, the presence of natural elements, as wood
floorings, can improve the users’ physical and psychological well-being [3].

Wood has been used around the world, by different civilisations, for millennia [4],
and it is one of the most common and attractive solutions for flooring worldwide. This
widespread use is mainly due to the availability of this material, even in most inhabited
regions of the world; however, not all wood species are appropriate for the various building
uses [5]. Since wood is a natural material, its variable natural durability [6] makes it
necessary to carefully evaluate its characteristics as a flooring to ensure that it is suitable
for its intended use, presenting a durability compatible with the users’ requirements and
expectations. Therefore, when selecting a wood flooring system, users may ask “how long
can a wood flooring system last?”

Romagnoli et al. [7] state that a major goal of wood technology research is still devel-
oping long-lasting wood elements with adequate mechanical performance, in other words,
durable solutions. For that purpose, the wood-deteriorating agents and mechanisms that
affect the wood flooring’s long-term performance and service life should be identified [6].
Based on this knowledge, different degradation models can be established, considering the
probable incidence of the degradation agents over time. Fundamentally, the degradation
of wood elements occurs due to the presence of different degradation agents, which are
usually divided into abiotic and biotic. The abiotic agents are related with weathering
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phenomenon, due to the exposure to damp, UV radiation, temperature, or other factors
related to dynamic impacts, and abrasion and wear [8,9]. These factors are connected to
physiological conditions for the presence of biotic degradation agents (e.g., subterranean
insects and other xylophage insects). Both biotic and abiotic agents contribute to the deteri-
oration of wood elements, in a complex and interconnected phenomenon [10], leading to
the physical, chemical, mechanical, or biological alteration of the elements over time.

Why does knowing the service life of wood flooring systems matter? There are
several important reasons for minding the wood floorings’ service life. This knowledge
allows adopting durability design procedures and adequate solutions at the design stage,
selecting the most suitable wood type and protection for a specific use. Moreover, it allows
optimising the maintenance strategies, in order to reduce the number of replacements
(capitalising the investment in this flooring solution), while adopting correct measures for
maintain the floors in acceptable conditions during their life cycle.

How can service life prediction be performed? The definition of reliable models for
the durability and service life of wood floorings has not received as much consideration
as for other materials [11]. Most of the existing studies assume an expected service life
for wood floorings, but is this value credible? In reality, the actual service life of a given
wood flooring depends on various factors including: (i) the quality of wood and the
protection treatment; (ii) the typology and thickness of the wood elements (a parquet of
solid wood can be more durable than a floor with only a few millimetres of noble wood);
(iii) the conditions to which the flooring is exposed; and (iv) how well the flooring is
maintained during use, besides subjective criteria. In practice, long-term data are not
available, and the predictions are essentially based on manufacturers’ data, accelerated
testing, or extrapolations from the performance of similar materials [12]. Furthermore,
current methods result from oversimplifications, and do not provide any information
regarding the degradation mechanisms and the influence of critical factors that affect the
performance of the wood floorings over time [13].

In this sense, in this study, a methodology for the service life prediction of indoor
wood flooring is proposed, analysing in-service performance data, in order to acquire
some knowledge related to the impact of the floors’ characteristics in their expected service
life. This research follows the methodology proposed by Gaspar and de Brito [14,15] for
the service life prediction of buildings’ envelope elements, which has been applied to
several external façade claddings [16,17]. As a research hypothesis, it is considered that this
general methodology for service life prediction of the elements of the building envelope
can also be applied to predict the service life of wood flooring systems. Therefore, in
this study, this methodology is applied, for the first time in the literature, to predict the
service life of an element in the interior of the building. The methodology adopted is
based on data collected by visual inspection, during a fieldwork survey, concerning the
degradation condition of wood flooring systems. In this study, 34 Portuguese in-use houses
have been inspected, corresponding to a total of 96 wood flooring systems. These data are
analysed and converted into a numerical indicator, which portrays the overall degradation
condition of the wood floorings analysed, which allows a graphical description of the loss
of performance of these components over time and according to their characteristics. These
analyses allow identifying an estimated service life of the wood flooring systems analysed,
identifying the most relevant parameters for the degradation of these elements over their
service life.

2. Materials and Methods

A fieldwork survey is used to collect all the relevant information for the classification
of the anomalies present in the cases studies analysed, to define a model for predicting the
service life of wood floorings. This survey is crucial for the definition of degradation curves,
which allow evaluating the loss of performance of the wood flooring systems over time.
For that purpose, 96 wood floorings, with different ages (i.e., at different stages of their
service life) and various characteristics, were analysed, to obtain a degradation pattern of
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these floorings, through the comparison of the degradation condition of different examples.
Some floors were analysed several years after installation, which makes it impossible to
know in detail some constructive characteristics of the wood floors analysed, such as the
thickness of the wood elements, the type of fastening to the support and the species of the
wood, which can be impossible to obtain without a significant margin of error in several
case studies.

The application of additional diagnosis techniques (e.g., application of laboratory tests
to evaluate more specific characteristics of the wood species) may lead to more accurate
results, but they are of little use in practice, both due to time constraints and additional
costs for the analysis of the floors’ degradation conditions. The existence of simple tools
makes it possible to provide an estimation of the service life of wood flooring systems,
which is certainly more relevant than making informed assumptions, due to the lack
of technical or material capacity to apply more advanced or laboratory techniques for
analysing wood floors. This study thus intends to provide an empirical tool, based on
visual inspections, which is, in most situations, the technique used to assess the condition
of the floors, assisting the decision to carry out maintenance actions, to provide some
information regarding the degradation of the floors, their service life, and the factors that
condition it.

The sample analysed is in Lisbon, Portugal, with construction periods between 1930
and 2018. The indoor wood floors analysed are subjected to regular maintenance, for
example, either dry cleaning or wet cleaning, and, sometimes, the finishing layer is replaced.
However, in the sample analysed, six case studies have been subjected to a generalised
maintenance intervention (with the replacement of wood elements), and, in this scenario, it
is assumed that this intervention restores the initial condition of the floor, which implies
that the “age” of these floors correspond to the period between the last intervention and
the inspection time.

The degradation condition of the indoor wood flooring systems is evaluated though
in situ inspections, aided using a moisture-meter in singular cases of humidity problems,
as anomalies caused by the presence of humidity do not necessarily imply the detection of
high levels of humidity, at the time of inspection.

The anomalies observed in wood floorings can be considered a symbol of these
degradation factors, which may be caused by natural or human actions, inadequate use,
lack of maintenance, or unpredictable events (accidents or vandalism). Figure 1 shows
some examples of the anomalies observed in the wood floorings analysed during the
fieldwork survey.

In this study, the main anomalies that can occur in wood flooring systems are divided
into three main groups [18,19]:

• Aesthetic anomalies, related to the visual or surface alteration of wooden floors,
namely staining or colour change, cigarette marks, scratches or wrinkles, wear or
detachment of the finishing layer, stains; anomalies due to inadequate maintenance,
and wear of the wood material;

• Functional anomalies, which compromise the use of the flooring system (e.g., the
presence of detached elements may jeopardize the users’ safety) and can also affect
the mechanical resistance and the performance of the wood flooring, namely, warping;
swelling or other flatness deficiencies; either cracking of elements, joints, or both;
broken or splintered elements; rot (identified either by changes in colour, texture in
the finishing layer, or both); moisture stains; disaggregation; pulverulence; xylophage
attack; and loss of wood elements; and

• Anomalies in joints, which are related to the deterioration of the filling material of
the joints; the presence of these anomalies may promote the degradation of the wood
flooring system. In this group, three anomalies are considered, namely, colour change
of the filling material, detachment, or loss of the filling material of the joints and
change of the joint size.
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Different levels of degradation have been defined for each group of anomalies and, in
some cases, for each specific anomaly. The degradation levels of each anomaly consider
the type of anomaly and the number/size of its defects. Consequently, to distinguish the
severity of the anomalies, percentages of their extent have been defined on the surfaces to
be analysed. These percentages and the proposed degradation levels for each of the groups
of anomalies are presented in Tables 1–3.

    

Staining or colour change Cigarette marks Scratches or wrinkles 
Wearing or detachment of 

the finishing layer 

    

Stains 
Cracking of elements 

and/or joints 
Detachment or loss of 

wood elements 
Broken or splintered ele-

ments 

    
Rot Disaggregation Moisture stains Pulverulence 

    

Xylophage attack 
Wear of the wood mate-

rial 
Loss of the filling mate-

rial of the joints 
Change of the joint size 

Figure 1. Illustrative examples of the anomalies observed in the wood floorings analysed.
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Table 1. Degradation levels of aesthetic anomalies.

Anomalies % Affected Degradation Level (kn)

Colour change

0–20 1

20–60 2

60–90 3

90–100 4

Cigarette marks
0–20 3

20–100 4

Scratches or wrinkles

0–20 1

20–60 2

60–90 3

90–100 4

Wearing or detachment of the
finishing layer

0–20 1

20–60 2

60–90 3

90–100 4

Stains

0–10 1

10–20 2

20–60 3

60–100 4

Anomalies due to inadequate
maintenance

0–20 1

20–60 2

60–90 3

90–100 4

Wear of wood material

0–10 1

10–50 2

50–90 3

90–100 4

Table 2. Degradation level of joint anomalies.

Anomalies % Affected Degradation Level (kn)

Colour change

0–20 1

20–50 2

50–90 3

90–100 4

Detachment or loss of the
filling material of the joints

0–20 1

20–50 2

50–90 3

90–100 4

Change of joint size

0–20 1

20–50 2

50–90 3

90–100 4
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Table 3. Degradation levels of functional anomalies.

Anomalies % Affected Degradation Level (kn)

Warping, swelling or other
flatness deficiencies

0–10 1

10–30 2

30–90 3

90–100 4

Cracking of elements and/or
joints

0–10 1

10–40 2

40–90 3

90–100 4

Broken or splintered elements

0–5 1

5–10 2

10–50 3

50–100 4

Rot

0–5 1

5–10 2

10–50 3

50–100 4

Moisture stains

0–5 1

5–20 2

20–50 3

50–100 4

Disaggregation

0–10 1

10–40 2

40–90 3

90–100 4

Pulverulence

0–10 1

10–30 2

30–90 3

90–100 4

Xylophage attack
0–30 3

30–100 4

Loss of wood elements

0–5 2

5–20 3

20–100 4

In this study, only the anomalies arising from use and due to the natural degradation
process are considered, thus not contemplating major design or constructive errors (e.g.,
the presence of sapwood is considered a design characteristic and not an anomaly, in
other words, it may be considered as a defect, but it is certainly a constructive defect), nor
discrete events (such as vandalism actions). These phenomena are not considered, as they
do not represent the natural evolution of the degradation of wood floors over time and are
therefore not liable to be mathematically modelled.

These percentages were defined based on experts’ opinions, considering the patho-
logical context of the wood floors analysed, also taking into account and calibrating the

52



Buildings 2021, 11, 23

degradation scale initially proposed by Prieto and Silva [18] for wooden façades. Each
anomaly is rated on a discrete scale from 0 to 4, according to the following definitions:
level 0 corresponds to a floor with no visible degradation; level 1 to the presence of visible
anomalies, even though the floor remains in a good overall condition; level 2 to a floor that
shows slight degradation signs; level 3 to a floor that shows moderate degradation; and
level 4 to a floor that presents generalized degradation.

In this study, the service life prediction method initially proposed by Gaspar and de
Brito [14,15] is adopted. This methodology is a deterministic empirical method, which
intends to evaluate the loss of performance (or the evolution of degradation over time) of
wood floorings in real service conditions and in different phases of their service life. The
inclusion of the value of the areas affected by each type of anomaly in the proposed model
allows assessing the extent of degradation and in parallel proceeding to the respective
weighting in relation to the level of severity of each one. In this empirical method, the
qualitative levels of degradation presented in Tables 1–3 are converted into quantitative
information, in other words, a numerical index that establishes the overall degradation
condition of the flooring, called severity of degradation (Sw). This numerical index is given
by the ratio of the weighted degraded area to a reference area, equivalent to the whole
flooring with the highest possible degradation level—Equation (1).

Sw,wf = (∑(Ae·kn·ka,n) + ∑(Af·kn·ka,n) + ∑(Aj·kn·ka,n))/(A·∑(kmax)) (1)

The parameters that are taken into account in the equation that is associated with the
model used are: Sw,wf—severity of degradation of the wood floorings, in %; A—flooring
area (m2); Ae—area affected by aesthetic anomalies (m2); Af—area affected by functional
anomalies (m2); Aj—area affected by joint anomalies (m2); kn—multiplication factor for
anomaly n, as a function of its degradation level (k varies between 0 and 4); ka,n—weighting
coefficient corresponding to the relative weight of the detected anomaly; ∑(kmax)—sum
of the weighing constants, corresponding to the highest possible level of degradation
(4 + 4 + 4).

Therefore, after collecting fieldwork information on the degradation condition of
the various wood floorings analysed, their service life is predicted using a graphical and
statistical analysis of the evolution of their severity of degradation index over time.

To estimate the severity of degradation index, the weighting coefficients presented
in Tables 4–6 are used. These coefficients allow obtaining values closer to reality, in
other words, values that reflect, in a more adequate way, the reality observed during the
inspections carried out on the floorings. The weighting coefficients are defined considering
the repair costs of each anomaly, as well as the propensity of the anomaly to cause new
anomalies or increase the propagation rate of the existing ones, and the effects of the
anomaly in decreasing the capacity of the flooring to fulfil the minimum performance
requirements.

Table 4. Weighting factors associated to functional anomalies.

Anomalies Weighting Factor (ka,n)

Warping, swelling, or other flatness deficiencies 1.2

Cracking of elements, joints, or both 1.2

Broken or splintered elements 1.2

Rot 1.2

Moisture 1.2

Disaggregation 1.2

Pulverulence 1.2

Xylophage attack 1.2

Crumbling 1.2
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Table 5. Weighting factors associated to aesthetics anomalies.

Anomalies Weighting Factor (ka,n)

Colour change 0.6

Cigarette marks 0.6

Scratches or wrinkles 0.6

Wearing or detachment of the finishing layer 0.6

Stains 0.6

Improper maintenance 0.6

Wear 0.6

Table 6. Weighting factors associated to joint anomalies.

Anomalies Weighting Factor (ka,n)

Colour change 0.6

Detachment or loss of the filling material of the joints 1

Change of joint size 1

3. Results and Discussion

3.1. Definition of a Degradation Curve for Wood Flooring Systems

In this study, and through the adoption of the proposed model, the evolution of the
degradation condition of wood floorings over time can be characterised by a degradation
curve. This curve (Figure 2) is a graphical representation of the evolution of the degradation
condition of wood floorings over time, and is obtained through a regression analysis
between the numerical index that expresses the degradation of wood floorings (Sw,wf) and
their age, considering the sample analysed in the fieldwork survey. The regression model is
used to evaluate the variability of y (i.e., the severity of degradation index) that varies with
the variability of x (i.e., the age of the wood floors) [16], or in other words, the regression
analysis allows identifying the percentage of the variability of the severity of degradation
of wood floors that are explained by their age.
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Figure 2. Regression analysis between the numerical index that expresses the degradation of the
96 wood flooring systems (Sw,wf) and their age.

In this study, a linear degradation pattern is adopted to describe the degradation
of the sample analysed (97 wood floorings). According to various authors [20–23], a
linear degradation pattern is adequate and valid to describe the degradation of interior
components, in standard service conditions. This pattern describes a time-dependent
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linear degradation of wood floorings, which are subjected to consistent and continuous
degradation agents over their service life, especially, when the floorings’ users are the
same throughout their lifetime, adopting consistent conditions of use and maintenance.
Moreover, the climatic degradation agents (e.g., UV radiation, humidity, and temperature)
acting on the interior floors are less aggressive and less variable (e.g., interior floors are not
subjected to rainfall and direct solar radiation, whose intensity varies over the year, as well
as during the day) than the agents acting on the external claddings [24].

The estimated service life of the wood flooring systems can thus be determined based
on this overall degradation curve, through the intersection between the degradation curve
and the theoretical limit adopted to establish the end of service life of this component.
As mentioned in various studies [16,25], the end of service life is a conventional limit
that it is not easy to specify, which relies on subjective criteria as the users demands and
expectations, the funds available for maintenance actions, among other parameters, are
difficult to model.

Figure 3 shows different examples of three levels of severity of degradation of wood
floorings, revealing that a flooring with a severity of degradation of 20% still presents an
adequate condition level, and therefore, adopting a maximum severity of degradation of
20% seems excessively conservative to establish the end of service life of wood flooring
systems. Conversely, a floor with a severity of degradation of 40% already shows clear
signs of generalised deterioration, and the presence of some anomalies that compromise
the floors’ functionality. In this sense, a limit of 40% for the severity of degradation, to
establish the end of service life, seems too high and inadequate to fulfil the users’ demands.
Therefore, in this study, it is assumed that a severity of degradation of 30% corresponds to
the end of service life of a wood flooring.

 

 
Sw,wf = 20% 

 

 
Sw,wf = 30% 

 

 
Sw,wf = 40% 

Figure 3. Illustrative examples of the overall condition of the wood floorings for different levels of the severity of
degradation index.

Having established this limit, the estimated service life of the wood flooring systems
can be obtained graphically; for the sample analysed and based on the overall degradation
curve defined in Figure 2, an estimated service life of 44 years is obtained, which is in
accordance with the literature and empirical knowledge about the durability of these
elements. According to the existing literature on the durability of wood flooring systems,
the service life of these floors can vary significantly. Nebel et al. [26] obtained an estimated
service life of 10 years for multilayer parquet, while Seiders et al. [27] state that a floor
can last up to 100 years, with a service life similar to the building’s. Anderson et al. [28]
obtained an estimated service life of 20 years for multilayer parquet glued to the substrate.
Nebel et al. [26], for 8 mm parquet and 10 mm parquet, obtained an estimated service
life of 25 years. Jönsson et al. [29] and Jönsson [30] estimated a service life of 40 years for
pine flooring. Scharai-Rad and Welling [31] and Petersen and Solberg [32] suggested a

55



Buildings 2021, 11, 23

service life of 45 years for oak flooring, while Eaton and Hale [33] and Asdrubali et al. [34]
state that oak woods present an estimated service life ranging between 35 and 50 years.
Adalberth [35] and Mithraratne and Vale [36] obtained an estimated service life of 50 years,
for 22 mm parquet. Gunther and Langowski [37] obtained an estimated service life of
more than 50 years for parquet. Aktas and Bilec [38] concluded, with an 80% confidence
interval, that the service life of a wooden housing floor is, on average, 40 years. This
confidence interval was defined in accordance with ISO 15686-1 [39], to define minimum
and maximum limits for the variance of the results of the estimated service life, with a
minimum of 15 years and a maximum of 73 years.

3.2. Influence of the Characteristics of Wood Flooring Systems on Their Service Life

The dispersion of values proposed in the literature for the expected service life of wood
flooring systems reveals that the wide range of characteristics of wood floorings strongly
influences their behaviour over time, affecting their durability. Reinprecht [40] refers that
the service life of wood elements depends essentially on the natural durability of the
wood, but also varies considerably according to the design characteristics, the protection
applied, and the exposure and maintenance conditions. In this sense, the evolution of
the degradation condition of wood floorings should also be analysed as a function of the
different characteristics of these floors.

In this study, different curves are proposed according to the relevant characteristics
of the wood floorings analysed. The type of wood is the first characteristic analysed, and
five categories are considered to typify the sample analysed: (i) oak; (ii) eucalyptus; (iii)
mahogany; (iv) pine; and (v) tropical woods (e.g., Couratari oblongifolia, Dipteryx odorata
and Diplotropis sp.). In the sample analysed (Figure 4), oak and eucalyptus wood floorings
present the lower estimated service lives, around 33 years, followed by mahogany floors,
with an estimated service life of 35 years, and by tropical woods, with an estimated service
life of 43 years, and, finally, by pine wood floorings, with an estimated service life of
50 years.
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Figure 4. Regression analysis between the numerical index that expresses the degradation of the 96 wood flooring systems
(Sw,wf) and their age, according to the type of wood.

Various studies [41,42] emphasise the crucial role of the natural durability of the wood
species on the service life of a wood flooring. The results obtained may seem incongruous
with the empirical perception regarding the durability of wood species. Usually, pine is
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considered as a less durable type of wood and non-resistant to decay due to xylophage
attack [43,44]. However, as a natural material, the physical properties of a wood element
vary significantly, even within the same wood species [45]. Cruz et al. [46] refer that,
usually, the wood species are divided into softwood (e.g., pine) and hardwood (e.g., oak,
eucalyptus, and some tropical species) and among hardwood species, the properties of
wood range between not very resistant nor durable to very resistant and durable woods
(as some Brazilian species, as the ones included in the category “tropical” analysed in the
present study).

Therefore, the results reveal three major conclusions (the sample analysed is relatively
small, so the results should be analysed with some caution): (i) oak, eucalyptus and
mahogany species present similar degradation curves, revealing lower estimated service
lives than tropical or pine wood floorings; (ii) tropical floors are usually more durable,
since more naturally durable wood species have been applied while greater care was taken
at the time of execution given the specificity of the material, and greater attention is taken
in the floors’ maintenance; and, (iii) the main reason why pine floors are more durable,
within the sample analysed, is because 75% of the pine floors inspected are traditional tiles,
which have a significant thickness, and whose maintenance implies polishing and applying
wax, as a protective layer, weekly or monthly, thus mitigating anomalies that may occur
over the service life of the floor.

In this sense, while the quality of the wood used is undoubtedly relevant to the service
life of wood flooring systems, correct design also plays an important role [34]. In the
sample analysed, three types of floor solutions are analysed [47–49]: (i) parquet, consisting
of a set of wooden slats, with a total thickness around 8 mm; (ii) traditional floorboard,
entailing several wooden strips that can be solid or laminated, with a thickness between
18 and 20 mm; and (iii) traditional tiles of solid wood, with a thickness between 17 and
22 mm. The degradation curve obtained according to the type of floor (Figure 5) reveal that
parquet floors are the less durable of the sample analysed, with an estimated service life
of 33 years, followed by traditional floorboard, with an estimated service life of 37 years,
and by traditional tiles, with an estimated service life of 49 years. The thickness of the
wood elements seems to play an important role in the durability of the wood floorings;
naturally, thicker floorings, have longer estimated service lives, in addition to allowing
more intrusive maintenance actions, which allow extending the service life of the elements
in more adequate conditions of use.
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Figure 5. Regression analysis between the numerical index that expresses the degradation of the 96 wood flooring systems
(Sw,wf) and their age, according to the type of flooring system.

Other intrinsic characteristics of wood may also be analysed, as its hardness, which is
a relevant property for the selection of a given wood used in flooring indoors [50,51]. The
hardness of the wood elements is intrinsically related with their density, which depends
on several factors, such as the tree species and growing conditions, which are variable
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in the same species and in the same tree [3]. In this sense, the sample analysed was
divided into two categories: (i) softwood species, which usually present lower densities [3];
and (ii) hardwoods, usually more resistant to impacts, scratches, and wear [52,53]. Due
to the multiplicity of characteristics that influence the hardness and density of a wood
species, it is not possible to draw unequivocal conclusions regarding the impact of this
characteristic in the service life of wood flooring, but Figure 6 presents some statistical
analysis regarding the influence of the wood’s hardness in the presence of related anomalies,
revealing that hardwood floorings are less prone to suffer scratches, wrinkles, and wear of
the wood material.

Figure 6. Statistical analysis of the presence of scratches or wrinkles and wear of the wood material, according to the
hardness of the wood.

The type of surface coating of the wood floorings is also a relevant parameter to protect
the floors from liquid water and direct UV radiation, avoiding anomalies that compromise
the natural and aesthetic characteristics of the wood floorings, while increasing the service
life of these floors [54]. Concerning the type of coating of the wood floorings, three types of
protection treatments are analysed: (i) oil-based matte finishes; (ii) wax; and (iii) varnish.
Figure 7 shows the degradation curves obtained for the sample under analysis, according
to the surface coating. The sample corresponding to the oil-based matte finishes is small
(7 case studies) and the older case study has 26 years, and therefore, no unequivocal
conclusions can be drawn regarding the influence of this coating on the service life of wood
floorings. The varnish coatings present a lower estimated service life (around 38 years),
when compared with wood floorings with a wax coating (with an estimated service life
around 52 years).
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Figure 7. Regression analysis between the numerical index that expresses the degradation of the 96 wood flooring systems
(Sw,wf) and their age, according to the surface coating.
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Richardson [55] states that varnish can be an attractive solution to protect wood
applied in interiors, but almost all varnishes suffer from a preferential wetting failure due
to the fact that varnish is hydrophobic, and wood is hydrophilic, and in the presence of
water, the interaction between the two materials may privilege the deterioration of the
wood elements. Moreover, when exposed to the direct incidence of UV radiation, varnishes
tend to oxidize and become opaque. Specifically, varnish degrades over time, and its
efficiency is limited in time, losing elasticity, and becoming brittle, thus making the wood
susceptible to various agents of deterioration. Unlike varnish, which is usually applied
as a protective film, wax is usually impregnated in the wood [56], with generally longer
periods of action, increasing the dimensional stability of the wood floorings exposed to
moisture [57], and promoting a more homogeneous and regular degradation of the wood
floorings over time. Furthermore, in Portugal, wood floorings with wax coatings tend to
be maintained more regularly, with the removal of old wax and application of a new layer
of wax.

The installation of wood floorings in contact with moisture or near moisture sources
is seen as a risk factor that promotes the deterioration of these flooring systems [19,58].
Various studies [18,59,60] identify the presence of moisture as one of the main causes of
anomalies in wood used as coating material. Figure 8 presents the degradation curve
of wood floorings according to the exposure to moisture sources (e.g., sanitary facilities,
kitchens). In the sample analysed, a wood flooring near to moisture sources has a 70%
probability of presenting some anomaly related to the presence of water (e.g., moisture
stains, rot, cracking). The results obtained confirm the that a wood flooring near or exposed
to moisture sources reaches the end of its service life sooner (after 38 years) than a flooring
protected from moisture sources, which only reaches the end of its service life after 45 years.
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Figure 8. Regression analysis between the numerical index that expresses the degradation of the 96 wood flooring systems
(Sw,wf) and their age, according to the exposure to moisture sources.

The degradation of wood floorings also occurs due to the action of mechanical or
some chemical actions [46]. In the sample analysed, the case studies are not subjected to
chemical degradation agents and, therefore, this degradation mechanism is not considered.
On the other hand, the use conditions influence the degradation of the wood floorings
analysed. Figure 9 shows two degradation curves according to the type of use and to
the in-use conditions. First, the analysis of the type of use reveals that wood floorings in
services buildings present a higher estimated service life (around 51 years) than floors in
housing (with an estimated service life around 40 years). This result reveals that, even
though the floorings in services buildings are more exposed to an intense circulation and
use, a more frequent and careful maintenance increases their estimated service life.
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Figure 9. Regression analysis between the numerical index that expresses the degradation of the 96 wood flooring systems
(Sw,wf) and their age, according to the type of use (a) and in-use conditions (b).

Moreover, in housing, some case studies are exposed to the presence of pets, children
and some are used to have meals, which increases the risk of impacts and presence of
liquids. When this risk is analysed, as in Figure 9b, an increased risk of impacts and
presence of liquids leads to a lower estimated service life (around 39 years) than floors
in normal in-use conditions (with an estimated service life of 45 years). A more detailed
analysis is performed, evaluating the differences in the expected service life of wood
floorings according to the house room, and although these values should be analysed
with caution, given the small sample size, the following conclusions can be drawn: (i)
dining rooms present the lowest estimated service life, around 28 years; (ii) followed
by entrance halls, in which the circulation is more intense, with an estimated service
life of 38 years; (iii) in third place come bedrooms, with an estimated service life around
42 years; (iv) classrooms and living rooms present estimated service lives of 46 and 47 years,
respectively; and (v) finally, offices present an estimated service life of 49 years.

These results reveal two conflicting phenomena: on the one hand, floorings with more
intense circulation should have lower estimated lives and this occurs in the case of halls.
However, in the case of public buildings, offices and even classrooms, although circulation
is more intense, maintenance is also more thorough and frequent, which counteracts with
the higher rate of degradation of spaces. In other words, maintenance helps to preserve
floors in adequate conditions for a longer time, while in residential buildings maintenance
actions tend to be postponed, sometimes due to economic reasons.
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Various studies [61,62] reveal the relevance of maintenance to mitigate the degradation
of wood flooring systems and the impact of these actions to extend the floor’s service
life. In the sample analysed, the frequency of maintenance actions is divided into three
categories, according to the information collected during the fieldwork survey, leading to
the following results: (i) dry and wet cleaning, performed weekly, with an estimated service
life of 44 years; (ii) dry cleaning, performed weekly, and wet cleaning performed monthly,
with an estimated service life of 43 years; and (iii) dry and wet cleaning, performed monthly,
with an estimated service life of 43 years. The differences obtained are insignificant, since
all the case studies are frequently subjected to maintenance actions and, therefore, the
impact of having regular maintenance cannot be fully evaluated. The type of maintenance
varies between floorings, being more or less strict depending on the users; however, the
actions carried out are not evaluated in detail (e.g., the cleaning products applied), thus not
allowing assessing of the differences between the types of maintenance carried out in the
different floorings analysed. The impact of the maintenance it is therefore more perceptible
when other characteristics of the floorings are analysed, such as the surface protection or
conditions of use, where the type of maintenance has an indirect impact on the floorings’
service life according to these characteristics.

4. Conclusions

This study proposes an empirical degradation model to evaluate the on-site perfor-
mance of wood flooring systems, considering a sample of 96 case studies. The evolution
of the degradation condition of the sample analysed is discussed as a function of the
different characteristics of these floors, and an estimated service was obtained for each
one of the characteristics analysed. Table 7 presents a summary of the results obtained
for the various characteristics of the wood floorings analysed. The sample analysed is
small, from a statistical point of view; nevertheless, some statistically significant values
were obtained. In this sense, a deeper statistical analysis (e.g., a multiparametric statistical
analysis) would lead to debatable results, as the sample size could lead to the bias of the
conclusions obtained. In future studies, with the improvement of the sample, it will be
possible to carry out multiple regression analyses, which made it possible to consider the
simultaneous effect of several variables on the degradation of wood floors.

The results obtained revealed, as expected, that the wide range of characteristics of
wood floorings strongly influence their behaviour over time, affecting their durability. In
the sample analysed, serious errors of construction or use are not considered. Additionally,
when severe situations of degradation occur, the users usually perform maintenance and
repair actions, in order to mitigate the progression of the degradation of the wood floorings,
and, in some cases, restore their initial performance. In the sample analysed, all floorings
are regularly maintained, which explains why this parameter, when grouped into the three
categories considered, which already include a high maintenance periodicity, does not lead
to significant differences in the overall service life of the wood floorings.

Moreover, the type of maintenance performed, as well as the cleaning products
applied, are difficult to assess and can affect the state of degradation of the wood floorings.
These conditions of maintenance are indirectly reflected on the use conditions. The type of
use shows a variation in the estimated service life of 11 years, between floorings in public
spaces and floorings in housing. The in-use conditions seem to be less relevant, with a
lower impact on the overall estimated service life, with a small variation in the estimated
service life (ESL) obtained for floorings exposed to high risks of impact and presence
of liquids and floorings in normal conditions of use. The level of the users’ demands
associated with the sample analysed can also explain this result, since users that are more
careful tend to lighten the relevance of this parameter.

The presence of moisture leads to a variation in the estimated service life of wood
floorings of seven years, revealing that the proximity of a moisture source increases the
incidence of anomalies related with this degradation agent, thus reducing the service life
of these floorings.
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Table 7. Summary of the estimated service life obtained according to the different wood floorings’ characteristics.

 

Regarding the type of protection or finishing, the type of wood, and the type of
flooring, these characteristics show a very significant impact on the estimated service
life, in other words, a variation of 18, 17, and 16 years, respectively, is obtained for these
characteristics. Therefore, these characteristics significantly influence the durability and
service life of wood floorings, considering the high variation obtained for the estimated
service life as a function of these characteristics, taking into account that the estimated
service life of the overall sample is 44 years. This result confirms the influence of the
susceptibility of wood to degradation mechanisms and the impact of design in the estimated
service life of wood flooring systems.

The results obtained in this study allow quantifying of the variability introduced by
the different characteristics of the wood floorings on their estimated service life, leading to
an estimation in years, which is the first step to adopt more sustainable solutions during
the design stage, adopting preventive measures and selecting adequate solutions for an
intended use. By understanding the degradation mechanisms of the wood floorings and
based on the results obtained in this study, the durability of wood floorings can be increased
through the adoption of regular inspections and maintenance actions, thus promoting the
sustainability of the solution and reducing its environmental impacts.
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Abstract: Now more than ever, the construction sector is aiming to adopt more sustainable solutions.
To achieve this purpose, more durable solutions must be adopted, making rational decisions at the
design and maintenance stages regarding the conditions of environmental exposure and use. In this
sense, knowledge regarding the service life of building components is crucial. This knowledge should
not be a general concept, or a standard value, and adapting practices from one country to another is
extremely challenging. In this sense, this study analyses the service life of natural stone claddings. We
adopt a methodology initially proposed for Lisbon (Portugal), intending to evaluate its applicability
to other geographical contexts, in order to perform a more reliable service life prediction of stone
claddings located in Tehran (Iran). An estimated service life of 65 years was obtained for a sample
of 162 stone claddings directly adhered to the substrate, located in Tehran, which were analysed
by in situ inspections. The impact of different conditions (e.g., type of stone and environmental
exposure conditions) on the service life of stone claddings in Tehran was quantified, which revealed
that the exposure to environmental agents, such as wind, rain and pollutants, is the main cause of
degradation of the natural stone claddings.

Keywords: durability; in situ inspections; service life prediction; natural stone claddings

1. Introduction

The durability of buildings is one of the fundamental elements in assessing the quality
of life of contemporary societies and is indispensable to their social and economic stabil-
ity [1]. The durability of buildings can be jeopardised by increasing the degradation of
their components, resulting from the natural ageing process of materials [2], leading to the
loss of a building’s performance [3]. Due to this degradation process, the buildings tend
to become obsolete and unable to meet the performance demands established during the
design stage [4]. Therefore, the service life prediction of building elements is of utmost
value for a more sustainable environment [5]. The knowledge about the durability of
building elements allows a more rational management of resources, which can reduce the
economic and environmental costs of buildings during their lifetime [6].

Building components are categorised in various studies [7–10] according to the time
they take to reach the end of their service life, i.e., as durability layers. The façade is
considered the “skin” of the building, acting as a protective layer against environmental
degradation agents [2]. Therefore, the cladding is more prone to anomalies [11], which
is why the building envelope failures can be held accountable for more than 50% of all
building deficiencies [12]. The adoption of natural stone as a cladding solution is growing
due to its durability and mechanical strength [13].
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A review of the literature shows that a variety of approaches can be used in the
description of models to replicate the degradation of façade claddings during their lifetime.
Gaspar and de Brito [14] classified these under two categories, namely, (i) laboratory testing
and (ii) fieldwork surveys, to evaluate the degradation condition of the elements in real
exposure situations. In spite of using laboratory testing methods because of the quickness
with which they yield results [15], some authors indicate that the simulation of the complete
effect of environmental agents that simultaneously contribute to the degradation of the
building elements is not possible in such an artificial environment, since the degradation
effects are analysed in a much reduced way [16]. In addition, real life situations and
the synergy between different degradation agents are difficult to model in a laboratory
setting [17]. The studies conducted by Searls and Tomasen [18] and Henriksen [19] reveal
that laboratory tests are more appropriate to model the effects of a given degradation
agent [20].

To overcome this criticism, an evaluation of the influence of the combined actions of
different agents on claddings’ service life by observing the existing condition was used.
This research method, called ex post facto, which literally means ‘after the fact’ or ‘retro-
spectively’, refers to those studies that investigate possible cause-and-effect relationships
by examining the elements under analysis in real situations and searching back in time
for plausible causal factors [21]. This course of action to assess the durability of building
components was conducted in several studies [22–28].

However, most of the research in the field of the degradation processes of exterior
claddings in real conditions in retrospect have been carried out in a specific region with a
specific climate type, and the identification of the influence of some properties on the evolu-
tion of the degradation can come to the light by comparing the same building components
in different climate types. In this sense, Haagenrud [3] suggests that the relation between
the degradation agents and their effects on the degradation process can be explained when
the different geographical coordinates and climates are taken into consideration in the
characterisation and mapping of the most significant degradation agents. Therefore, the
impact of environmental agents and façade specifications determined by comparing the
natural stone cladding behaviour in Tehran (Iran) and Lisbon (Portugal), performed within
a PhD study [29] and unique in the literature, is described in this study.

Regardless of the innovations in cladding materials used in exterior walls, natural
stone is still one of the most efficient and durable options [13]. Therefore, this cladding
solution was selected as a case study in the present study. For decades, many methods
to determine the adherence of stone plates to a building’s external walls have been de-
veloped, which can be classified under the headings of (i) a ‘direct fastening system’,
which corresponds to the complete bond between the substrate and the stone elements,
and (ii) an ‘indirect fastening system’, adopting mechanical anchorage methods [30,31].
Considering the fact that the indirect fastening system is a relatively new technology and
that it is therefore difficult to find a significant number of case studies, natural stonewall
claddings with a direct fastening to the substrate were chosen in the current study. The
sample analysed comprises 203 stone claddings located in Lisbon (Portugal) and 162 stone
claddings in Tehran (Iran), which were inspected in situ.

The aim of this study is essentially to propose an empirical method to establish a
degradation path for stone claddings over time, through a simple tool to predict the service
life of these claddings, considering characteristics that can be easily assessed by visual
inspections in situ. This study intends to analyse and quantify the impact of different
factors, such as the characteristics of the stone elements and environmental exposure
conditions on the service life of natural stone claddings in Tehran. This knowledge is
extremely useful for the adoption of more sustainable and rational solutions at the design
stage, as well as for the definition and optimisation of maintenance strategies to promote
the durability of these claddings.
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2. Materials and Methods

2.1. Climatic and Environmental Exposure Conditions

In this study, according to Haagenrud [3], different geographical coordinates and
climates are taken into consideration at various scales. The macro scale usually describes the
overall meteorological conditions based on meteorological indicators (e.g., air temperature,
precipitation, among others). Tehran is categorised as having a cold semi-arid climate (BSk)
based on the Köppen–Geiger classification [32], which denotes that at least one month’s
average temperature is below 0 ◦C. By contrast, the Lisbon area is situated in a hot summer
Mediterranean climate (Csa), where the average temperature is above 0 ◦C even in the
coldest months. With respect to the meso climate, the effects of the ground and of the
built environment are considered. In this context, Tehran is spread from 35◦34′ to 35◦51′
north latitude and from longitude 51◦06′ to 51◦38′ east with an average elevation of
1190 m, comprising 22 regions. The current study focused on the sixth district, which is
geometrically located in the centre of Tehran and was founded in the 1950s (Figure 1).

Figure 1. Map of the 6th district, located in the centre of Tehran.

The other research area is in the Lisbon area at 42◦38′ north latitude and 09◦08′
west longitude, located in western Portugal on the estuary of the Tagus River along the
Atlantic coast.

The impact of environmental conditions on cladding degradation varies according to
the building’s exposure circumstances, which mainly depends on the local climate [33,34].
Accordingly, the local specifications, i.e., the local conditions in the building’s proximity,
were collected at the data acquisition stage.

2.2. Data Acquisition and Limitations of the Method Proposed

As Silva et al. [2] mentioned, in order to appraise the service life of building elements
considering their current condition, various methods can be used, including destructive
and non-destructive tests carried out in situ. The former procedures, however accurate
in regarding the information provided, usually demand costly equipment, in addition
to requiring repair actions afterwards. By contrast, the latter techniques, notably visual
inspections, are generally fast, less expensive and adequate to establish the degradation
condition of the elements under analysis [35]. Moreover, in most real situations in the
geographical contexts analysed, the maintenance actions are carried out based on subjective

69



Buildings 2021, 11, 438

criteria that depend on the users’ perception of the state of degradation of the façades
acquired through simple visual inspections.

Consequently, in the current study, an in situ survey of buildings, through visual
inspections, was used to collect data regarding the degradation condition of natural stone
claddings. The fieldwork survey encompasses the following steps (Figure 2): (i) each
case study is selected and characterised based on complementary information, such as
the location of the case study, existing drawings and other relevant documents from the
municipality; (ii) an inspection file is used to collect all the relevant information to charac-
terise the case study (e.g., façade’s dimensions, exposure conditions and the description
of the anomalies observed, as well as the area of the façade affected by these anoma-
lies); (iii) during fieldwork, the case study is photographed, and, aided by diagrammatic
sketches, the anomalies observed are identified and their extent is quantified using design
and calculus software.

Figure 2. Illustrative example of one case study analysed in Tehran: (a) photograph of the façade; (b) diagrammatic
sketch to represent the anomalies observed; (c) direct measurements and identification of different anomalies in the natural
stone cladding.

The method proposed, in which the fieldwork is based on visual inspections only,
presents some limitations regarding the collection of relevant information to characterise
some properties of the claddings, namely (i) the factors related to the characteristics of
the materials applied in the execution stage, such as the bonding material applied or the
material used to fill the joints, cannot be determined during the visual inspections; (ii) the
execution conditions and the level of control over the construction processes (e.g., the
quality of the workforce work, material storage environments, among others) are also
difficult or even impossible to characterise. The use of inadequate materials or execution
errors irreparably affect the durability of stone claddings, but there is a lack of information
in municipalities about the execution processes, which do not allow consideration of these
factors when using visual inspections only. However, in this study, the case studies that
presented anomalies due to clear execution errors or choice of inappropriate materials
were excluded from the analysis, as they do not characterise the physical degradation
phenomenon of natural stone claddings.

Information about the maintenance and rehabilitation actions carried out on the
façades analysed was collected in the municipalities and through contact with the own-
ers. The type of actions carried out is not within the scope of this study, as the models
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consider the natural evolution of degradation of stone claddings without maintenance.
In other words, the “age” is considered as the period since construction/last interven-
tion/maintenance action until the inspection time.

Despite these limitations, the method used has numerous practical advantages. The
main advantage relies on the time required to obtain relevant results regarding the influence
of exposure conditions on the degradation of the claddings. The combined action of
the degradation agents is not easily reproduced. In this sense, the field data on the
degradation condition of buildings should be used when possible, since they provide
relevant information on the real degradation of components when exposed to a particular
set of degradation agents, which act simultaneously and synergistically, whose action it is
not possible to simulate with precision in an artificial way.

3. Description of the Samples Analysed

Accordingly, with respect to the samples located in the Lisbon area, fieldwork data
from previous research [22,24] were analysed in this study, related to the inspection of
203 stone claddings. The newest building was built in 2008, and the oldest building was
built in 1891 (being subjected to a maintenance intervention in 1948). As for the case studies
in Tehran, based on the research of Silva et al. [22] for the classification system of anomalies
in stone claddings with direct fastening to the substrate, a visual inspection plan was
developed. This fieldwork generated data from 52 buildings in the sixth district of the
Tehran (Iran) area, whose claddings presented various anomalies, totalling 162 case studies.
In the Tehran dataset, the oldest building is from 1969 and the newest one from 2010. The
resulting data can generally be arranged into the headings of “materials’ characteristics”
and “defects”. The former category comprises the type of stone, size and colour; the type
of finishing; and the position of the cladding in the façade; in addition, complementary
information (e.g., orientation, exposure to wind-driven rain, among other parameters) was
collected in advance to put each case study into a better perspective (Table 1).

Table 1. Description of the samples collected in Tehran and in Lisbon.

Cladding Characteristics
Tehran (162 Cases) Lisbon (203 Cases)

Number of Cases % of Cases Number of Cases % of Cases

Type of Stone
Granite 52 32.1% 54 26.6%

Limestone 47 29.0% 72 35.5%
Marble 63 38.9% 77 37.9%

Colour of natural
stone

Light colours 101 62.3% 134 66.0%
Dark colours 61 37.7% 69 34.0%

Type of finishing Smooth 108 66.7% 96 47.3%
Rough 54 33.3% 107 52.7%

Size of stone plates Medium size 105 64.8% 129 63.5%
Large size 57 35.2% 74 36.5%

Location of the
cladding

Integrally or partially
elevated 116 71.6% 61 30.0%

Partial bottom 46 28.4% 142 70.0%

Orientation

South/southwest 20 12.3% 35 17.2%
East/southeast 32 19.8% 60 29.6%

West/northwest 32 19.8% 51 25.1%
North/northeast 78 48.1% 57 28.1%

Height of the
building

Current (≤5 floors) 122 75.3% 110 54.2%
High (>5 floors) 40 24.7% 93 45.8%

Use of the building Residential 149 92.0% 104 51.2%
Mixed use 13 8.0% 99 48.8%

Exposure to
wind/rain

Moderate 58 35.8% 170 83.7%
Severe 104 64.2% 33 16.3%
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According to Silva et al. [2,22], four groups of anomalies are considered:

(i). Aesthetic degradation, which has a visual impact on the cladding, not jeopardising
its integrity; these anomalies can be observed in most stone claddings and tend to
occur prematurely;

(ii). Joint defects, which affect the proper functioning of the joints of the cladding and can
promote the occurrence of new anomalies;

(iii). Fastening to the substrate that jeopardises the claddings’ and the users’ safety;
(iv). Loss of integrity due to the modification of the physicochemical properties of the

stone (e.g., due to the exposure to pollutants), leading to irreversible changes in the
physical and aesthetic properties of the claddings.

From the preliminary analyses of the data collected, as shown in Figure 3, the most
and least frequent defects detected during the fieldwork in both research areas are aesthetic
anomalies and those related to the fastening to the substrate, respectively. In the Tehran
dataset, the aesthetic anomalies are followed by defects related to the loss of integrity (32%)
and, finally, joint defects (15%). On the contrary, the analysis of the Lisbon cases shows
joint defects in 29% of the inspected façades, while the defects associated with the loss of
integrity occur in 28% of the case studies analysed.

Figure 3. Statistical analyses of the defects observed in the case studies analysed.

The frequency of the different defects in the aesthetic anomalies group observed in the
cases under analysis can be compared in Figure 4. Among the aesthetic degradation defects
in both research areas, superficial dirt, caused by the accumulation of pollution debris on
the façade, is the most common one. In Tehran, this is followed by colour change and stains
(occurring in 46% and 44% of the sample analysed, respectively), while an inverse tendency
in these defects is observed in the inspected façades in Lisbon. The fourth ranked frequency
of the aesthetic degradation defects observed in both fieldwork surveys relates to flatness
deficiencies, which is followed by efflorescence and biological colonisation, respectively, in
Tehran, whilst the Lisbon samples exhibit inverse behaviour. The incidence of vegetation
growth only occurs in the Lisbon sample.

Concerning the defects related to the joints, as shown in Figure 5, degradation of the
materials used to fill the joints is more frequent than the loss of material (which corresponds
to a more serious defect with severe consequences, such as penetration of water in the
substrate). Concomitantly, given the higher age of the samples under analysis in Lisbon
(less than 89 years) than in Tehran (less than 48 years), the first sample was naturally
subjected for a longer period to the degradation mechanisms, thus leading to a higher
incidence of joint defects.
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Figure 4. Frequency of the defects in the aesthetic anomalies group observed in the samples under analysis.

Figure 5. Frequency of the joints’ defects in the samples under analysis.

Concerning the defects related to the fastening to the substrate (Figure 6), the scaling
of the stone near the edges is the major defect in the sample analysed. This is followed by a
partial loss of stone material and detachment, respectively, while a partial gap in the stone
elements does not occur in any inspected cases in Tehran. Conversely, the analysis of the
Lisbon data reveals that the presence of partial gaps in the stone elements is the second
most common defect, followed by a partial loss of stone material.

Notwithstanding the lower age of the studied samples in Tehran (with an average
age of 26 years and a maximum age of 48 years) in comparison with those in Lisbon (with
an average age of 38 years and a maximum age of 89 years), the defects related to the
loss of integrity are more frequent in Tehran than in Lisbon, as presented in Figure 7.
This result can be justified by the presence of high levels of pollutants in Tehran, which
occasionally reach dangerous levels, jeopardising the health of its residents and their quality
of life [36,37]. Higher air pollution increases the deterioration and weathering of stone
materials [38], causing different types of anomalies related to the loss of integrity of stone
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plates (e.g., erosion). Moreover, the action of pollutants also promotes discoloration of the
stone elements [39], as observed in 46% of the Tehran sample, and a higher deposition of
sediments (Figure 4).

Figure 6. Frequency of the fastening to substrate defects in the samples under analysis.

Figure 7. Frequency of the different loss of integrity defects in the samples under analysis.

In this study, the defects inspected visually during the fieldwork survey are discreetly
ranked based on the proposal defined by Silva et al. [2,22] regarding the degradation
condition of natural stone claddings. In this classification system, which was used in
several studies [24,25,27,40], the defects are ranked from 0 (no visible degradation) to 4
(generalised degradation), considering the area of the façade affected by each anomaly and
its relative importance within the degradation scale adopted (Table 2).

74



Buildings 2021, 11, 438

Table 2. Classification of the degradation condition of natural stone claddings (data sourced from Silva et al. [2]).

Degradation Level Anomaly
% Area of Cladding

Affected (**)

Level 0 No visible degradation -

Level 1
Good

Aesthetic degradation
anomalies

Surface dirt >10%
Moisture stains

≤15%Localised stains
Colour change

Flatness deficiencies ≤10%

Loss-of-integrity
anomalies

Material degradation (*) ≤ 1% plate thickness -
Material degradation (*) ≤ 10% plate thickness ≤20%

Cracking width ≤ 1 mm

Level 2
Slight Degradation

Aesthetic degradation
anomalies

Moisture stains
>15%Localised stains

Colour change
Biological colonisation

≤30%Vegetation growth
Efflorescence

Flatness deficiencies >10% and ≤50%

Joint anomalies
Joint material degradation ≤30%
Material loss—open joint ≤10%

Fastening to the
substrate anomalies

Scaling of stone near the edges ≤20%Partial loss of stone material

Loss-of-integrity
anomalies

Material degradation (*) ≤ 10% plate thickness ≤20%
Material degradation (*) > 10% and ≤ 30%

plate thickness
≤20%

Cracking width ≤ 1 mm ≤20%
Cracking width > 1 mm and ≤ 3 mm ≤20%

Fracture ≤5%

Level 3
Moderate degradation

Aesthetic degradation
anomalies

Biological colonisation
>30%Vegetation growth

Efflorescence
Flatness deficiencies >50%

Joint anomalies
Joint material degradation ≤30%
Material loss—open joint ≤10%

Fastening to the
substrate anomalies

Scaling of stone near the edges
>20%Partial loss of stone material

Detachment ≤10%

Loss-of-integrity
anomalies

Material degradation (*) > 10% e ≤ 30% plate thickness >20%
Material degradation (*) ≤ 30% plate thickness ≤20%

Cracking width > 1 mm and ≤ 3 mm >20%
Cracking width ≥ 3 mm ≤20%

Fracture >5% and ≤10%

Level 4
Generalised
degradation

Fastening to the
substrate anomalies Detachment >10%

Loss-of-integrity
anomalies

Material degradation (*) > 30% plate thickness
>20%Cracking width > 3 mm

Fracture >10%
(*) Material degradation is meant to be every anomaly that involves loss of volume of the stone material. (**) Data from Silva et al. [2,22].

A preliminary analysis of the Tehran data shows that every cladding presents visible
defects. Most of the anomalies observed are ranked level 1 (52% of the sample), followed by
level 2 (45%) and, finally, by level 3 (3%); none of the inspected claddings belong to level 4.
In the Lisbon data, the defects ranked in level 2 are the most common with a frequency of
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55%, followed by those in levels 1 and 3, which occur in 27% and 16% of the case studies,
respectively, and, finally, anomalies related to level 4 occurred in only 2% of the façades in
question [2,22].

4. Service Life Prediction Model

According to the literature, several methods can be used to predict the service life of
claddings over time, which can be categorised as analytical, statistical, empirical and exper-
imental [41]. Regarding the probabilistic nature of degradation phenomena in addition to
the capability of statistical models to establish probabilistic and statistical means to predict
the performance and failure probability [42], the statistical model proposed by Gaspar
and de Brito [14] was adopted in the current study. This model was effectively used for
the quantification of the degradation condition of various types of claddings and in other
geographical contexts, namely in South America [43,44], and this is the first application of
this model in Asia. This approach relies on the calculation of a numerical index (severity
of degradation), which is given by the ratio among the area of the façade affected by
the different anomalies (weighted based on the degradation level and the severity of the
anomalies observed), and a reference area corresponding to the maximum hypothetical
extent of the degradation for the façade under analysis—Equation (1).

Sw =
Σ(An × kn × ka,n)

A × Σ(kmax.)
(1)

where Sw—normalised severity of degradation of the façade as a percentage; An—area of
the cladding affected by a defect n, in m2; kn—defects’ “n” multiplying factor as a function
of its condition (between 1 and 4); ka,n—weighting coefficient to encompass the relative
consequences of each defect, which considers the cost of repair of defect n (ka,n ЄR+) (in
absence of more information, ka,n = 1); kmax—weighting factor equal to the worst condition
level; and A—total area of the cladding, in m2.

In this study, the groups of defects are weighted according to their repair costs [22]
(i.e., the ratio between the total cost of the intervention needed to repair the anomaly and
the cost of replacing the cladding). A higher weighting coefficient is thus assigned to the
more complex and costly anomalies as shown in Table 3. The values of the weighting
coefficient (ka,n) are different for the two samples, since these values are adjusted to the
costs applied in each geographical context.

Table 3. Weighting coefficients corresponding to the relative importance of each group of defects.

Anomaly Repair Operation
Weighting Coefficient (ka,n)

Tehran Lisbon (*)

Aesthetic degradation Cleaning 0.12 0.13

Joints
Joint repair 0.13 0.25

Replacement of the joint materials 1.00 1.00

Fastening to the Substrate Replacement of stone plates 1.23 1.20

Loss of Integrity Repairing the affected stone plates 1.02 1.00
(*) Data from Silva et al. [22].

To evaluate the degradation of stone claddings over time, four typical deterioration
patterns were proposed by Shohet et al. [20], defined based on specific degradation agents
and mechanisms, comprising linear, convex-shaped, concave-shaped and S-shaped pat-
terns. In this study, an S-shaped pattern was used, which allows taking into account
different rates of the degradation of stone claddings; i.e., it is capable of describing the pro-
cess of the cladding’s deterioration, which starts slowly and apparently stabilises over time
but accelerates again near the end of the cladding’s service life. Accordingly, “S”-shaped
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degradation curves are obtained through a nonlinear regression, where a third-degree
polynomial line is fitted to the case studies analysed in the fieldwork (Figure 8). The
degradation curves of the Tehran and Lisbon data sets lead to a determination coefficient
(R2) of 0.80 and 0.77, respectively. This reveals that a high percentage of the variance of the
variable “severity” can be described by the proposed curves, i.e., there is a good correlation
between the observed values and those predicted by the model.

y = 1 10 6x3  6 10 5x2 + 0.0009x
R² = 0.8019

y = 9 10 7x3  5 10 5x2 + 0.0022x
R² = 0.7727
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Figure 8. Degradation curves of the Tehran and Lisbon samples.

To estimate the service life of the natural stone claddings, a threshold degradation level
that establishes the end of its service life must be defined. The relevant literature on this sub-
ject suggests that establishing the conventional limit for the end of service life is not simple,
depending on acceptance criteria, not certainly determined by “pure” scientific methods.
Therefore, and according to previous research on natural stone claddings [2,22,27], a degra-
dation severity level of 20% was chosen in this study to establish the end of service life.
Accordingly, an estimated service life of 65 years was obtained, using the degradation
curves in Figure 8, for the claddings located in Tehran, and an estimated service life of
68 years was calculated for the claddings in Lisbon.

5. Analysis of the Degradation Evolution According to Claddings’ Characteristics

Various studies [2,10] discuss the relevance of several contributory factors for the
presence of defects in natural stone claddings, which are responsible for the claddings’ de-
terioration. In fact, the stone claddings show a distinct behaviour in terms of deterioration
because of the great variability of their characteristics. In order to compare the degradation
evolution in Tehran and Lisbon, the claddings’ features chosen in the research conducted
by Silva et al. [2] for the Lisbon samples were also analysed in this work for the Tehran
cases. They comprise the type of stone and related properties (colour, size and type of
finishing), location of the cladding in the facade, the facade’s orientation and their exposure
to environmental conditions (wind/rain action).

Natural stone is generally classified into three groups—igneous, sedimentary and
metamorphic [30,31]—according to its mineral and chemical composition, the texture of
the constituent particles and the genesis processes. Therefore, the samples under analysis
here were grouped into three categories: (i) granite and similar stones, (ii) travertine and
limestone and (iii) marble and crystal. Figure 9 provides the degradation evolution over
time according to the type of stone plates used in the claddings.

77



Buildings 2021, 11, 438

y = 4 10 7x3  2 10 6x2 + 0.0001x
R² = 0.6356

y = 1 10 6x3  5 10 5x2 + 0.001x
R² = 0.8553

y = 2 10 6x3  1 10 4x2 + 0.0016x
R² = 0.6594

0%

5%

10%

15%
0 5 10 15 20 25 30 35 40 45 50 55

Sw (%)

Age (years)

Tehran sample

Granite

Travertine & Limestone

Marble & Crystal

y = 8 10 7x3 7 10 5x2 + 0.0027x
R² = 0.2008

y = 7 10 7x3 4 10 5x2 + 0.0021x
R² = 0.6865

y = 7 10 7x3 3 10 5x2 + 0.0016x
R² = 0.835

0%

10%

20%

30%

40%

50%
0 10 20 30 40 50 60 70 80 90 100

Sw (%)

Age (years)

Lisbon sample
Granite

Travertine & Limestone

Marble & Crystal

Figure 9. Degradation curves of the Tehran and Lisbon samples, according to the type of stone.

In both research areas, granite stones present a longer estimated service life, even
though the Lisbon data show a curve that is statistically unreliable due to a high scatter of re-
sults. In second and third place, the degradation curves reveal that travertine and limestone
are more durable than marble and crystal in exterior wall claddings. An estimated service
life of 64 and 63 years was obtained for limestone and marble, respectively, in Tehran,
while 78 and 66 years were the estimated service lives obtained for limestone and marble,
respectively, in Lisbon. These results are consistent with those of Schouenborg et al. [45],
who found that granite is the most durable cladding stone, followed by limestone and then
marble, by analysing the strength capacity of stone plates of 200 buildings.

Regarding the colour of the natural stone plates (Figure 10), both light and dark
colours exhibit a good correlation between the field results and the degradation curves.
Figure 9 shows that the degradation progress of stone claddings with light colours is faster
than those with dark colour stones at the preliminary 50 years of the façade’s service life in
both Tehran and Lisbon. On the contrary, after that time interval, there are no case studies
in Tehran, and more data regarding claddings with dark colour stones must be collected in
order to obtain unequivocal conclusions. The literature does not provide any indication
regarding the relevance of colour for the deterioration of stone claddings [2]. In the Tehran
sample, light colour stone claddings tend to present a higher incidence of defects than the
dark colour ones, mainly because some defects, such as staining or soot deposition, are
easily identified in light colour claddings [14], and, moreover, dark colours are usually
associated with more durable stones, such as granites and other eruptive rocks [22].
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Figure 10. Degradation curves of the Tehran and Lisbon samples, according to the colour of stone.

In terms of type of finishing (Figure 11), subtle variations in the surface finishing pro-
duce some differences in decay patterns and the degradation evolution of stone claddings.
Various studies suggest that the polishing of stone surfaces would partially inhibit the
weathering effect because of the reduction in the open porosity of the stone surface, which
exerts an influence on salt decay by fog sea-salt deposition in coastal areas, such as Lis-
bon, or soot deposition in the polluted air of Tehran [46–48]. In other words, claddings
with a rough finishing present higher degradation indexes mainly due to having a higher
area of stone exposed to the climatic degradation agents [49]. The results from this study
(Figure 11) are coherent with previous findings, and an estimated service life of 67 and
61 years was obtained for claddings with smooth and rough finishings, respectively, in
Tehran, while an estimated service life of 69 and 67 years was calculated for Lisbon for the
same categories.

Regarding the evolution of the degradation condition of stone claddings according to
the size of the stone elements (Figure 12), the results reveal that claddings with medium
size plates (area < 0.4 m2) present longer estimated service lives than those with larger stone
plates (area ≥ 0.4 m2). As mentioned by Silva et al. [2], this can probably be explained by
the fact that the larger the size of the stone elements, the greater the cladding’s susceptibility
to weather effects, in addition to the lower relative area of the joints in the larger plates
and a resulting higher concentration of stresses, which can promote a higher incidence
of defects. Based on the degradation curves (Figure 11), an estimated service life of 67
and 61 years was obtained for the Tehran claddings with medium and large stone plates,
respectively, and 71 and 66 years for the Lisbon sample.
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Figure 11. Degradation curves of the Tehran and Lisbon samples, according to the type of finishing.
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Figure 12. Degradation curves of the Tehran and Lisbon samples, according to the size of the stone elements.

In terms of the location of the cladding (Figure 13), the samples under analysis were
grouped depending on whether the stone cladding was located in the taller areas of the
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façade (integral or partial elevated cladding) or only in the lower floors of the building
(partial bottom cladding).
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Figure 13. Degradation curves of the Tehran and Lisbon samples, according to the location of the cladding.

Westberg et al. [50] suggested that the higher levels of façades are more exposed to
the environmental agents, which can lead to a rapid deterioration of the stone claddings.
Furthermore, bottom wall claddings are more accessible to carry out maintenance actions,
so they are expected to have longer estimated service lives [2,22]. This study also leads
to the same results, as shown in Figure 13, since an estimated service life of 63 years was
obtained for partial or elevated claddings and 87 years for bottom wall claddings in the
Tehran sample, while an estimated service life of 69 and 65 years was obtained for the
bottom wall and elevated stone claddings in Lisbon, respectively.

The literature review on the degradation of building façades reveals that moisture
is one of the main factors for materials’ deterioration [51]. Wind and solar radiation are
responsible factors for moisture settling on the façade and are variable in accordance with
the geographical orientation [52]; hence, an analysis of the degradation curves according to
the claddings’ orientation seems relevant for the analysis of the degradation over time of
stone claddings, and they are illustrated in Figure 14.

According to Gaspar and de Brito [14], regarding the rate of the erosion process
according to the façades’ orientation, the authors concluded that north and west are the
most critical orientations in Portugal. This has been confirmed by Emídio et al. [24], who
suggested that the stone claddings facing east and south are more durable, while claddings
facing west and north tend to present lower service lives. The outcomes of the current
study for the Lisbon sample reveal that the most favourable cladding orientations are, in
decreasing order, south, east, north and west, with estimated service lives of 71, 70, 67 and
64 years, respectively, which corroborate the findings of the previous works.
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Figure 14. Degradation curves of the Tehran and Lisbon samples, according to the façades’ orientation.

In accordance with the meteorological statistics [53], the prevailing winds in Tehran
come from the west. Therefore, the probability of the incidence of wind-driven rain is high
in that orientation, thus being more prone to suffer from anomalies due to the presence
of moisture. Accordingly, in the sample analysed (Figure 14), stone claddings facing
north/northeast and west/northwest show lower estimated service lives (63 and 64 years,
respectively) in comparison with those facing south/southwest and east/southeast (with
estimated service lives of 74 and 78 years, respectively).

Concerning the exposure to the combined action of wind and rain (Figure 15), two cat-
egories are considered: (i) stone claddings exposed to a severe action of wind and rain, in
façades that are not protected by surrounding buildings or vegetation, in elevated areas;
and (ii) stone claddings with a normal or moderate exposure to this action. As mentioned
before, in the analysis of the impact of the façades’ orientation on the deterioration of stone
claddings, the action of driven rain promotes the deterioration of stone claddings, being
one of the main causes of erosion and other loss of integrity deficiencies [51,54]. Therefore,
stone claddings with a severe exposure to wind–rain action reach the end of their service
life sooner (64 and 67 years for Tehran and Lisbon samples, respectively) than claddings
with a moderate exposure (85 and 68 years for Tehran and Lisbon samples, respectively).
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Figure 15. Degradation curves of the Tehran and Lisbon samples, according to the exposure to wind and rain action.

6. Results and Discussion

Table 4 shows a summary of the results obtained for the two samples. In the previous
section, as the degradation curves were presented, the results were discussed, and the
conclusions of this study can be summarised as follows:

- Tehran, the capital of Iran, is one of the most densely populated cities in the world,
with a population around 12 million, and is located in an active seismic zone [55]; for
that reason, the structures in Iran are designed for an optimal service life of around
30 years, after which some actions must be carried out to reduce the vulnerability of
the buildings to the seismic action [56,57]. In this sense, the Tehran sample presents
more recent buildings (with lower ages) than the Lisbon sample (in which the design
service life is usually 50 years). According to the proposed model, the natural stone
claddings reach the end of their service life after 65 years in Tehran and after 68 years
in Lisbon. These values agree with the literature: (i) Silva et al. [2] adopted different
statistical models for the service life prediction of stone claddings, and an estimated
service life ranging between 68 and 90 years was obtained; (ii) Shohet and Paciuk [41],
considering a lower level of users’ demand, attained an estimated service life of
64 years (with a range of 59 to 70 years);

- The results obtained for both samples are coherent, and similar degradation patterns
were identified in both samples; i.e., stone claddings in more unfavourable conditions
reach the end of their service life sooner than claddings more protected from the
deterioration agents. The only exception is for the façades’ orientation, although for
both samples, the north and west orientations have lower service lives due to high
exposure to damp and prevailing winds;

- Pitzurra et al. [58] suggest that atmospheric agents and air pollution are the major
causes for the degradation of external stone claddings, while other authors [55,59]
suggest that the extent of degradation of the stone claddings is influenced by the
type of stone used and its mineralogical composition, as well as by its physical and
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mechanical properties. The results in Table 4 reveal that the type of stone is the most
influential parameter in the service life of natural stone claddings in Lisbon. On the
other hand, exposure to prevailing winds and application of the cladding in bottom
walls, which are more protected from the environmental agents, seem to be the most
relevant factors for the deterioration of stone claddings in Tehran (these characteristics
have the highest impact on the loss or gain of the estimated service life of stone
claddings in Tehran);

- The results seem to reveal that two different atmospheric agents have a significant
impact on the deterioration of stone claddings in the two geographical contexts. In
Lisbon, the exposure to damp seems to be a relevant factor, which is accountable by the
north orientation; this sample is located in different areas of the city, some closer to the
river and the ocean, others more protected, which allows the verification of the impact
of this action on the service life of stone claddings. On the other hand, in the Tehran
sample, all the claddings are in the same district, thus presenting the same exposure
to this action. However, driven rain proved to be a very important degradation agent,
mainly because there are also high levels of atmospheric pollution associated with
this action. The presence of pollutants was shown to be unquestionably relevant in
the Tehran sample, with a higher incidence of anomalies caused by this action, such
as the loss of integrity defects (e.g., erosion of stone), discoloration of stone elements
and deposition of debris and superficial dirt.

Table 4. Summary of the results obtained for the estimated service life of natural stone claddings in Tehran and in Lisbon.

Cladding Characteristics

R2 of the Degradation
Curves

Estimated Service Life *
(Years)

Service Life Gain or Loss
According to the Claddings’

Characteristics ** (%)

Tehran Lisbon Tehran Lisbon Tehran Lisbon

Type of stone
Granite 0.6356 0.2008 78 83 20% 22%

Travertine and limestone 0.8553 0.6865 64 71 −1% 4%
Marble and crystal 0.6594 0.8350 63 66 −3% −3%

Colour of
natural stone

Light colours 0.8339 0.8268 64 69 −1% 1%
Dark colours 0.7454 0.7413 67 60 2% −12%

Type of
finishing

Smooth 0.8565 0.6942 66 69 1% 1%
Rough 0.7056 0.7741 62 67 −5% −1%

Size of stone
plates

Medium size 0.8068 0.7729 67 71 3% 4%
Large size 0.8344 0.7482 61 66 −5% −3%

Location of
the cladding

Integral 0.7947 0.8604 63 65 −3% −4%
Partial bottom 0.9149 0.7277 87 69 34% 1%

Orientation

South/southwest 0.6776 0.9047 74 71 14% 4%
East/southeast 0.7351 0.7144 78 70 21% 3%

West/northwest 0.8630 0.8835 64 64 −2% −6%
North/northeast 0.8413 0.5918 63 67 −3% −1%

Wind–rain
action

Moderate 0.8442 0.7711 85 68 31% 0%
Severe 0.7849 0.6090 64 67 −2% −1%

* The estimated service life is determined using the equations of the degradation curve shown in Figures 7–14. ** These values are obtained
through the ratio between the estimated service life for each characteristic and the average estimated service life, which is 65 and 68 years
for Tehran and Lisbon samples, respectively.

7. Concluding Remarks

This study analyses the service life and durability of stone claddings in two envi-
ronmental contexts, namely in Lisbon, Portugal, and in Tehran, Iran. The methodology
applied in this study was initially developed for rendered façades in Lisbon [14], with the
aim of being a general framework for predicting the service life of building elements. In
this sense, this empirical method was adapted and applied to other claddings, in particular
to natural stone claddings [2,22]. In the previous approaches, the authors mentioned that
this method could be applied to other elements and to other geographical contexts. In
fact, even though there are significant differences between the two locations, the proposed
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methodology proves to be able to accurately predict the service life of stone claddings
in Tehran according to their intrinsic properties, such as the type of stone, their design
conditions and their exposure to environmental agents.

Similar degradation patterns were identified in both samples in accordance with the
physical deterioration process of natural stone claddings over time. The results obtained
revealed that the characteristics of stone claddings strongly influence their service life. The
climatic or atmospheric agents present a significant impact on the deterioration of stone
claddings. However, the most conditioning climatic agents for the deterioration of stone
claddings seem to change in the two geographical contexts. In Lisbon, the exposure to
damp seems to be the most conditioning factor, while in Tehran, the exposure to driven
rain appears to be a very significant degradation agent, mainly because there are also high
levels of atmospheric pollution associated with this action.

This study proposes an empirical tool to evaluate the service life of natural stone
claddings, considering their on-site performance. The application of this method to two dif-
ferent locations proves the validity and applicability of the tool to different contexts. This
study provides some knowledge about the degradation and service life of stone claddings,
quantifying the variability of the estimated service life introduced by the different character-
istics analysed. This information can be extremely useful both in design and maintenance
stages for the adoption of more rational and durable solutions.
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Abstract: An urban residential building from the second half of the 19th century and the start of the
20th century, the so-called tenement house, is a significant representative of the architecture of the
developing urban fabric in Central Europe. The vertical and horizontal load-bearing structures of
these houses currently tend to show characteristic, repeated defects and failures. Their knowledge
may, in many cases, facilitate and speed up the design of the historic building’s restoration without
compromising its heritage value in this process. The article presents the summary of the most
frequently occurring defects and failures of these buildings. The summary, however, is not an
absolute one, and, in the case of major damage to the building, it still applies that, first of all, a
detailed analysis of the causes and consequences of defects and failures must be made as a basic
prerequisite for the reliability and long-term durability of the building’s restoration and rehabilitation.
An integral part of the rehabilitation of buildings must be the elimination of the causes of the
appearance of their failures and remediation of all defects impairing their structural safety, health
safety and energy efficiency.

Keywords: apartment building; 19th century; horizontal structure; vertical structure; defects; failures

1. Introduction

The apartment building became a new phenomenon in Central Europe in the 19th
century, although rental flats had been quite common in historic cities, practically from the
Middle Ages. However, the situation in individual cities differed. Architect Pavel Janak
summed up the situation in his article “One Hundred Years of a Residential Rental House
in Prague” (1933): “The situation in Prague and our towns in the 19th century in general is
characterized by the non-existence of a family house. Towns are made up of large houses
with many flats, built by individuals and rented out. Our culture, or its lack, is based on
collective housing in a large building. A family house and family living is not a component
of our culture. In the second half of the 19th century, the type of a large house became
the subject of unprecedented business. The primary reason why it was built was not to
provide flats, but to make money fast. The size of the house and its massive scale were
only paralyzed at the end of the 19th century by increased demands for the value of an
apartment—leading to the shrinkage of the house to only two apartments on one floor and
to the appearance of a family house, a hitherto unknown type of housing” [1].

The courtyard tracts of historic houses represent an initial early stage in the develop-
ment of apartment buildings in Czech cities—while the solidly built foundation of a house
with a vaulted ground floor was often left even during a radical reconstruction, the newly
built courtyard tracts connected with the house by galleries emerged as completely new
structures [2]. In Prague (the capital city of the Czech Kingdom of the Austro-Hungarian
Empire of the time) three or, less often, even four-storey houses were built in the busiest
streets on the threshold of the 19th century (Figure 1). On side streets, the houses mostly
had two to three storeys, and single-storey houses were an exception. The houses had
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courtyard tracts and the space was often built-up to the maximum extent. The situation
differed in other large Czech cities (e.g., Pilsen or Ostrava), where three-storey houses
were a rarity; moreover, they were only built in the main squares. Two-storey houses, and
single-storey houses in side streets, were much more common there. The former historic
royal towns, which usually had around 220 to 250 houses in the “walls”, used to have
mostly single-storey houses, and a two-storey house was an exception. At the same time,
the smaller the town, the fewer the number of rental flats.

 
(a) (b) 

Figure 1. Section (a) and elevation (b) of a typical four-storey tenement house from the end of the 19th century on the
student work of A. Censky, 1890 [3].

Until the beginning of the 18th century, there were no binding rules in force for the
design of buildings. The fundamental construction principles were based on the builders’
efforts to create the required interior space volume defined by vertically laid-out load-
bearing structures, divided horizontally by floor structures and enclosed by the roof.

From about the mid-18th to the mid-19th century, the most important areas related to
building law were refined, mainly in connection to fire safety. The buildings were designed
on the basis of builders’ experience where the thickness of vertical load-bearing structures
was determined by empirical formulae depending on the number of storeys, the height of
the storeys and the depth of the tract. During the 19th century, three waves of building
codes were issued, which partly reflected the development of urban construction practice.
The first wave includes the Czech Building Regulations of 1833, the Moravian and Silesian
Building Regulations of 1835 and the amended version of the Czech Building Regulations
of 1845. The second wave may be represented by the Czech Building Regulations of 1864,
the Moravian Building Regulations of 1869 and the Silesian Building Regulations of 1883.
The third wave covers the Prague Building Regulations of 1886, which were adopted by
Pilsen and České Budějovice in 1887, the Czech Building Regulations of 1889 applying to
the rest of the country and two Moravian Building Regulations of 1894 [4].

2. Materials and Methods

Vertical and horizontal load-bearing structures of apartment buildings from the second
half of the 19th century currently show, in many cases, characteristic, recurring defects and
faults (Figure 2). The main goal of this paper is to identify the most common defects and
failures of masonry structures based on field and archival research of building structures
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and details of masonry buildings from the period. Knowledge of endangered structural
details of vertical and horizontal structures, including, for example, the issue of basic
construction conditions, is a suitable step to mitigate the consequences of construction and
technical problems of historic buildings. At the same time, their knowledge can facilitate
and speed up the design of the restoration of a historic building so that no monumental
values are lost during this process [5].

Figure 2. Images clearly showing the most common failures of structures from the second half of the 19th and the early
20th centuries caused by degradation processes initiated in these cases by the combination of moisture, an incorrect design
solution and neglected maintenance. The following are clearly visible on images: (a) fallen plaster, damaged ledge by
massive leakage, mold and mosses; (b) degradation and disruption of plaster, significant surface efflorescence of salts, mold
and mosses.

A summary of the most common defects and failures of these buildings, presented in
the following parts of the article, is based on field research, especially of Prague apartment
buildings. The archival research is based on historical building literature of the 19th
century and a search of drawing documentation of students of construction schools, which
is available at the National Technical Museum in Prague [6].

2.1. Vertical Structures

The primary structural function of vertical masonry structures is to transfer the effects
of vertical and horizontal loads from individual floor structures through the foundation
structure to the foundation subsoil. Tenement houses from the 19th century, but also shops,
schools, hospitals, public buildings, etc., were characterized by the longitudinal layout
of load-bearing walls, parallel to the street tract. Inside the building, the load-bearing
walls formed the so-called middle walls, where the depth of the tracts most often ranged
between 4 and 5 m, exceptionally up to 8 m (palaces, public buildings), while internal tracts
were usually less than 4 m deep (Figure 3a). The vertical load-bearing structures of urban
apartment buildings were most often executed in mixed masonry and, above all, masonry
of solid burnt bricks of the so-called classic format of 290 mm × 140 mm × 65 mm [7,8].
In exceptional cases, the walls of overground storeys in buildings from this period could
already be built of hollow burnt-clay bricks or hollow brick-like blocks of lightweight
concrete (slag concrete or slag pumice), or blocks of another “modern” material. The end
of the 19th century was marked by an increase in the use of rolled iron elements (beams,
columns, etc.), to be later followed by a global development of concrete and reinforced
concrete structures.

Pursuant to the above building codes, urban residential masonry buildings were
characterized by massive walls 300–900 mm thick, where, starting from the second wave
of building regulations (i.e., from the second half of the 19th century), a minimum wall
thickness of 450 mm was required to prevent frost penetration and was further increased
in a downward direction (Figure 3b). Lime or cement-lime mortar was used as the most
common bonding material, while the use of cement mortar increased at the end of the
century, and, subsequently, in the 20th century.
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(a) (b) 

Figure 3. The floor plan and section of urban apartment buildings: (a) floor plan of house with four and two-room apartment,
both are equipped with bathrooms (arch. V. Reznicek, early 20th century) [9]; (b) part of a four-storey house with a clearly
legible arrangement of the vertical supporting structure with increasing thickness downwards (V. Douda, 1902) [10].

The stability of the load-bearing system of masonry buildings with several storeys
was ensured by longitudinal—front and middle—walls, on which floor structures and
transverse walls properly bonded to the longitudinal walls were mounted. The trans-
versely laid-out walls—gable walls, staircase walls, brick partitions 150 mm and 300 mm in
thickness—coupled the longitudinal, primarily load-bearing walls, ensuring their stability
and contributing to the spatial performance of the load-bearing system, and played an
important role in enhancing stability.

The so-called wall and beam ties fulfil an important function in terms of ensuring
spatial stiffness, stability and resistance to the effects of forced deformations (Figure 4).
From the beginning of the 19th century, wrought iron wall ties were used in walls and
vaults, where they served to stiffen and clamp the building and absorb oblique compressive
loads, particularly during masonry settling and the additional compression of foundation
soil.

2.2. Horizontal Structures

In the majority of urban apartment buildings from the second half of the 19th and the
start of the 20th century, various types of floor structures can be found. From a fireproof
point of view, ceiling structures are one of the most important parts of the building. At the
same time, the fire safety properties of horizontal structures not only reflect their historical
development, but also represent an important criterion in categorization. “Numerous
construction ceilings can be divided into more or less completely combustion—if it had
used exclusively wood because besides still other substances—and incombustible in which
wood is unfit on at all.” [7] (p. 72).
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With regard to the ability of horizontal structures to resist the effects of fire, ceilings of
the monitored period can be divided into:

- combustible floor structures (e.g., a simple wooden beamed ceiling with a flap, i.e.,
with visible wooden beams),

- semi-combustible floor structures, fitted with a ceiling embankment of at least 80
mm thick at the upper face, while at the lower face, the wooden beam structure is
usually protected by undercover of planks covered by reed plaster (e.g., beam ceiling
with reed plaster, flap and ceiling embankment etc.),

- non-combustible floor structures, i.e., made of bricks, concrete, cast or wrought iron
or later mild steel, “ . . . in which wood is not used at all. . . . A safe, non-combustible
ceiling is provided by a vault. Large spaces cannot be bridged by individual arches
for several reasons, mainly because they require strong retaining walls, narrow the
spaces and are expensive. The effort to eliminate these defects leads to division of by
structures serving as support for smaller vaults. First, it tracks the vault, then the iron
beams of either rolling surface (traverse) or riveted (tin) in shape, providing at least a
quantity of the spent materials greatest resistance against bending.” [7] (p. 77).

According to current knowledge, the above-mentioned division of ceiling structures,
from the point of view of fire resistance, is overly simplified and inaccurate [11,12]. Never-
theless, at the time of formulating the above-cited building regulations, it was a significant
step to increase the safety of buildings, i.e., also city apartment buildings.

 
(a) 

  
(b) (c) 

Figure 4. The wall and beam ties: (a) the beam wrought iron ties in the drawing on the school work of V. Vasatko from
1910 [13]; (b) the detail of the wall ties and their location (red lines) in the floor plan of the house [14]; (c) wall ties made of
wrought iron, including adjustment with a lock, on a period photograph (1932) when performing a masonry structure [15].
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The dominating types of horizontal structures used were combustible and semi-
combustible floor structures. Specific types of floors include, in particular, wooden beam
floors with subflooring and, later, also with reed plaster, or an upright plank floor with
diagonal braces with reed plaster, subflooring and an embankment, etc.

In rooms with strict fire safety requirements, i.e., mainly in public buildings, but
also in some areas of apartment buildings (e.g., the ground floor), non-combustible floor
structures were mostly designed. In the apartment buildings of the 19th century, vaults
were considered to be a safe, non-combustible ceiling structure (or were required by law
and building regulations for the Czech Kingdom). The vaults were used (or required by
the building codes) in gateways, entrances to houses, cellars and potentially, if necessary,
in staircases, corridors and on the ground floor of apartment buildings were considered as
safe, non-combustible floor structures. They were usually of a wagon vault type with arch
rings, and, later, flat mirrored vaults were used. In this period, the non-combustible ceiling
structures used also included segmental vaults made of solid fired bricks vaulted between
the beams made from cast iron, wrought iron or later steel (Figure 5). The structures used
at the turn of the 19th and early 20th centuries also included various types of masonry floor
structures derived from a barrel vault, so-called straight or flat vaults made up of ceramic
masonry elements, and, later, of plain or reinforced concrete.

Figure 5. Detail of a vaulted ceiling in a school project, unknown author, 1920s. Section (a) and top view (b) of a brick vault
into traverses with a clearly visible composition of bricks [16].

3. Results

The main causes of degradation processes, which generally lead to the deterioration
of the required properties of materials and structures, are, on the one hand, specific
properties of building materials (their composition, structure, etc.) and, on the other hand,
time-variable parameters of the exterior environment in which buildings and their parts
perform [17,18]. Different degradation processes caused by climatic factors differ from each
other in their duration and type of effect. Some last for fractions of a second, while others
for days, months or even years. These parameters, together with material parameters,
create the conditions that will initiate or accelerate mechanical, mineralogical, physical,
chemical and biological degradation processes [19]. It may be summarized that the defects
and failures of structures from the second half of the 19th and the start of the 20th century
are most frequently caused by design defects, material defects, by degradation processes
triggered mainly by moisture, by incorrect design solutions, faulty workmanship, usage
and by neglected maintenance [20–22].

3.1. Vertical Structures

A frequent cause of failures of vertical masonry structures of buildings from the
second half of the 19th and the start of the 20th century, which are manifested by cracks,
crushing and spalling of surface layers, etc., is poor quality and strength of the masonry in
compression and tension plus some other effects, such as different properties of the masonry
elements made of mixed masonry or multi-leaf masonry, respectively, low compressive
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and tensile strength of masonry elements and mortar, etc. [23]. The quality of the masonry
and its load-bearing capacity result from the quality of the masonry elements, the bonding
mortar and masonry workmanship, but, in particular, from compliance with the principles
of proper masonry bonding [24]. The quality of masonry is also significantly affected by
increased moisture levels or its aggressiveness and associated degradation processes.

Defects in masonry are caused by imperfect project documentation or imperfect
or incorrect execution. The most common execution defect is non-compliance with the
principles of proper bonding. The defects in masonry subsequently manifested by the
occurrence of failures, insufficient load-bearing capacity, low resistance to degradation
processes and others, include:

• poor quality of mortar (composition, excessive grain size of aggregates, low adhesion,
shrinkage, poor workability, non-homogeneity) [25],

• poor quality of masonry elements (excessive porosity, insufficient compressive and
tensile strength, high moisture absorption, differences in the quality of individual
pieces of building material—masonry elements) [26,27],

• non-observance of the planeness and verticality of masonry elements.

In the case of buildings from the second half of the 19th and the start of the 20th
century, the cause of these failures resulting from a change in the footing bottom shape
is an error in their project preparation, which lacked a geological survey of foundation
conditions. At the same time, the empirical design of building structures and insufficient
knowledge of the above-mentioned issues led to the construction of foundation structures
with insufficient stiffness, without expansion joints and to insufficient reinforcement of the
load-bearing masonry at the level of floor structures (by wall and beam ties, bond beams,
tie rods, etc.).

The failures of vertical load-bearing masonry structures are crucial in terms of ensuring
the mechanical resistance and stability of the load-bearing system. Structural (mechanical)
failures of masonry structures and buildings are caused by the response of the building
structure to static loads and the deformation effect of some loads and non-force effects, or to
static loads with a dynamic component. The most common manifestations of these failures
are excessive deformations and strains, cracks (failure in tension and shear), crushing
(failure in compression) and local mechanical damage arising due to insufficient load-
bearing capacity, in places of stress concentrations, as a result of a change in loading, long-
term deformations, degradation and disintegration of masonry, or due to unprofessional
interventions. (Figure 6) [28–30]. These failures are directly related to the structural
behaviour of the load-bearing structure and affected by their occurrence in the structural
performance of the load-bearing system, either locally or as a whole—they are critical in
terms of ensuring the mechanical resistance and stability of the supporting system [31,32].

Non-structural failures of masonry structures and buildings are caused by the interac-
tion of materials used for individual structures with the external environment, manifested,
above all, by increased moisture levels, chemical, mineralogical and biological processes
which weaken the required properties of structures and cause their gradual deterioration
and disintegration—degradation processes [33].

The failures of masonry are closely related to the failures of the adjoining masonry
structures—vaults, springers and lintels, relief vaults, cavettos and soffits of wooden
ceilings. Attention must also be paid to potential defects without visually observable
manifestations (cavities and plastered grooves in masonry, different quality of individual
masonry components, etc.).

In summary, the most frequently occurring defects and failures of vertical structures
of buildings from the second half of the 19th and the start of the 20th centuries include:

• tensile and shear cracks due to the effect of spatial stress states arising in the place
of the concentration of compressive stresses in masonry exerted by the mounting
of floor beams and girders (or masonry crushing due to the effect of concentrated
compression);
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• weakening of masonry of e.g., load-bearing pillars by continuous horizontal or vertical
grooves, larger openings or the installation of elements differing significantly in
stiffness, which contribute to the masonry damage and cracking;

• volume changes due to temperature: unequal or different susceptibility to volume
changes caused by the temperature effect can result in different stress states and sub-
sequent failures, e.g., formation of shear cracks, e.g., in the contact between mutually
perpendicular masonry walls (perimeter and internal) [34];

• shear forces between the parts of masonry with different temperatures cause micro-
bending deformations and, as a result, can lead e.g., to the failure of the vault mounted
on the masonry wall by tensile cracks or damage to the joint between the masonry
and the floor structure, etc.;

• sinking of a cantilevered floor structure on which the perimeter masonry of a bay
window is mounted; the sinking will cause the appearance of tensile cracks in the
bay window masonry whose pattern corresponds to the time pattern of compression
trajectories;

• failures of vertical masonry structures built on heterogeneous foundations, in unstable
subsoil conditions or in undermined areas is caused by forced deformations, due to
the effect of a change in the shape of the footing bottom, i.e., non-uniform subsidence
(e.g., due to waterlogging of the foundation joint, e.g., due to leaks in utility networks,
waste pipes and incorrect slope of the prepared terrain) or curvature of the footing
bottom [35,36].

g y pp g y [ ]

  
(a) (b) 

Figure 6. Examples of structural failures of structures from the second half of 19th and the start of the
20th century: (a) prominent tensile cracks in masonry weakened by openings, with the representation
of pressure trajectories, 1—area of normal stresses and tensile cracks; (b) crack between the perimeter
structure and the ceiling caused by forced deformation due to the effect of a change in the footing
bottom.

A change in the shape of the footing bottom and subsequent masonry failures might
also have occurred as a result of building activity in the surroundings, e.g., extension of
the building, vehicle traffic (dynamic effects causing compaction of the subsoil, shocks of
the building), or a change in hydrogeological conditions, waterlogging or frost penetration
into the footing bottom of the existing foundation during the erection of a neighbouring
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building, additional loading of the foundation, dynamic effects and shocks during the
construction of a neighbouring building, etc. (Figure 7) [37].

A serious problem of urban masonry apartment buildings is the degradation and
disintegration of damp masonry and surface coatings due to the action of moisture contam-
inated by soluble salts and weak acid solutions. The chemical processes disintegrate the
binder component of masonry elements, and the binder and the salts which are the product
of these reactions create pressures in the masonry pore system during a change in moisture
and degrade its integrity, causing the spalling and disintegration of coatings and layers.

The prevailing parts of historic buildings from the second half of the 19th and the
start of the 20th century suffer from increased moisture levels in the foundation masonry
and masonry above the foundation line as a consequence of non-functional or damaged
waterproofing of the masonry above the foundation line and the masonry of underground
parts of the building, leaks or accidents of water supply and sewerage pipes and mains, poor
drainage of the terrain, insufficient ventilation, etc. (masonry moisture in dry state is 1%–
3% by weight) [38,39]. In many cases of historic brick buildings, there is no damp proofing,
or the damp proofing, ventilation systems, etc. have deteriorated and degraded [40].

  
(a) (b) 

Figure 7. Graphical representation of the course of cracks and failures of vertical masonry - character-
istic tensile cracks on the side (a), resp. in the middle (b) parts of the building, which arose as a result
of the decrease of the affected part and thus the change in the shape of the foundation joint, e.g., an
uneven foundation conditions (sands – rock), uneven compaction of the substrate or waterlogging of
the soil, etc. (arrows indicate the place of decline of part of the foundations) [41].

The increased moisture levels of underground and partly overground masonry are
usually accompanied by chemical and biological degradation processes, whose intensity
depends on the value of increased moisture levels and its aggressiveness. The knowledge
and assessment of salinity, especially the content of sulphates, chlorides and nitrates in
masonry, are essential for the evaluation of the severity of increased moisture levels and
the design of an effective remediation method (Figure 8) [42,43]. Salts with hygroscopic
properties and the presence of bacteria and mould in the pore system of masonry, which
increase the masonry hygroscopicity, can significantly affect the equilibrium moisture
content. Degradation processes usually reduce the content of binder components in the
masonry. For these reasons, the assessment of the condition of building structures should
include, inter alia, an analysis of the change in total porosity and pore distribution and an
assessment of the content of water-soluble salts (Figure 9) [44,45].
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Figure 8. Graphical expression of the dependence of the (a) total porosity and modulus of elasticity and ultimate strength,
(b) wt. moisture and modulus elasticity and ultimate strength of bricks from the end of the 19th century [46].

Figure 9. Examples of non-structural failures caused by the effects of the external environment, especially the synergic effect
of increased moisture levels and temperature, which are accompanied by chemical, mineralogical and biological processes
in structures from the second half of 19th century and the start of 20th century: (a) damage of the ledge and its surface
finishes, visible salt efflorescence; (b) closed and open blisters in the surface layers due to their low diffusion permeability;
(c) extensive damage to the plinth part caused by the long-term effect of humidity and salts.

3.2. Horizontal Structures

Among the defects of wooden floor structures preceding the occurrence of failures, we
might mention, above all, the following: wood infested by wood-destroying fungi or insects,
the inappropriate mounting or poor quality workmanship of joints of wooden elements,
installation of wood with high moisture levels (whm 12%), impermeable closed-cell wood
with initial moisture contents, or closure of high moisture levels in the structure [47].

Other major factors leading to the failures of wooden parts of horizontal load-bearing
structures are, among others, the following:

• excessive overall or local loading, wood damaged by unprofessional interventions,
• wood-destroying agents (e.g., due to installation of infested or damp wood without

a natural possibility of drying, effect of moisture from leakage and condensation,
insufficient ventilation and permeability of the structure) (Figures 10 and 11),
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• loosening of joints due to the natural aging and deterioration of major wood properties
(water absorption, natural impregnation, elasticity, hardness, strength, toughness),

• change in mechanical properties due to high moisture levels accompanied by the
development of wood-destroying processes [48,49],

• thermal bridges in the perimeter masonry in places where wooden beams are mounted
in beam pockets, where the wall is weakened by 200 to 250 mm and thus, at the same
time, the thermal resistance of these structures is significantly reduced and thermal
and moisture conditions of the mounting ends of wooden beams are deteriorated,

• insufficient bending and shear bearing capacity and stiffness of floor beams manifested
by their excessive deflection, formation of longitudinal cracks and “slippage” of beams
in the places of their mounting and local supports,

• insufficient load-bearing capacity and stiffness of beam floor structures in the hor-
izontal direction (particularly in cases of ineffective or missing wall and beam ties,
loosely or insufficiently fixed subflooring to floor beams) can be the cause of a serious
threat to structural safety—spatial stiffness—of masonry structures, especially in the
case of a building with several storeys, due to horizontal loading effects (eccentricity
of vertical loading, non-uniform settlement, wind effects, temperature effects), but
mainly dynamic loading effects (caused by technical, induced and natural seismicity);
the absence of wall and beam ties, insufficient effectiveness (loosening of joints, insuf-
ficient anchoring, etc.) is usually directly manifested by the formation of tensile cracks,
damage to the load-bearing masonry and the integrity of the load-bearing system.

Figure 10. Examples of failures of wooden parts of horizontal load-bearing structures caused by
mounting wood without a natural possibility of drying and with insufficient permeability of the
structure: (a) rotting head of a wooden ceiling beam; (b) yellow patch of wet rot on ceiling wooden
panel.

The reserves in the stability of massive longitudinal walls in the transverse direction
are insufficient and longitudinal load-bearing walls on their own usually cannot ensure
the stability of a building with more than 2 overground storeys in relation to cross wind
effects and other effects exerting transverse horizontal forces (e.g., effect of differential
settlement, dynamic traffic effects, eccentricity of vertical loads transmitted e.g., by beam
floors, temperature differences). This problem is often neglected during rehabilitations
when the structural safety (spatial stiffness) may be seriously impaired by the demolition
of internal transverse, primarily non-load-bearing walls and partitions.
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The reinforcement of a wooden floor structure must be preceded by a detailed survey
of wooden structures—particularly a mycological and construction and technical survey,
removal of damaged or infested wood and basic chemical protection of wood by a suitable
coating, or the sterilization of wood at an elevated temperature [50,51]. The most reliable
protection measures of wood against biotic wood-destroying agents are preventive mea-
sures against their appearance and development, mainly the protection of wood against
increased moisture levels (above 15%).

    
(a) (b) (c) (d) 

Figure 11. Example of laboratory evaluation of bioderiogents in cultures of a sample of a damaged ceiling structure in
Prague 7—confirmed presence of bacteria and fungi. In all cases, massive development and growth of microscopic fibrous
fungi was noted. In cultures of samples were identified: (a) Trichoderma sp. and bacterias; (b) Trichoderma sp., Mucor sp.,
wood-destroying fungus and bacterias; (c) Mucor sp. and wood-destroying fungus; (d) Penicillium sp., Acremonium sp.,
Aspergillus sp. and bacterias [52].

4. Conclusions

The article presents the most common defects and failures of vertical and horizontal
structures of apartment buildings from the second half of the 19th century and the begin-
ning of the 20th century. The construction practice of this period was influenced by three
successively issued waves of building regulations, which reflected the building boom of
this period.

The issues related to defects and failures, degradation processes and the design of
rehabilitation measures of buildings from the second half of the 19th and the start of the 20th
century include a wide range of topics of interdisciplinary nature, from the natural sciences,
materials engineering, mechanics, elasticity and structural theory of building structures
to the knowledge of historical materials, structures and technologies. The knowledge of
historical structures, materials and construction methods used helps us to prevent errors in
the rehabilitation and restoration of prominent, mainly heritage buildings to the original
state.

A precise analysis of the causes and consequences of defects and failures is the basic
prerequisite for the reliability and long-term durability of rehabilitation and remediation
measures. An integral part of the reconstruction and renovation of buildings must be the
elimination of the causes of failures, remediation of all defects that reduce their structural
safety, health safety and energy efficiency. To ensure the durability of reconstructed
buildings, degradation and corrosive processes caused mainly by chemical and biochemical
processes and non-force effects of temperature and moisture must be prevented and
adequate protective measures must be taken. In this respect, the protection of buildings
and their individual parts against the effects of increased moisture levels is of primary
importance.
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účinku vlhkosti. Master’s Thesis, ČVUT, Fakulta stavební, Katedra konstrukcí pozemních staveb, Praha, Czech Republic, 21
January 1999.

33. Witzany, J.; Wasserbauer, R.; Cejka, T.; Kroftova, K.; Zigler, R. Obnova a Rekonstrukce Staveb. Poruchy, Degradace, Sanace; CTU in
Prague: Prague, Czech Republic, 2018; ISBN 978-80-01-06360-6.

34. Beran, P. The impact of the masonry temperature during restoration to the thermal stress of historic masonry. In Proceedings of
the Fifteenth International Conference on Civil, Structural and Environmental Engineering Computing, Civil-Comp Proceedings,
Praha, Czech Republic, 1–4 September 2015; Kruis, J., Tsompanakis, Y., Topping, B.H.V., Eds.; Kippen: Civil-Comp Press:
Stirlingshire, UK, 2015; Volume 108. [CrossRef]

35. Roca, P.; Lourenco, P.B.; Gaetani, A. Historic Construction and Conservation—Materials, systems and Damage; Routledge: Abingdon-
on-Thames, UK, 2019; ISBN 9780429052767. [CrossRef]
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Abstract: The diagnosis of the building’s façades pathology is extremely important to support
rational and technically informed decisions regarding maintenance and rehabilitation actions. With a
reliable diagnosis, the probable causes of the anomalies can be correctly identified, and the correction
measures adopted can be more compatible with the existing elements, promoting the durability of the
façades. Visual inspection is the most common approach to identify anomalies in a building’s façade
and, in many cases, this technique is sufficient to support the decision to intervene. However, the
pathological phenomenon is complex, and the anomalies observed may indicate the presence of other
defects, or some anomalies may not be visible in a simple visual observation. This study intends
to discuss the application of emerging technologies on the diagnosis and anamneses of building’s
façade, in order to automatise the collection of reliable on-site data and, thus, reduce the uncertainty
of the diagnosis. The use of these techniques can help existing inspection methodologies, already
tested, based mainly on the visual assessment of the buildings’ elements degradation condition.

Keywords: diagnosis; advanced technologies; façade; claddings; building inspections

1. Introduction

In recent years, the international scientific community has gained more attention
in the field of inspection, diagnosis, maintenance, and rehabilitation of buildings. The
maintenance and rehabilitation are considered key factors in buildings’ sustainability since
these interventions increase the service life of buildings [1]. Inspection and diagnosis of
building elements are a very important task to support decision and efficiency of building
façade maintenance from the building facades [2,3]. However, there is some uncertainty
during these procedures associated with the observation of the degradation phenomenon
and the diagnosis process [4].

Collecting information from fieldwork about natural degradation of building elements,
is an alternative to laboratory tests like artificial weathering cycles. The fieldwork survey
could be very useful to compare with the laboratory tests, since it allows identifying
the real-life effects of weathering on the performance of building elements, considering
the simultaneous effects of different climatic degradation agents [5–8]. In facades, the
degradation condition could be assessed from visual inspections, which involve a non-
destructive inspection method. This type of analysis is a natural way to judge the service
life of these constructive elements since the maintenance decisions are made based on this
type of assessment [9,10]. In that context, several works have been developed, concerning
the degradation of buildings and their elements, based on visual inspections [11–14]. These
studies can be complemented by some expedient tools, like binoculars to get a closer
observation, a tape measure to obtain some dimensional information, a crack with a ruler,
and a colour system sample [2]. Other additional diagnosis techniques can also be applied,
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whether they are non-destructive or destructive techniques. However, visual inspections
intend to be easily applicable in practice and without high costs.

Visual inspection is the first method used to evaluate the condition of many infras-
tructures and buildings [15–17]. Despite the limitations of visual inspections, this method
can immediately provide general information about the condition of the building ele-
ments [9,18]. This task is usually done by an expert, which performs a survey looking
for the damage in order to determine the areas that need intervention. The results of
that visual inspection are reliable when dealing with easily visible parts of the façade.
However, usually it is not easy, for a surveyor, to analyse the top of the façade or assess
anomalies that are in deeper locations without appropriate means of access, and with
unfavourable weather conditions. In that context, a reliable and rapid assessment of the
defect areas on a large façade may be a difficult work for the surveyor [4,19–23]. Moreover,
a visual inspection is highly dependent on the surveyor’s expertise [2,24]. Hence, a visual
assessment can be considered subjective, human-dependent, time-consuming, and can
have low accuracy in defects’ measurements in certain situations [16,24]. However, based
on the knowledge regarding the condition of the building’s elements, is crucial for the
adoption of adequate maintenance strategies and it is fundamental for life cycle analysis,
considering the economic and environmental costs of the building components over their
life cycle [23,25,26].

The limitations of visual inspections motivated the use of systemized alternatives such
as remote sensing for mapping the defective areas on a surface of building façades [19,22].
In recent years, the interest about advanced technologies to automate the inspection of
building façades has emerged. Some studies have been developed in the field of building’s
façade inspection, mainly in cultural heritage buildings, by focusing on building an energy
audit [21,23,27–31]. Novel technologies for a reality capture have been applied, mainly
terrestrial laser scanning, photogrammetry, infrared thermography, photogrammetry, and
drones. The application of these technologies can improve the traditional survey, producing
more objective results in a faster way [23,32]. They could automate and improve the
visual inspection, reducing the subjectivity associated with the inspector’s survey [17,24].
Nevertheless, automation as a way to detect and measure a given defect is still a great
challenge, which needs several technologies combined for accurately mapping all the
anomalies that can occur in a given building component. More research is needed to put
into practice these technologies to support the facades’ inspections.

Most of these studies only focus on a single technology. Different defects could require
different technologies to support and automate building’s facades’ diagnosis. In this sense,
this study intends to discuss the suitability of these advanced technologies to automate a
visual assessment during field inspection and the new trends for inspection of buildings’
facades with a focus in current buildings. Furthermore, the most suitable technology to
support the diagnosis of different kinds of defects is identified. These technologies can
bring some automation for the inspection and diagnosis of buildings and their components,
reducing the inspection time in the field, avoiding several visits to the building’s location
(because all the necessary information is not collected during the first time), and producing
more reliable information about the anomalies present in the component under analysis.

2. Materials and Methods

In order to discuss the most suitable technologies to automate a visual assessment
of several defects in buildings’ facades, this research follows a specific methodology. To
better understand the needs of advanced technologies, two case studies are presented, to
illustrate the application of a building inspection system, based on a visual assessment of
the degrading building components. In this inspection system, the parameters involved
in the calculation of the facades’ degradation condition are explained in detail and some
improvements are suggested. In addition, to illustrate some uncertainty associated with
the visual inspection, the same 47 natural stone claddings are inspected by two surveyors
in different moments. Then, an extensive literature review, with about 50 references, is
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performed to systematise the technologies able to automate the visual façade inspection in
buildings. In the end, the suitability of previous technologies is presented, in the sense of
an automated visual assessment, according to different defects present in facades. Some
recommendations are made in this topic. In the next sections, these topics will be developed
and discussed in detail.

3. Global Inspection System for the Buildings’ Envelope Elements: 2 Case Studies

The adoption of adequate maintenance strategies is the most efficient way of increasing
the durability of buildings and their elements. However, an adequate intervention needs an
accurate and reliable diagnosis of the defects and possible causes. Each building is unique
and presents different types of defects. Nevertheless, certain patterns can be identified
when analysing a large sample of buildings. A systematic analysis of the data collected
during the building inspections can provide a reliable database for a guidance to prevent the
occurrence of defects and to repair the existing ones. For these reasons, several inspection
systems have been developed by different authors. Ferraz [1] presented and discussed
10 building pathology databases, developed between 1982 and 2013. More recently, Lee [33]
proposed an inspection methodology to introduce information about building defects
into BIM (Building Information Model). Bortolini and Forcada [26] proposed a building
inspection system for the assessment of whole building performance [34]. Gonçalves [35]
analysed the existing methods of inspection and diagnosis for ancient buildings, based on
visual inspections.

In fact, it is almost consensual that building inspection benefits from the standardisa-
tion of inspection and diagnosis procedures [36,37]. The adoption of inspection systems
helps surveyors to have harmonised procedures, which makes inspection reports more
consistent and simpler to understand [2,3,38].

In recent years, different methodologies for the inspection and diagnosis of non-
structural elements of the building envelope have been established, in order to create a
reliable database and systemise procedures for the on-site assessment of defects [39–41].
Moreover, several studies in service life prediction methodologies have been developed,
with the aim to evaluate when it is necessary to intervene based on the element’s degrada-
tion condition assessment [42,43].

Under the SLP for BMS (Service Life Prediction for a risk-based Building Management
System) research project, a global inspection system was developed [44]. This system
embraces 12 building elements, namely: external claddings of pitched roofs, flat roofs,
adhesive ceramic tiling, natural stone claddings, wood floorings, door and window frames,
epoxy resin floorings, vinyl and linoleum floorings, wall renders, external thermal insula-
tion composite systems (ETICS), painted façades, and architectural concrete surfaces. The
unification of these partial inspection systems implied the harmonisation of the classifi-
cation of defects, probable causes, diagnosis methods, and repair techniques in a single
system. This global inspection system intends to provide a solid basis for surveyors to
inspect the building envelope through standardisation of procedures [3,34].

This global system is based on visual and physical scales to characterize the building
envelope elements during the inspections. Gaspar & de Brito [45] begin this work with
the development of a qualitative scale, based on the assessment of the physical and visual
degradation of rendered façades, analysed during a fieldwork survey, which can be associ-
ated with a quantitative index. This describes the global performance of the façades [42].
This numerical index, called severity of degradation (Sw), expresses the global degradation
of a given façade through the ratio between a weighted degraded area and a reference area,
equivalent to the total cladding with the highest possible level of degradation (Equation (1)).
The weighted degraded area is a product of the façade area affected by different groups
of anomalies with a weighted factor related to the severity of each anomaly detected (kn)
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and a weighted factor associated with relative weight of each anomaly on the overall
degradation of façade (ka,n).

Sw =
∑(An × kn × ka,n)

A × ∑(kmax)
(1)

where Sw is a severity of degradation of the cladding, expressed as a percentage. kn is
the multiplying factor of anomaly n, as a function of their degradation level, within the
range K = {0, 1, 2, 3, 4}. ka,n is a weighting factor corresponding to the relative weight of the
anomaly detected. An is the area of cladding affected by an anomaly n. A is the total area of
the cladding, and kmax is the multiplying factor corresponding to the highest degradation
level of the cladding [42]. This methodology was developed to external renders and applied
to the building elements previously mentioned.

To discuss the reliability of this severity of the degradation (Sw) index, two case
studies are presented in this paper: (i) a continuous element (a rendered wall) and (ii) a
discontinuous element (a natural stone cladding). These two claddings represent different
challenges in the calculation of severity of the degradation index, which will be presented
later. Figure 1 describes a rendered wall inspected according to the global inspection
system. The case study is a building located in Tavira, Algarve (South of Portugal). The
façade is oriented toward the west and present an average level of protection against the
wind and rain. In terms of environmental factors, the inspected building is located at less
than 3 km from the sea in a rural environment and exposed to normal conditions of air
temperature and relative humidity. The total area of the facade analysed is 105.52 m2 and
the render is 10 years old.

Figure 1. First case study: rendered façade (data sourced from Reference [46]).

Table 1 presents the defects in the rendered façade (Figure 1) observed during the
visual inspection carried out during the fieldwork survey. The surveyor recorded the area
of rendering affected by each group of defects (An). The degradation condition level of
each defect found (kn), according to its condition (taking into account the classification of
defects proposed in Table 2), and the factor corresponding to the relative weight of each
defect in the overall degradation of the façade (ka,n), according to Table 3. In summary,
Table 1 presents the weighted degraded area (An × kn × ka,n), taking into account the
defects observed. In order to calculate the severity of the degradation (Sw) index of this
cladding, Equations (2) and (3) are used.
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Table 1. Identification of anomalies observed in a rendered façade, after an inspection.

Defects An (%) An (m2) kn(-) ka,n (-) An×kn×ka,n (m2)

Stains, Astains

Condition B 2.5 2.63 1 0.67 1.762
Condition C 4.2 4.41 2 0.67 5.909
Condition D 3.1 3.26 3 0.67 6.553
Condition E - - 4 0.67 -

Cracking, Acracking

Condition B - - 1 1.00 -
Condition C 3.3 3.47 2 1.00 6.940
Condition D 1.8 1.91 3 1.00 5.730
Condition E 4.1 4.30 4 1.50 25.800

Loss of adhesion, Aadhesion

Condition B - - 1 1.50 -
Condition C - - 2 1.50 -
Condition D 0.8 0.85 3 1.50 3.825
Condition E - - 4 1.50 -

Table 2. Classification of the degradation condition of rendered facades to the level of the defect (kn) 1.

Degradation Condition Physical and Visual Assessment Illustrative Example

Condition A
(kn = 0)

Complete mortar surface with no deterioration, with surface even and
uniform. No visible cracking or cracking ≤ 0.1 mm. Uniform colour

and no dirt. No detachment of elements.

Condition B
(kn = 1)

Non-uniform mortar surface with capillary cracking (0.1 to 0.25 mm).
Slight stains in localized areas, mainly dirt.

Condition C
(kn = 2)

Non-uniform mortar surface with likelihood of hollow localized areas
determined by percussion, but no signs of detachment. Small cracking
(0.25 to 1.0 mm) in localized areas. Changes in the general colour of the

surface with a potential presence of microorganisms.

Condition D
(kn = 3)

Mortar with localized detachments or perforations, revealing a hollow
sound by percussion. Detachments only in the socle. Easily visible

cracking (1 to 2 mm). Dark stains of damp and dirt, often with
microorganisms and algae.

Condition E
(kn = 4)

Incomplete mortar surface due to detachments and falling of mortar
patches. Wide or extensive cracking (≥ 2 mm). Very dark stains of

damp and dirt, often with microorganisms and algae.

1 Data sourced from References [42,47].
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Table 3. Weighted factor for render facades (ka,n) 1.

Degradation Condition Stains Cracking Loss of Adhesion

Condition A 0.00 0.00 0.00
Condition B 0.67 1.00 1.50
Condition C 0.67 1.00 1.50
Condition D 0.67 1.00 1.50
Condition E 0.67 * 1.50 1.50

* 1.00 in the situations of occurrence of ice / thaw cycle. 1 Data sourced from References [42,47].

In Equation (3), the calculation of the severity of degradation (Sw) for this case study
is presented. The result is a Sw index of 13.39%, which means a slight degradation of
rendered façade, according to Table 4.

Sw =
∑(Astains × kn × ka,n) + ∑

(
Acracking × kn × ka,n

)
+ ∑(Aadhesion × kn × ka,n)

A × kmax.
(2)

Sw =

Astains︷ ︸︸ ︷
1.762 + 5.909 + 6.553 +

Acracking︷ ︸︸ ︷
6.940 + 5.730 + 25.800 +

Aadhesion︷ ︸︸ ︷
3.825

105.52 × 4
× 100=

56.519
422.08

× 100 = 13.39% (3)

Table 4. Correspondence between the degradation condition and severity of degradation of rendered
facades 1.

Degradation Condition Severity of Degradation, Sw

Condition A (no degradation) Sw ≤ 1%
Condition B (good) 1% < Sw ≤ 5%

Condition C (slight degradation) 5% < Sw ≤ 15%
Condition D (moderate degradation) 15% < Sw ≤ 30%

Condition E (generalized degradation) Sw ≥ 30%
1 data sourced from References [42,47].

Figure 2 describes another case study, a natural stone cladding, directly adhered to the
substrate, which was inspected using the global inspection system. This case study refers
to a building located in Parque das Nações, Lisbon (Centre of Portugal). The façade is
oriented toward the east and presents an average level of protection against the combined
action of wind and rain. In terms of environmental factors, the inspected building is located
at less than 3 km from the sea, in an urban environment, and exposed to unfavourable
conditions of air temperature and relative humidity. The total area of the facade analysed
is 75 m2 and the natural stone cladding is 12 years old.

The defects observed in the natural stone cladding inspected (Figure 2) are synthetized
in Table 5. The surveyor recorded the area of natural stone affected by each group of the
defect (An): Av—visual anomalies, Aj—joint anomalies, Af—bond-to-substrate anomalies,
and Ai—loss-of-integrity anomalies. The degradation condition level of each defect found
(kn) and the factor corresponding to the relative weight of each defect on the overall
degradation of façade (ka,n) are assigned according to the condition classification in Table 6.
In summary, Table 5 presents the weighted degraded area (An × kn × ka,n) in order to
calculate the severity of the degradation (Sw) index (Equations (4) and (5)).
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Figure 2. Second case study: natural stone cladding.

Table 5. Identification of anomalies observed in natural stone cladding after performing façade inspection.

Defects An (%) An (m2) kn(-) ka,n (-) An×kn×ka,n (m2)

Visual, Av

Condition B - - 1 0.13 -
Condition C 40.3 30.24 2 0.13 7.862
Condition D - - 1 0.13 -
Condition E - - 1 0.13 -

In joints, Aj

Condition B - - 1 - -
Condition C * 20 15 2 0.25 7.500
Condition C ** 10 7.50 2 1 15.000
Condition D - - 3 - -
Condition E - - 4 - -

Bound-to-substrate, Af

Condition B - - 1 1.20 -
Condition C 10 7.50 2 1.20 18.000
Condition D - - 3 1.20 -
Condition E - - 4 1.20 -

Loss-of-integrity, Ai

Condition B - - 1 1 -
Condition C 10.8 8.10 2 1 16.200
Condition D 20 15 3 1 45.000
Condition E - - 4 1 -

* joint anomalies only with material degradation. ** joint anomalies with material loss—open joint.

Table 6. Classification system for natural stone claddings 1.

Degradation
Condition

Anomalies ka,n
% Area of

NSC Affected
Severity of

Degradation (%)

A (kn = 0) No visible degradation - - Sw ≤ 1

B (kn = 1)

Visual or surface
degradation anomalies

Surface dirt 0.13 >10

1 < Sw ≤ 8

Moisture stains/localised
stains/colour change 0.13 ≤15

Flatness deficiencies 0.13 ≤10

Loss-of-integrity
anomalies

Material degradation * ≤ 1%
plate thickness 1.00 -

Material degradation * ≤ 10%
plate thickness

Cracking width ≤ 1 mm
1.00 ≤20
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Table 6. Cont.

Degradation
Condition

Anomalies ka,n
% Area of

NSC Affected
Severity of

Degradation (%)

C (kn = 2)

Visual or surface
degradation anomalies

Moisture stains/localised
stains/colour change 0.13 >15

8 < Sw ≤ 20

Moss, lichen, algae growth/parasitic
vegetation/efflorescence 0.13 ≤30

Flatness deficiencies 0.13 >10 and ≤50

Joint anomalies
Joint material degradation 0.25 ≤30

Material loss-open joint 1.00 ≤10

Bond-to-substrate
anomalies

Scaling of stone near the edges
Partial loss of stone material 1.20 ≤20

Loss-of-integrity
anomalies

Material degradation * ≤ 10%
plate thickness

Cracking width ≤ 1 mm
1.00 >20

Material degradation * > 10% and
≤ 30% plate thickness

Cracking width > 1 mm and ≤ 5 mm
1.00 ≤20

Fracture 1.00 ≤5

D (kn = 3)

Visual or surface
degradation anomalies

Moss, lichen, algae growth/parasitic
vegetation/efflorescence 0.13 >30

20 < Sw ≤ 45

Flatness deficiencies 0.13 >50

Joint anomalies
Joint material degradation 0.25 >30

Material loss-open joint 1.00 >10

Bond-to-substrate
anomalies

Scaling of stone near the edges
Partial loss of stone material 1.20 >20

Loss of adherence 1.20 ≤10

Loss-of-integrity
anomalies

Material degradation * > 10% and
≤ 30% plate thicknessCracking

width > 1 mm and ≤ 5 mm
1.00 >20

Material degradation * > 30%
plate thickness

Cracking width > 5 mm
1.00 ≤20

Fracture 1.00 >5 and ≤10

E (kn = 4)

Bond-to-substrate
anomalies Loss of adherence 1.20 >10

Sw > 45
Loss-of-integrity

anomalies

Material degradation * > 30%
plate thickness

Cracking width > 5 mm
1.00 >20

Fracture 1.00 >10

* Material degradation is meant to be every anomaly that involves loss of volume of the stone material. 1 data sourced from Reference [42].

In Equation (5), the calculation of the severity of degradation (Sw) of the second case
study is presented. The result is a Sw index of 10.43%, which means a slight degradation
(Condition C) of the natural stone cladding analysed, according to Table 7.

Sw =
∑(Av × kn × ka,n) + ∑

(
Aj × kn × ka,n

)
+ ∑

(
A f × kn × ka,n

)
+ ∑(Ai × kn × ka,n)

A × kmax.
(4)
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Sw =

Av︷ ︸︸ ︷
7.862 +

Aj︷ ︸︸ ︷
7.5 + 15 +

A f︷︸︸︷
18 +

Ai︷ ︸︸ ︷
16.2 + 45

75 × 14
× 100 =

109.562
1050

× 100 = 10.43% (5)

Table 7. Correspondence between the degradation condition and the severity of degradation of
natural stone claddings 1.

Degradation Condition Severity of Degradation, Sw

Condition A (no degradation) Sw ≤ 1%

Condition B (good) 1% < Sw ≤ 8%

Condition C (slight degradation) 8% < Sw ≤ 20%

Condition D (moderate degradation) 20% < Sw ≤ 45%

Condition E (generalized degradation) Sw ≥ 45%
1 data sourced from Reference [48].

In these two case studies, the visual inspection was aided by a crack ruler to measure
the thickness of the cracks and a tape measure to get dimensions to support the quantifica-
tion of defected areas (An) in the stone cladding and rendered façades. These procedures
strongly influence the parameters used to calculate the severity of the degradation (Sw)
index. Furthermore, these inspections are a time-consuming process. Only the natural
stone cladding in the bottom wall was analysed, and, in some areas, a ladder was needed to
evaluate the defects present in the façade in more detail at a higher level. These examples
confirm that the reliability of this global inspection system depends on the accuracy of the
data collection, and it is intrinsically related to the surveyor’s expertise and the inspection
conditions. Some automation in data collection could help to obtain more reliable and
standardised results and reduce the acquisition time of the data.

4. The Uncertainty Associated with the Building Inspection Based on Fieldwork

The global inspection system adopted for the inspection of the facades previously
analysed, is based only on the visual assessment of the components, thus, encompassing
some uncertainty on the quantification of the degraded areas, as discussed previously. To
illustrate this issue, Table 8 shows the results of the inspections carried out on the same
47 natural stone claddings by two surveyors. The two surveyors perform these inspections
as part of their masters’ thesis in civil engineering [40,48]. After processing the collected
data acquired by different methodologies, the two inspectors obtained different results in
some façades, leading to a variation between 0% to 2.23% in the severity of the degradation
index—Sw (variations %), as shown in Table 8. This could be related to some differences in
the way data is collected by the surveyor, since they have different goals, which results
in slightly different approaches, and the subjectivity associated with visual inspection is
due to the assessment of each surveyor. Neto developed her work in the inspection and
diagnosis of natural stone cladding [40] and Silva in a field of service life prediction of
natural stone cladding [48]. In this sense, Neto [40] only identified the anomalies observed,
and did not estimate all the areas affected by each anomaly, while Silva [48] estimated the
areas affected by each defect in order to obtain the severity of the degradation index—Sw.
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Table 8. The results obtained by two surveyors for the same 47 case studies of facades with natural
stone cladding 1.

ID (from Neto, 2008) Sw (Neto, 2008) Sw (Silva, 2009)
Sw (Neto, 2008)/
Sw (Silva, 2009)

ΔSw

Ed. A.1 2.1% 2.1% 1.00 0.00%
Ed. Q.2 1.8% 1.8% 1.00 0.00%
Ed. R.3 1.9% 1.9% 1.00 0.00%
Ed. T.2 2.1% 2.1% 1.00 0.00%

Ed. BB.4 0.6% 0.6% 1.00 0.00%
Ed. BB.5 1.1% 1.1% 1.00 0.00%
Ed. I.1 2.0% 2.0% 0.98 0.03%
Ed. H.3 1.6% 1.5% 1.03 0.05%
Ed. E.2 2.1% 2.0% 1.05 0.10%
Ed. F.2 1.1% 1.2% 0.87 0.16%
Ed. E.1 2.1% 1.9% 1.11 0.21%
Ed. I.3 1.3% 1.1% 1.20 0.21%
Ed. R.2 2.1% 1.9% 1.11 0.21%
Ed. F.1 1.1% 1.4% 0.79 0.29%
Ed. P.2 2.0% 1.7% 1.19 0.32%
Ed. Q.1 1.7% 1.4% 1.23 0.32%
Ed. BB.6 2.4% 2.7% 0.88 0.32%
Ed. I.2 4.3% 3.9% 1.10 0.40%
Ed. R.1 2.1% 1.7% 1.23 0.40%
Ed. Z.2 1.8% 2.3% 0.81 0.43%
Ed. Z.1 1.1% 1.5% 0.71 0.43%

Ed. T.3 0.8% 1.3% 0.63 0.47%
Ed. Z.3 2.1% 2.7% 0.80 0.54%
Ed. O.1 4.1% 3.5% 1.16 0.56%
Ed. K.4 3.0% 2.4% 1.28 0.66%
Ed. H.1 1.2% 0.5% 2.26 0.68%
Ed. T.1 1.5% 2.2% 0.68 0.70%
Ed. G.1 2.1% 2.8% 0.73 0.77%
Ed. D.3 0.9% 0.1% 11.58 0.78%
Ed. S.1 2.1% 3.0% 0.72 0.83%
Ed. K.3 2.0% 2.9% 0.70 0.85%
Ed. Q.3 2.0% 2.8% 0.70 0.86%
Ed. B.1 1.9% 1.0% 2.00 0.96%

Ed. CC.2 1.8% 2.7% 0.64 0.96%
Ed. KK.1 3.4% 2.3% 1.49 1.13%
Ed. AA.3 10.7% 9.5% 1.13 1.21%
Ed. U.1 4.5% 3.3% 1.38 1.23%
Ed. H.2 2.3% 1.0% 2.36 1.31%

Ed. AA.2 10.8% 9.3% 1.16 1.50%
Ed. D.2 2.0% 0.4% 4.85 1.55%
Ed. O.3 0.3% 1.9% 0.17 1.57%
Ed. K.1 3.3% 1.6% 1.99 1.63%
Ed. U.3 3.4% 1.7% 1.98 1.70%
Ed. D.1 2.0% 0.1% 14.22 1.81%
Ed. J.2 3.4% 1.5% 2.29 1.93%
Ed. K.2 2.7% 0.6% 4.20 2.06%

Ed. AA.1 10.7% 8.5% 1.26 2.23%
1 data sourced from Neto [40] and Silva [48].

The differences between the results are associated with the type of information col-
lected for severity of the degradation index calculation, to the gap in time between in-
spections and some limitations related to the visual survey, like weather conditions at
the inspection moment (e.g., the incidence of solar radiation in the wall can mask some
defects). The subjectivity associated with the inspector assessment is related to difficulties
in assessment, mapping, and measurements of the defective areas in elevated areas of
the building facades. Furthermore, the deviations between the values obtained by the
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two surveyors seem acceptable, given the subjectivity inherent to the visual inspection.
However, other techniques could be applied to automate the inspection of facades, in order
to reduce the subjectivity inherent in the visual inspection. Technologies like 3D laser
scanning, infrared thermography, photogrammetry, digital image processing, and drones
could provide some automation in collecting geometric and photographic data. These
techniques intended to overcome some limitations in assessing and measuring the defects
areas while improving the evaluation of the degradation condition through the severity of
a degradation index (Sw).

5. Emerging Technologies to Automate Visual Building’s Façade Inspection

In this section, some advanced technologies to automate a building facade inspection
are summarized and discussed. To overcome some limitations in assessing and measuring
the defects areas, previously shown in Sections 3 and 4, some technologies were selected
to collect geometric and photographic data. The technologies analysed in this study are
the most addressed in the literature [16,21,23,24,27–32,49,50]: 3D laser scanning, infrared
thermography, photogrammetry, digital image processing, and drones. Each technology
is presented succinctly, with the main focus of automate mapping and quantifying the
defects observed in building facades. Some advantages and disadvantages are presented,
intending to analyse and select the suitability technologies to complement and improve a
visual assessment of building facades.

5.1. 3D Laser Scanning (TLS)

Terrestrial laser scanning (TLS) is a process that records a 3D digital image within a
determined radius from the location of the laser scanner, through infrared light. The result
are 3D point clouds of the objects surface. The use of this technique has grown in cultural
heritage and historic preservation projects, mainly because their rapid, wide-ranging, and
non-invasive method of documentation, which proved to be cost-effective when compared
to traditional techniques. This technique is considered one of the best solutions for 3D
digitalization of cultural heritage assets [51–53]. With TLS, it is possible to detect some
defects as surface delamination, cracks, displacements, and deflections in walls [20,54].
This technology also allows measuring the defects with the acquired information into a
Computer Aided Design (CAD) system [23]. The accuracy and details of the recording
depend on the scanner specifications and the distance to the scanned object [23,54]. The
mapping technique using a 3D laser scan allows a better prediction of replacement cost of
wall surfaces through the location of the defects. Another advantage of this technique is
the ability to document large areas at ground level, thus, avoiding the scaffolding costs
and creating a safer environment for the surveyors [51].

However, the laser scanner has some drawbacks in collect data from hidden or un-
reachable surface areas from the ground, like capture points in tall buildings. In a historic
urban context, with narrow streets, this technique does not provide good results [55].
Moreover, the equipment and software acquisition can be expensive with equipment prices
around 30,000 euros [23,56,57].

However, the use of TLS aids to overcome the complexity in accessing some parts of
buildings and the unfavourable lighting conditions, like shaded and lighted areas, because
it is independent of solar lighting [23,51,52]. This technology generates coordinates of
millions of points in reflecting surfaces, providing a rapid geometric representation of
objects [19,23]. It provides a geometrical data with high resolution and accuracy, but
usually the radiometric data is not useful to defects mapping, like stains, due to the
sensors’ limitations [23,29,55]. In that context, several authors [19,55,56] have done research
combining TLS with other technologies like digital image processing, photogrammetry,
and infrared thermography. Therefore, this approach brings some automation in mapping
and measuring some defects in facades, as delamination as well as loss of adhesion and
cracks (with some limitation in crack width) in a more accurate and detailed way.
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5.2. Infrared Thermography (IRT)

Infrared thermography (IRT) is a non-destructive technique that has been applied in
buildings inspection as an important diagnostic tool [37,58]. The principle is based on the
measurement of the radiant thermal energy distribution, which is emitted from an object.
The thermal energy is measured by an infrared camera [59]. This technology has been used
to detected surface defects such as moisture, air leakage in the walls, detachment, and
cracks in some type of claddings [37,58,60–65]. Thermography can detect anomalies with
surface temperature variations. Methodologies combining infrared thermal images with
TLS was performed and showed good results to identify anomalies on masonry walls [66].
Other authors [67,68] combines infrared thermography with photogrammetry techniques,
intending to obtain thermographic information where it is possible to measure the defects
on the image.

Despite the innumerable capabilities of this technology, there is some limitations
related to the significant cost of infrared cameras with high resolution. However, there is a
low-cost camera with costs around 500 euros [69]. Thermography is highly dependent on
climatic conditions, components of a surrounding natural and built environment, building
orientation and shape, surface roughness/texture/colour, and camera settings [58,70].
The façade should not be exposed to wetting, frosting, or direct solar radiation in the
acquisition phase. In addition, this technique is significantly dependent on the expertise
of the operator [71]. However, this technique could be an upgrade for damage detection
in visual inspection with a capability of mapping moisture stains, detachment, loss of
adhesion, and cracks, particularly when there is no access to the facade. IRT combined
with photogrammetry techniques and TLS could also provide measures of mapped defects.

5.3. Photogrammetry and Remote Sensing (PRS)

The International Society of Photogrammetry and Remote Sensing define photogram-
metry and remote sensing (PRS) as “the art, science, and technology of obtaining reliable
information from noncontact imaging and other sensor systems about the earth and its
environment, and other physical objects and processes through recording, measuring,
analysing, and representation” [72]. PRS is a technique capable of determining 3D geome-
try of physical objects by analysing and measuring 2D photographs. It is divided in aerial
and terrestrial photogrammetry. In aerial locations, images are acquired from an aircraft
providing topographic maps. In terrestrial photogrammetry, images are acquired near the
object and provide dimensional information about the object. In case of the object size
and distance camera-to-object of less than 100 m, the technique is defined as close-range
photogrammetry [73].

This technique could be applied, through a digital camera, in facades to obtain ortho-
images, where, afterward, it is possible to measure the defects [74]. However, several
authors have been combining PRS with other technologies, like TLS. With this arrangement,
they provide good geometric and radiometric information, so it is possible to measure
defects on façade [74,75]. Other authors combine image processing with PRS to automatic
crack monitoring [56] and measure defects through the image in building façades [76].
One advantage of PRS is the cost, around 150 euros for the software, assuming there is a
computer [77], typically lower than TLS (30,000 euros) [68].

5.4. Digital Image Processing (DIP)

Digital image processing is a technique to extract information from the images with
several applications in engineering and architecture. This technique requires the use of
software to perform image processing on digital images. There are two main areas of
application, which is a low level that involves the improvement of pictorial information
for human interpretation and a high level for the processing of scene data for autonomous
machine perception, to give the system the ability to interpret and understand an image [78].
More specifically, low-level processing contains the image acquisition, image compression,
a pre-processing method for noise filtering, edge extraction, and image sharpening. It also
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contains a high-level, useful mathematical method, such as neural networks, fuzzy logic,
pattern recognition, and artificial intelligence [27,78].

This technique has been implemented in multiple areas such medicine, automation,
security, and defence [79]. In recent years, this technique has been adopted in the architec-
ture field for identifying different materials and defects such as in stone masonry facades.
This work is based on image processing software, which contains algorithms capable of
classifying the stone anomalies [79]. At this stage of image processing, more accuracy is
needed. DIP has been used to detect and quantify defects in tiling work [78,80]. Thus, DIP
is capable of measuring defective areas and increase the reliability of visual inspection [78],
detecting cracks in building facades [81].

However, some image processing limitations are related to image acquisition, the
cladding appearance, the camera distance, and position, and with a light condition at
the inspection moment. Those factors can affect the image captured and cause some
inaccuracies in the defects’ detection [78].

5.5. Drones (UAV)

The use and development of drones has its origins in the military field in the middle of
the century XIX. Since 2010, the scenery changed with the falling prices and increasing ease
operation [70]. The advances in programming and autopilot systems, the miniaturization
of components, such as gyros and GPS units, made the machines smaller, cheaper, and
easier to fly [49]. Currently, drones or more formally known as Unmanned Aerial Vehicles
(UAV), have high popularity and the technology has got a maturity level that makes it more
user-friendly and inexpensive. It is possible to purchase a good UAV for prices around
1700 euros [82]. In the construction industry, the use of these devices can contribute to
reduce the time of tasks, like monitoring construction activities and inspection of buildings,
increase the quality of the work, improve safety standards, and reduce costs [83]. Building
pathology and diagnosis can be done with drones faster than conventional methods, more
safely, in some circumstances [49]. UAV can use coupled cameras to capture HD images
and videos or infrared cameras and 3D laser scanners to identify damages and cracking in
building facades [84,85]. UAV can fly in inaccessible areas without risk for the operator, like
higher facades in tall buildings, or between buildings in narrow streets. The speed at which
the survey can be performed in the field is also an advantage of this technology [49,86].

Some disadvantages are related to the quality of images and videos obtained, which
can be influenced by light conditions and inspection distances to elements in some cases.
The load of a different type of camera, the meteorological conditions, and physical barriers
(e.g., trees near the façades) could also be a limitation for this technique [49]. The battery
duration remains a big challenge to be solved with the best flight times around 30 min [82].
Additionally, the use of this technology must follow the country regulation [81].

UAV can be used with an infrared thermal camera. As a result of technological
advances, the infrared sensors became smaller and lighter, which enabled their use by
drones [70]. A geometric and photographic survey is also possible with a drone with a
kinetic sensor installed. This solution is characterized as low-cost among others, which is
capable of generating 3D models [87]. UAV with coupled cameras are particularly useful
in visual inspection and are capable of improving the assessment of some defects, such as
cracks and stains.

6. Critical Analysis for Inspection and Diagnosis of Facades Elements

In this section, the suitability of previous technologies presented to automate visual
assessment of building facades is discussed. The aim of using these technologies is to collect
more reliable data during fieldwork. The key improvement of the global inspection system
relies on the calculation of the severity of degradation index (Sw), which evaluates the
condition state of facade in real exposure conditions, based on visual inspections, as men-
tioned in Section 3. Consequently, there are several technologies capable of bringing some
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automation in the visual inspection, as mentioned in Section 5. However, the measurement
of defective areas in facades is still a big challenge, as discussed in this section.

As previously shown in Section 4, the calculation of severity of the degradation index
(Sw), in a global inspection system, could be improved if the collected data is more accurate
and independent of the surveyor expertise as well as visual inspection conditions. Thus,
advanced technologies can help in this context. The selected technique must be able to map
the defects and mainly measure with an adequate accuracy (or with a known margin of
error) the area affected by each anomaly type (e.g., cracks, detachments, and stains). With
that purpose, in Table 9, a critical analysis of emerging technologies (selected in Section 5)
is presented to map and measure defect areas in building facades, based on the accuracy
of field data collection and based on the importance of this data for the calculation of the
severity degradation index (Sw).

Table 9. Critical assessment of emerging technologies to measure defect areas in facades, according to the nature of defects.

Emerging Technologies

TLS DIP UAV IRT PRS

T
e

ch
n

ic
a

l
F

e
a

tu
re

s

Mapping
stains

Only suitable
with other

technologies (−)
Suitable (+) Suitable (+) Only suitable for

some stains (−) Suitable (+)

Mapping
cracking

Suitable (+) Suitable (+) Suitable (+)
Only suitable

for some
cracking (−)

Suitable (+)

Mapping loss
of adhesion

Suitable, in case
of façade
geometry

change (−)

Unsuitable, if
there is no image

change (−)

Unsuitable, if there
is no image
change (−)

Suitable (+)
Unsuitable, if

there is no image
change (−)

Measure the
crack thickness

Suitable (+) Suitable (+)

Only suitable
combined with

other
technologies (−)

Unsuitable (−) Suitable (+)

Quantify
defect area

Only suitable
combined
with other

technologies (−)

Suitable (+)

Only suitable
combined
with other

technologies (−)

Only suitable
combined
with other

technologies (−)

Suitable (+)

Survey in tall
buildings

Unsuitable, with
acquisition from
the ground (−)

Unsuitable, with
acquisition from
the ground (−)

Suitable (+)
Unsuitable, with
acquisition from
the ground (−)

Unsuitable, with
acquisition from
the ground (−)

Access to the
facade surface

Unsuitable, with
narrow streets

around (−)

Only suitable if
image acquisition

is done by
drone (−)

Suitable (+)
Unsuitable, with

narrow streets
around (−)

Unsuitable, with
narrow streets

around (−)

Weather
conditions

Independent (+) Dependent (−) Dependent (−) Dependent (−) Dependent (−)

* Unsuitable (−). Suitable (+).

With the purpose of mapping stains in facades, all technologies are useful, except
3D laser scanning (TLS) because it could not produce colour information useful for map-
ping the defects [55]. Infrared thermography (IRT) is advisable for mapping claddings
with loss of adhesion, cracking, and stains with moisture or another defect due to ther-
mal gradients [61]. The measurement of crack thickness could be supported by TLS or
photogrammetry (PRS) combined with digital image processing (DIP) for width around
0.2 mm. However, a high resolution camera is needed to get a good result [20,56,73]. To
quantify defect area in facades, PRS and DIP are advisable. With the first technique, it
is possible to measure over the image. In DIP, the defect areas can be obtained through
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several image processing techniques, supported by a software, for the operation to convert
the pixel in the distance [56].

There are some parameters associated with the nature of inspection that also influence
the selection of the best technology. For surveying high buildings and facade surfaces with
difficult accessibility, like narrow streets, drones (UAV) are the more advisable technology.
As presented before, the weather conditions significantly influence the technology capacity
to map and quantify defects in facades, like windy conditions, presence of obstacles (e.g.,
trees), or solar radiation in facades [49,70]. In this sense, TLS could be a useful technique in
these conditions, with the limitations presented before.

As discussed, several technologies should be used to improve the calculation of the
severity of the degradation index (Sw), according to the type of defects in the building
facades and the nature of the inspection. This aim can be achieved through better mapping
and measure of each type of defect.

7. Conclusions

Visual inspection remains a very important tool for the assessment of the physical and
visual condition of buildings’ facades. However, there is some uncertainty associated with
this analysis, namely in the quantification of defect areas, as shown in Sections 3 and 4.

This study intends to present some recommendations to automate the inspection
process to reduce the uncertainty related with the visual assessment, namely reducing
the subjectivity related to the inspector in assessing, mapping, and measuring the defects
in building facades. In this sense, the use of new technologies can help significantly in
the assessment of the degradation condition of claddings and, consequently, increase the
reliability of an in-service diagnosis.

From the emerging technologies analysed, each one has different advantages and
limitations, according to the literature. In short, this study reveals that there is no suitable
technology for all types of defects. To quantify the degradation in facades through mapping
and measuring defects, the technologies that are revealed to be more advisable were
photogrammetry and digital image processing. These techniques are the most suitable for
mapping defects, measuring the crack thickness, and quantifying defect areas. However,
for mapping defects related to loss of adhesion, infrared thermography is more advisable
and can show a hidden defect.

When parameters related to the nature of inspection action are considered, like the
weather condition or the incidence of solar radiation in the façade, 3D laser scanning could
be the best technology to overcome these limitations. In tall buildings and with difficult
access to the surface façade, drones are recommended. Taking into account the type of
defects in the building facade and the nature of inspection, these technologies are capable of
automating the visual inspection, producing a more reliable and accurate diagnosis about
the degradation condition of facades. Further analyses are needed concerning the real
application of these technologies, evaluating the accuracy of the detection of the anomalies
observed, and the reliability of estimating the severity of the degradation index (Sw), based
on the information collected through these techniques.
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Abstract: Accurate values for the climatic conditions in an air cavity, hereby called the microclimate,
are crucial when calculating and simulating the performance of a ventilated roof and façade system.
The climatic stress of its components and their mould and rot potential influence the long-term
durability of the roof or façade. A scoping study is conducted to gain an overview on research and the
scientific literature on the microclimate of air cavities in ventilated roofing and claddings in Nordic
climates. From the body of the research literature, 21 scientific works were of particular interest, and
their findings are summarized. The review shows that only a limited number of studies discuss the
microclimate of air cavities. Roofs are discussed to a greater and more varied degree compared to
façades and air cavities behind solar panels. However, the results cannot be compared and validated
against each other to generally describe the microclimate of air cavities, as the surveyed papers
approach the subject differently. This knowledge gap indicates that calculations and simulations can
be performed without knowing whether the results represent reality. If the structure of ventilated
roof and façade systems are only designed based on experience, it can be difficult to be proactive and
adapt to future climate changes. Further studies are needed to determine the relation between the
exterior climate and the air cavity microclimate, so that future climate predictions can be used to
simulate the long-term performance of ventilated roof and façade systems.

Keywords: air cavity; air gap; ventilated roof; ventilated façade system; Nordic climate; literature survey

1. Introduction

The climate screen of a building mainly consists of its outer walls and roof. Its primary
function is to create a shelter against weather exposure. The type and severity of this
exposure depends on the geographical location of the building and local conditions specific
to its site. In a Nordic climate, the weather will involve strong winds, precipitation, snow
loads, great temperature fluctuations, and freeze–thaw cycles [1]. The climate is expected
to become more severe in coming years. The temperature and annual precipitation will
increase, and extreme precipitation events will become more intense and more common [2].
Climate change of this type will affect material durability, due to an increase in conditions
where wood materials will be at risk of deterioration due to biological growth [3]. Among
other reasons, the reduction in the number and duration of frost periods is particularly
unfortunate, as the growth of mould and fungi will be drastically impeded during and after
a frost period [4,5]. The climate zones of the Nordic countries are illustrated in Figure 1.
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Figure 1. Climate Classification map for Nordic countries according to the Köppen–Geiger
system—all cities above 100,000 inhabitants are marked (2016). Reprinted with permission from
Ref. [6].

Specific climatic challenges in the Nordic climate include wind-driven rain,
freeze–thaw cycles, strong winds, frost, low annual average temperatures, and snow
loads, often in frequently varying combinations. Especially in coastal areas, the weather can
change rapidly and vary greatly over short periods. To adapt to the varied Nordic climate,
facades and sloped roofs are usually built according to a principle of two-stage weather-
proofing (“totrinnstetning” in Norwegian) [7]. A universally accepted English translation
of this term has not been identified, but the authors are aware that the terms “two-step” or
“two-layer” weatherproofing have also been in use, as well as “two-stage tightening” or
“two-stage sealing/seals”. The term “two-stage weatherproofing” is preferred in this article
as multiple material layers may be involved in the assembly, and the terms “tightening” or
“sealing” are direct, but erroneous, translations of the Norwegian term. A roof or façade
built according to this principle consists of a rain screen (cladding) and a vapour-open
wind barrier layer, separated by an air cavity for drainage and ventilation. The air cavity
ensures that precipitation does not leak into the building envelope, and that any moisture
in the building envelope is allowed to dry. Note that the air cavity is ventilated to the
exterior climate to remove moisture, as opposed to systems such as Trombe walls that are
ventilated to the building’s interior for purposes of indoor ventilation [8,9]. For roofs, the
ventilated air cavity also prevents heat flows from the building interior from melting snow
piled up on the roof tiles, reducing the risk of ice formation. The principle of two-stage
weatherproofing is illustrated in Figure 2.
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Figure 2. Illustration of the principle of two-stage weatherproofing for a façade (left) and a roof
(right). Reprinted with permission from Refs. [10,11].

The principle of two-stage weatherproofing has been shown to create robust roofs and
façades [7], but climate change might alter its performance. Norwegian statistics show that
the share of process-induced building defects caused by precipitation have increased from
24% for the period 1993–2002 to 42% for the period 2017–2020 [12]. Insufficient ventilation
and/or drainage of the air cavity is often the main reason why precipitation causes defects
in a ventilated façade. Although flaws of the ventilation cavity are usually caused by
errors in design or execution that deviate from good moisture safety practices, defects have
also been reported in façades built in a way traditionally considered sound [13]. More
humid weather with more precipitation and shorter frost periods causes reports of moisture
damages hitherto unseen. Wooden battens rot while the cladding remains intact. In a new
climate, existing knowledge of moisture-safe design seems to not apply anymore.

Being able to predict service life and making sound material choices for the build-
ing envelope is a central part of the building physical design of a building. Service life
prediction is conducted using accelerated artificial ageing experiments [14], numerical
simulations [15], and knowledge gathering [16,17]. Traditionally, assessments of durability
are conducted using the exterior climate as an input parameter. Assessments of accelerated
artificial ageing methods show that the determination of precise boundary conditions is
a challenge even for façades with only single-stage weatherproofing [18]. Assessing the
durability of materials exposed to the microclimate of the air cavity will likewise require
in-depth understanding of the climatic boundary conditions. The microclimate of the
air cavity will not necessarily correlate directly with the exterior climate [19]. The term
“microclimate” is defined as a set of climatic conditions in a limited area, which may differ
from those of the surrounding area [20]. New experiences and observed defects suggest
a need for better knowledge of climatic conditions in the air cavity to accurately assess
the durability of battens, wind barriers, and wind barrier tape. Relevant microclimate
parameters for the air cavity may include temperature, relative humidity, air pressure,
water intrusion, and air flow characteristics, and how these parameters all behave in re-
lation to those of the exterior climate. This knowledge will be useful when selecting the
methodology for accelerated artificial ageing and for numerical simulations of mould/rot
risk throughout the lifetime of buildings in Nordic climates.

The purpose of this study is to map the current body of knowledge regarding the long-
term microclimate of the air cavity in a roof or wall façade following the two-stage principle
for weatherproofing. To address this general issue, the following research questions
are investigated:
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1. To what degree are the climatic conditions of the air cavity of two-stage weather-
proofed façades addressed in the research literature?

2. Which climatic conditions can be expected in the air cavity of a two-stage weather-
proofed façade?

3. What are the most important knowledge gaps concerning the climatic conditions of
air cavities?

To answer these research questions, a systematic review of the research literature
was conducted, using different library databases. Note that there appears to be some
disagreement on the nomenclature of the term “air cavity”, with many sources using the
term “air gap” instead. This article consistently uses the term “air cavity”, even when
reporting on literature using “air gap” in the original text, provided that the cavity in
question is ventilated at the top and bottom (an “inlet” and “outlet” opening).

Some limitations to the study are acknowledged: A considerable portion of the lit-
erature originates from Norway. This is not unexpected, as the principle of two-stage
weatherproofing originates from the Norwegian Building Research Institute (later incorpo-
rated into SINTEF) [21–23], where research and development of the principle continues
today. Other northern European countries, as well as Canada and the United States, have
also adopted the construction principle to various degrees. However, in Canada, the main
function of the air cavity appears to be drainage, and air cavities are built considerably
narrower than in Nordic countries—as narrow as 1 mm [24,25]. For this reason, research
from North America was excluded from the main part of this study. Research on air cavities
was also identified from Central Europe, but this was also excluded due to the climate
being different from Nordic countries. The warmer Central European climate leads to dif-
ferent considerations to be taken when assessing durability and service life. Nevertheless,
relevant studies from countries beyond the Nordics are discussed in brief at the end of the
Results chapter.

2. Methodology

2.1. Scoping Studies

To investigate the current body of knowledge on the microclimate of air cavities, a
scoping study was conducted. Scoping studies are used to rapidly map the key terms
and concepts within a specific area of research. The framework developed by Arksey and
O’Malley [26] was used to guide the literature search through the following five stages:

1. Identifying the research questions;
2. Identifying relevant studies;
3. Study selection;
4. Charting the data;
5. Collating, summarizing, and reporting the results.

The specific procedure used in this study is a refinement of the framework described
in [27]. The full procedure is illustrated in Figure 3.

2.2. Literature Search Parameters

The search was conducted through the following literature databases: Scopus, Sci-
enceDirect, Google Scholar, and Web of Science. For an overview of the search terms and
search strings that were employed, see the Supplementary File to this article. Filters in the
search databases were used to limit the results to scientific articles in English. To further
ensure that results were relevant to Nordic climates, the selection of articles was limited
to articles originating from Denmark, Finland, Iceland, Ireland, Norway, Sweden, and
the United Kingdom. This selection was made to limit the relevance to a Nordic climate,
with its associated climatic parameters such as the frequent combination of precipitation
and wind, freeze–thaw cycles, frost, and low annual average temperatures, as opposed to
cold climates in general which may include high-altitude locations in warmer countries or
entirely polar climates.
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Figure 3. Scoping study methodology. Reprinted with permission from Ref. [28].

After a list of relevant articles was found through the database search, citation chaining,
or “snowballing” [29], was used to find further relevant studies that were not found in the
database search. Search results (Step 5 in Figure 3) were reviewed by assessing the titles of
each study. For articles that seemed relevant, abstracts were thoroughly read, and if they
appeared to match the research questions, they were included for further assessment of
relevance. The search procedure thus resulted in a list of 70 relevant articles, of which 54
were discarded from the final study, for one or more of the following reasons:

• The article did not discuss the microclimate of air cavities (e.g., [30]).
• A microclimate was discussed, but not in relation to a ventilated façade (e.g., [31]).
• The research design of the article did not contain an air cavity, instead focusing on the

properties of materials such as insulation or the cladding itself (e.g., [32]).
• The article featured temperature and moisture measurements, but only from the

outside of the cladding or on the inside of the wind barrier (e.g., [33,34]).
• The article discussed air cavities that were not open to the exterior air at both the top

and bottom of the façade (e.g., [8,9]).
• The article only considered masonry structures (e.g., [35]).
• Review articles of studies that chiefly contained studies from other climates or coun-

tries (e.g., [36]).
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• Articles based on results from irrelevant climates (humid tropical climates, desert
climates, etc.) (e.g., [8,9,37]).

Since articles from Norwegian universities constituted a large part of the relevant
literature, an additional search was conducted in the Norwegian library database to find
M.Sc. theses or other reports that could possibly contain relevant information. This
additional search identified five theses containing relevant works of research, primarily
published in Norwegian.

3. Literature Review Results

3.1. General Overview of the Literature

The literature search identified 16 scientific articles and 5 M.Sc. theses that discuss
the microclimate of ventilated façade and roof cavities specifically in a Nordic climate
context. The review includes articles focusing on field studies, laboratory studies, computer
simulations, and/or calculations. Of the 21 works of research, 6 focus on façades, 10 focus
on sloped roofs, 3 concern roofs and/or façades with integrated photovoltaics, and 2 focus
on both façades and roofs. A further 11 studies from outside the Nordic climate were
selected to provide a brief overview of relevant research internationally, and to take in
some perspectives that were not discussed by the Nordic articles. However, the limits to
their applicability in a Nordic context must be noted.

The relevant research originated from Norway (Norwegian University of Science and
Technology and SINTEF (formerly Selskapet for Industriell og Teknisk Forskning) in Trond-
heim), Sweden (Gävle University College, Kungliga Tekniska Högskulan in Stockholm,
Lund University, and Chalmers University of Technology in Gothenburg), and Finland
(Aalto University near Helsinki). Relevant studies were sought, but not found, from
Denmark, Iceland, Ireland, and the United Kingdom, whose climates are similar.

Table 1 presents an overview of the individual studies identified in the literature
review. Some studies resulted in (or contributed to) multiple publications, as shown in the
“References” column. The investigated climate parameters of each study are also listed,
as well as the duration of measurements (if applicable). Note that not all of the studies
measured the parameters the same way or presented the measurements directly.

Table 1. Overview of studies.

Type of Study References
Exterior
Climate

Duration
Main Purpose

of Study
Analysed Parameters of Relevance

Field study [38–40] Lund,
Sweden 4 months

Describing cavity air
flows and drying
potential. Validating
numerical model.

- Air velocity (measured);
- Temperature (measured);
- Exterior temperature (measured);
- Exterior wind speed and

approach angle (measured);
- Driving forces (calculated);
- ACH (calculated);
- Drying rates (calculated).

Field study [41] Trondheim,
Norway -

Describing the
impact of wind on
heat transmission
through
wooden walls.

- Wind pressure (measured);
- Wind pressure coefficients and

gradient (calculated);
- Exterior wind speed and

approach angle (measured).
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Table 1. Cont.

Type of Study References
Exterior
Climate

Duration
Main Purpose

of Study
Analysed Parameters of Relevance

Field study [42]

Trondheim,
Norway

4 years

Describing factors
affecting the
hygrothermal
performance of
wooden claddings
in Norway.

- Exterior temperature (measured);
- RH in exterior air (measured);
- Exterior wind speed and

approach angle (measured);
- Global radiation (measured);
- Wind-driven rain (measured);
- Surface temperature in air cavity

(measured);
- RH (measured);
- Water vapour pressure

(calculated);
- Moisture content in wood

(measured).

Simulations
(validating
field study)

[43]
Studying
wind-induced
airflows in cavities.

- Air flow characteristics
(calculated);

- Air cavity speed (calculated);
- ACH (calculated).

Field study [44] Espoo,
Finland 2.5 years

Evaluating a façade
with
exterior insulation.

- Temperature (measured);
- RH (measured);
- Mould index (calculated).

Laboratory study

[45]

Interior lab
climate

-

Describing air flows
in cavities and
assessing how design
details affect
pressure losses.

- Air flow characteristics
(calculated/measured);

- Air pressure (measured);
- Temperature (measured).

[46]

- Air flow characteristics
(calculated/measured);

- Air pressure (measured);
- Temperature (measured).

[47]

- Air flow characteristics
(calculated/measured);

- Temperature (measured);
- Air pressure (measured).

[48,49]
Interior lab

climate with
simulated

solar
radiation.

-

Describing air flow
characteristics and
temperature
conditions in
roof cavities.

- Temperature (measured);
- Air velocity (measured);
- Thermal buoyancy (calculated).

[50]
Modelling air flows
in roof cavities due
to buoyancy.

- Temperature (measured);
- Surface temperature in air cavity

(measured);
- Air flow characteristics

(calculated/measured);
- Thermal buoyancy (calculated).

Simulations
(validating
Laboratory

study)

[51] - - Numerical study of
roof cavity air flows.

- Air flow characteristics
(calculated);

- Temperature (calculated).

Field study [52]

Skellefteå,
Stockholm,
and Växjö,

Sweden

1–2 years
(multiple)

Evaluating a
simulation model for
mould growth in
roof cavities.

- RH (measured);
- Temperature (measured);
- RHcrit (calculated).
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Table 1. Cont.

Type of Study References
Exterior
Climate

Duration
Main Purpose

of Study
Analysed Parameters of Relevance

Field study

[53]

Trondheim,
Norway

8–12 days
(multiple)

Evaluating
condensation risk in
roof cavity.
Relating cavity air
flows to wind.

- Exterior temperature (measured);
- Exterior wind speed and

approach angle (measured);
- Surface temperatures in air cavity

(measured);
- Temperature (measured);
- Air velocity (measured).

[19] 6–11 days
(multiple)

Examining the
influence of
temperature and
wind on roof
ventilation.
Condensation risk.

- Exterior temperature (measured);
- Exterior wind speed and

approach angle (measured);
- Surface temperatures in air cavity

(measured);
- Temperature (measured);
- Air velocity (measured);
- Condensation potential

(calculated).

[54] 9 days/21 days

Mapping the
influence of exterior
climate on air
cavity climates.

- Temperature (measured);
- RH (measured);
- Wood moisture (measured);
- Exterior temperature (measured);
- RH in exterior air (measured);
- Exterior wind speed and

approach angle (measured);
- Global radiation (measured).

Laboratory study [55–57]

Interior lab
climate with

simulated
solar

radiation.

-

Analysing air flows
and heat transfer
behind solar panels
on façades.

- Temperature (measured);
- Surface temperature in air cavity

(measured);
- Surface temperature (measured);
- Air flow rate (measured);
- Air velocity (measured);
- Aspect ratio of air cavity.

3.2. Façades

Falk and Sandin [38] described field studies measuring air velocities and temperatures
in south-facing, vented, and ventilated façades using different batten configurations. The
research period spanned 2400 h between the beginning of October and the middle of
February. A single sensor was moved periodically between the three test specimens. The
results were compared to a simulation model. The studies found an average absolute air
velocity in the cavity of 0.195 m/s and an average driving force of 0.3–0.5 Pa. According to
calculations, the air change rate for the cavity was 230-310 ACH (air change rate per hour).
The maximum rate was 2–3 times higher than the average rate, primarily driven by thermal
buoyancy. The results showed a clear correlation between average cavity temperature and
flow characteristics, where the temperature increased if the flow resistance was increased.

A further study by Falk and Sandin [39] explored the connection between air cavity
design, air change rate, and ventilation drying processes. Calculations and mathematical
models were employed and compared to field studies from the previous article from
Università di Napoli Federico II. The results showed that the model used to calculate
ACH yielded values that agreed with field measurements. The calculations of drying
rates showed that the evaporation of moisture to the air cavity varied greatly between
the different air cavity designs, but the variations tended to even out over time. The
measurements also showed that a favourable exterior climate and the colour of the façade
cladding had a greater impact than the design of the air cavity, and that a cavity width of
40 mm yielded 20–25 times more drying potential than a cavity 5 mm wide.

A third study in this series [40] presented a method to predict ACH in an air cavity.
Mathematical models were used alongside climate data and validated using field mea-
surements from [38]. The results showed that the calculated ACH largely fit the measured
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values from the field studies, even reflecting hourly variations. The model still was shown
to be slightly lacking for daytime conditions. Significant hourly deviations were observed
during daytime hours, showing thermal buoyancy to be weak compared to wind pressures.

Uvsløkk [41] presented information on how wind affects the air pressure in an air
cavity. Field experiments, laboratory experiments, and calculations were conducted. The
results indicated that the geometry of the air cavity and the details near the cavity openings
greatly affected the pressure gradients in the air cavity and that the calculation methods
were less suitable for complex cavity geometries. The article concluded that for most
locations in Norway, it will be sufficient to use a reference wind velocity of 10 m/s, 10 m
above the ground, for calculations spanning the heating season.

Nore [42] sought to increase the scientific knowledge of the performance of wooden
claddings through conducting field studies. Sensors were mounted on the inside and
outside of the wooden cladding on a test building in Trondheim, measuring the exterior
climate, the relative humidity in the air cavity, and the moisture content of the wooden
cladding. Measurements ran across four years between 2004 and 2007. The measurements
showed that the cladding’s hygrothermal response depended greatly on the orientation
of the façade, largely due to different exposure to solar radiation, wind, and wind-driven
rain. Further, the results showed that an air cavity was necessary, but that an air cavity
opening of 23 mm did not significantly improve the drying potential of a west-facing façade
compared to a smaller cavity opening of 4 mm. The surface treatment of the cladding
affected the response to climate exposure, where untreated wood responded faster to
variations compared to surface-treated wood, giving larger fluctuations in the moisture
content of the cladding. Changes in the claddings’ moisture content were more correlated
with variations in temperature, solar radiation, and wind speed than with variations in
precipitation, wind-driven rain, and wind direction.

Nore et al. [43] studied the wind-driven air stream in a 23 mm air cavity in a ventilated
cladding using RANS CFD simulation, a validation study, and a comparison to earlier
studies. The validation study showed a margin of error of 25% for cavity air flows with
a Reynold’s number (Re) between 1000 and 3500. Simulations with a Re outside these
parameters showed an ACH/U10 between 120 and 250 for a high reference wind speed of
10 m/s perpendicular to the façade. The CFD results of cavity air speed and air change
rate were compared to those of previous experimental studies, indicating agreement.
Local pressure losses were calculated by comparing the results of separate and combined
simulations. The pressure loss coefficient for wind perpendicular to the façade was between
4.5 (middle cavities) and 5.7 (edge cavities), and for wind angled at 22.5 degrees, it was
between 4.9 and 7.1.

Viljanen et al. [44] evaluated the performance of the air cavity for a highly insulated
façade by assessing mould growth potential as a performance criterium and investigating
which factors affect this performance. Field studies were conducted on two externally
insulated air cavities with a thermal resistance R = 0.18 and 1.57 m2K/W on the exterior
side. Measured parameters included absolute humidity, solar radiation, mould growth
potential, and the temperature and relative humidity in the air cavity and the exterior air.
The results indicated that the average temperature in the winter season was 0–2 ◦C lower
in the air cavity than in the exterior air, but the RH was typically 0–15% lower, depending
on the type of wall. The computational analyses showed that the optimal air change rate
was 4–40 h−1. Significant mould growth in the air cavity was only possible near the inlet
area, where the temperature was the lowest and RH the highest. The analytical model
identified that the most influential factors for the hygrothermal conditions in the air cavity
were the interior and exterior R values, the ACH of the air cavity, and the vapour resistance
of the layers close to the air cavity. Insulation on the exterior side of the air cavity improved
the performance of the air cavity, but it was shown that reducing the size of the inlet
can be beneficial. Exterior R values should not exceed R = 0.35–0.5 m2K/W to maintain
solar-radiation-driven drying and to prevent mould growth during the summer season.
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Overall, it may be seen that the research regarding the microclimate of façade air
cavities primarily concerns air flows by buoyancy and responses to wind, while parameters
such as moisture and temperature remain little studied. Viljanen’s work [44] is a welcome
exception, but unfortunately, the measurements were conducted on an unconventional
wall assembly that cannot be directly compared to the remainder of the studies.

3.3. Roofs

Gullbrekken et al. [45] presented calculations to determine pressure losses at the inlet
(eave) opening and inside the air cavity, consisting of friction losses and passing of tile
battens. The study consisted of a large-scale laboratory experiment and a numerical analysis
using the COMSOL software. The results showed that the pressure loss coefficient of the
airstream was greatly dependent on the shape of the tile battens (aligned perpendicular to
the air flow through the air cavity). Tile battens with rounded edges were found to incur
a pressure loss coefficient 40% lower than battens with right-angled edges. Additionally,
the results indicated that a classic eave design gave a lower pressure loss coefficient than
modern eave design. Installing a bug net at the openings of the air cavity doubled the
pressure loss coefficient. The calculations as well as laboratory and field studies were
further described in an M.Sc. thesis by Hansen [46]. Hansen noted that the air cavity width
should be increased by increasing the height of the longitudinal battens rather than the
cross battens, to reduce pressure losses of the cavity air flow. Another M.Sc. thesis that
contributed to the results of [44] is that of Eggen and Røer [47], who built upon the study by
Hansen. The two theses disagree slightly on whether it is more advantageous to ventilate
the roof cavity through openings in the eaves or behind the roof gutter. The disagreement
might be explained by the different placement of sensors in the two experiments.

Bunkholt et al. [48] investigated, through a laboratory study, how the air flow through
a ventilated roof cavity is affected by temperature and air cavity design. Measurements
indicated that the air cavity temperature and flow conditions were affected by the cavity
width as well as the roof angle. The temperature decreased and air flow rate increased with
higher roof angles and larger cavity widths. Increasing the cavity width only increased the
air temperature up to a certain point. The optimal cavity width was found to be 48 mm.
Increasing the cavity width from 23 mm to 70 mm reduced thermal buoyancy by two thirds.
The results of the study were also presented in a Master thesis [49]. A result reported in the
thesis is that thermal buoyancy caused a driving pressure equivalent to a wind speed of
0.4–2 m/s. Thermal buoyancy may thus be the primary driving force of the airflow through
the air cavity large portions of the year in Norway.

Säwén et al. [50] presented an analytical model to predict the air flow due to buoyancy
in a ventilated roof assembly. The developed Thermal Buoyancy Model was compared to
a laboratory study and a numerical calculation by using all three methods to analyse the
air flow and thermal conditions in an air cavity using the same test setup and the same
Norwegian climate. Results from the laboratory experiment and the numerical simulations
quantitatively showed that an increase in the heat loads or the roof inclination increased
the air flow rate due to increased driving forces. Increasing the cavity width increased the
air volume flow due to decreased air flow resistance. The analytical model underestimated
the air volume flow by an average of 20% compared to the laboratory experiment, and
overestimated by 3% compared to the numerical calculations, but the trends are similar.

Mundt-Pedersen and Harderup [52] investigated the suitability of a 1D hygrothermal
calculation tool in the design phase to prevent and evaluate the risk of mould growth and
moisture damage in ventilated roofs. Moisture and temperature sensors were mounted
in different positions in the roofs of four residential buildings in Sweden, while similar
roof structures were modelled in the WUFI simulation program. The sensors measured
temperature and RH over a period of 12–33 consecutive months. Quantitative results from
sensors and WUFI were compared to each other and to critical values for mould growth.
The results indicated that WUFI can be used as a tool to predict the climatic conditions, but
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that multiple parameters will affect the results and need to be considered to reliably assess
the mould growth potential.

In addition to their evaluations of façades as described in Section 3.3., Viljanen et al. [44]
assessed the performance of a roof structure. Field measurements were conducted similarly
to what was carried out for façades, insulating the exterior side of a roof air cavity with a
thermal resistance value R = 0.13 and 2.13 m2K/W. Calculation analyses showed that the
optimal air change rate for the setup was 20 h−1. Significant mould growth in the cavity was
only possible near the inlet, where the temperature was lowest and the RH was highest. The
analytical model identified the most influential parameters for the hygrothermal conditions
in the cavity to be the internal and external R values, the ACH of the cavity airspace,
and the vapour permeability of the vapour control layer. Insulating the exterior side of
the air cavity was shown to increase the performance of the air cavity. Exterior R values
should not exceed 0.7 m2K/W to maintain solar drying and to prevent mould growth in
the summer season.

Gullbrekken et al. [53] described the risk of condensation on the interior side of the air
cavity and mapped the relation between the air velocity in the cavity and the exterior wind
speed. Field measurements were conducted in Norway using sensors to measure surface
temperatures, the air temperature in the air cavity, and the air velocity in the cavity for three
seasons: spring, summer, and autumn. The temperature below the roofing was shown to
be lower than the exterior temperature 51%, 14%, and 56% of the time, respectively, for the
three seasons. The measurements indicated a strong correlation between the wind speed
and the air flow velocity in the air cavity. The hourly air exchange rate could be estimated
as 11 h−1 for periods of low wind speed and 84 h−1 for periods of high wind speeds.

Bunkholt et al. [19] investigated the influence of exterior temperatures on the tempera-
ture in the air cavity, what condensation potential results from an air cavity temperature
lower than the exterior temperature, and what the consequences of condensation risk
can be. Field studies were conducted using sensors to measure surface temperatures, air
temperature in the air cavity, and the air volume flow in the air cavity. Measurements were
conducted over five periods in Norway between 2016 and 2018: one period each for spring,
summer, and autumn, and two periods during winter. The results showed marked periods
of air cavity temperatures being lower than the exterior air temperature and positive CPi
(condensation potential) values for extended periods, especially during spring and autumn,
and in winter periods without snow on the roof. This indicated that the materials in the
roof absorbed moisture and regulated the air humidity in the air cavity. Large negative CPi
values indicated drying of the roof structure.

Rønningen [54] conducted a field study on air cavities on research buildings in Trond-
heim, Norway. Solar radiation was measured to cause significantly higher temperatures in
the air cavity (up to 35–40 degrees) than the outside air temperature. Near the top of the
ventilated roof cavity of a sloped roof, temperatures were lower than outside temperatures
42% of the time, compared to 63% at the bottom. For a neighbouring building with a
saddle roof, the numbers were 58% and 63% for the south and north side, respectively.
Moisture measurements showed that the battens were able to dry quite quickly, going from
a moisture level of 37 weight-% to 25% in 38 days.

Tianshu [51] conducted a numerical study of the air flow in air cavities for pitched
wooden roofs using computational flow dynamics (CFD). It was found that increasing
the width of a cavity from 23 to 48 mm greatly reduced the pressure gradient, friction
coefficient, and total loss coefficient. A further increase to 140 mm yielded significantly
lower impacts. The shape of the tile battens also greatly influenced the air flow, with a
small rounding (r = 4 mm) of the edges reducing the loss coefficient by 20% compared to
right-angled battens.

3.4. Building-Integrated Photovoltaics (BIPV)

Sandberg and Mosfegh [55] analysed the air flows and thermal transfer due to thermal
buoyancy behind solar panels numerically and experimentally. Laboratory experiments

133



Buildings 2022, 12, 683

were conducted in Sweden, where thermoelements on the exterior side of the air cavity
simulated a solar heating flux of 20–300 W/m2. Numerical simulations were conducted
with a uniform thermal flux varying between 20 and 500 W/m2. The results showed
agreement between the laboratory experiments and the simulations and indicated that it
is advantageous to use high-emissivity materials for surfaces in air cavities. The analysis
revealed the importance of thermal radiation exchange for the heat transfer mechanisms
between the air cavity walls. For a thermal flux at or above 200 W/m2, almost 30% of the
heat was transferred to the otherwise unhated wall through radiation, and from there, it
was transferred to the air through convection.

In a further study [56], the same authors investigated governing parameters for air
flows generated by the heat transfer between solar panels and air cavities. A laboratory
study was conducted, using the variables of inclination angle, the placement of solar panels,
and the ratio between air cavity length and width. The results indicate that all the variables
greatly influenced the air change ratio and the temperature of the air cavity. The velocity
profile was uneven, and the highest airflow velocity did not necessarily occur on the heated
side, which indicated a complex airflow pattern. The net effect would be an uneven cooling
of the PV module, reducing its electricity generation. The temperature profile showed
the highest temperature by the heated wall, the second highest temperature along the
opposite wall of the air gap, and the lowest temperature in the middle of the air cavity. The
temperature across the entire air gap decreased as the wall/roof angle increased.

In a final study [57], Sandberg and Mosfegh analytically derived expressions for the
mass flow rate, air velocity, temperature increase, and location of neutral height (the point
where the air pressure in the air cavity is equivalent to the ambient air pressure) in air
cavities behind solar panels mounted on vertical façades. The calculations were compared
to measured temperature values from previous studies [55,56]. The results indicated a good
correlation between analytical expressions and experimental measurements for situations
of constrained flow due to the small area of the inlet and/or the outlet compared to the
cross-section area of the air cavity. With both ends at the size of the cross-section of the
air gap, the agreement was 10–20% but increased at higher wall heights and cavity width
ratios. Possible reasons for the discrepancy between the theory and measurements include
difficulties with the laboratory measurements and the uncertainty in the many parameters
required for a mathematical calculation. Sandberg and Mosfegh’s studies comprise the
only identified work that concerns the microclimate behind photovoltaic façade elements,
unfortunately making comparisons impossible.

3.5. Notable Studies from Outside Nordic Climates

Some studies were identified that directly address the concerns of the present review
but that were not included in the main assessment (Table 1) for various reasons. For the
sake of reporting the wider international perspective on the microclimate of ventilated air
cavities, some notable studies are recounted in this section.

Bouchair [9] presented a theoretical framework for describing cavity airflows in rela-
tion to an interior and exterior climate, using the example of a wall built for solar-driven
ventilation in an Algerian climate. While “Nordic” parameters such as frost or wind-driven
rain were not considered, the equations described may be used to create numerical models
of air behaviour in cavities.

In Vancouver, Canada, Tariku and Iffa [58] performed an experimental study assessing
the hygrothermal performance of wood frame systems built with different concepts of air
cavities (ventilated, vented, no cavity). The findings included that ventilated façades have
a vastly higher air change rate; that temperatures behind the façade boards are lower in
the wall without an air cavity during winter days; and that the ventilated cavity sees a
higher moisture content in the upper section during the wet winter season. This article
was not included in the main study as Canada fell outside the scope of Nordic climates;
however, the similar temperature conditions of the study site imply that its conclusions can
be relevant, nonetheless.
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Also in Canada, John Straube and various co-authors [24,25,59,60] examined the role
of air cavities in the drying and ventilation of façades. A cavity width as small as 1 mm was
found to be enough to ensure drainage. The openings of air cavities were found to play a
significant role in the drying potential, they should be as large and unobstructed as possible
to ensure drying. Straube also documented that moisture retained in the cavity air and
deposited on surfaces was very challenging to simulate in computer models, highlighting
the need for field studies and laboratory measurements.

Defo et al. [61] assessed the moisture performance and durability of brick veneer walls
in the face of climate change in Canada. The deposition of moisture by wind-driven rain
was found to pose a moisture risk on Canada’s east coast, and it was found that an air
cavity should be accompanied by other measures such as roof overhangs to reduce this risk.

Rahiminejad and Khovalyg [62] reviewed the literature on ventilation rates in venti-
lated air cavities in façades. A theoretical framework and mathematical models of cavity
air flows were presented. The reviewed articles relevant to Nordic climates are all included
in the present study.

Van Belleghem et al. [63] modelled the air, heat, and moisture transport in ventilated
cavity walls in Belgium, comparing a simplified model in WUFI to a more detailed model.
The WUFI model was found to overestimate the ventilation effect on drying and subse-
quently indicate lower moisture levels than was the case. A lesson learned from this study
is that the widely commercially used software may not be sufficient to evaluate the moisture
risk in air cavities accurately, presenting a challenge to the building designers who may
rely upon it for moisture risk assessment.

Also in Belgium, Langmans and Roels [35] compared four measuring techniques for
analysing cavity ventilation behind rainscreen cladding systems. The most suitable method
depended on the type of cladding: a vented brick veneer façade displayed air change rates
two orders of magnitude lower than ventilated siding, and thus required a pressure gauge
to accurately measure the air change rates. The study indicated that measurements of air
change rates in air cavities behind brick veneer may not be directly comparable to those
behind more open façade claddings.

Marinosci et al. [37] investigated, numerically and experimentally, the thermal be-
haviour of a rainscreen façade in Italy, featuring an air cavity width of 240 mm. The velocity
and temperature distribution of the air in the air cavity was measured and modelled. Cor-
relating values between the model and field measurements suggested that the model is
suitable for simulating large air cavities. The study, while thoroughly describing air flows
and temperature, did not consider moisture.

4. Discussion

4.1. Air Cavities in Research Literature

An observation recorded early in the literature review was that the literature focusing
on brick or rendered façades is much more abundant than the literature on ventilated
façades. Even within the latter category, more literature focuses on the cladding itself
or the structure behind the wind barrier than on the climate within the air cavity. Many
of these articles use assumed climate data for the cavity for calculations or simulations,
without performing or citing studies that indicate whether they match the actual conditions.
If anything, these articles illustrate the need for the microclimate in air cavities to be
investigated further.

The relevant literature recounted in this review originates from a quite small number
of researchers at a few research institutions in Norway, Sweden, and Finland. In practice,
only six independent field studies and two independent laboratory studies were identified
within the relevant scope and climate. Several of the studies lack adequate descriptions
of research parameters such as the precise design of the structure, or climate data for the
research period, which makes it challenging to replicate or validate the results. The studies
are also too different to make it feasible to directly compare their results with each other.
For instance, the studies from Finland [44] investigated air cavities with insulation on the
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exterior side, while the solar panel studies from Sweden [55–57] applied heat sources to the
exterior side. Another observed issue is that the studies did not seek to quantify or describe
microclimate parameters in the air cavity over time, with a chief focus instead being to
compare the performance of different designs.

Wider international literature has been found that addresses these concerns to a greater
degree, describing studies that cover hygrothermal conditions in finer detail with several
parameters. However, the studies are of limited applicability, as they do not consider
temperatures below 0 ◦C and rarely cover rain penetration. The deposition of liquid water
in general remains challenging to simulate in numerical models. It was reported by Van
Belleghem et al. [63] that commonly used simulation software tends to underestimate
moisture loads, highlighting a challenge in using computer models to investigate high-
moisture environments such as air cavities subject to wind-driven rain.

4.2. Climatic Conditions in the Air Cavity

A common observation across many of the field studies was that the temperature
of the air cavity will be colder than the ambient air temperature for significant portions
of the year, particularly near the inlet opening of the cavity. This creates potential for
condensation and moisture damage. There is insufficient data to quantify the moisture risk
due to this effect, as the studies are limited to short measurement periods and limited local
climates—effectively, relevant measurements have only been conducted in Trondheim in
Norway and Lund in Sweden.

Laboratory studies suggest that thermal buoyancy is a quite weak driving force of
cavity airflows when compared to wind pressure [49]. The shape of the tile battens has a
surprisingly large influence on the airflow resistance of the air cavity of ventilated roofs,
with rounded battens reducing the pressure loss coefficient by 20–40% compared to right-
angled battens [53]. This effect was observed through both laboratory and CFD studies [51].

4.3. Knowledge Gaps

This study uncovers certain knowledge gaps regarding the microclimate of ventilated
cavities in façades and roofs in Nordic climates. There is a general lack of research into the
long-term climatic behaviour of air cavities, and the few available studies are not directly
comparable to each other. Little systematic research has been conducted that considers
all relevant climatic parameters over time, such as the combination of temperature and
moisture (in the cavity materials as well as in the air) and how they vary during all seasons.
More studies, carried out in a comparable fashion to existing studies, would help address
the limited availability of data. Concrete knowledge gaps that have been identified and
should be addressed by future studies include:

• To what degree the temperature and relative humidity of the air cavity and correlate
with that of the ambient air in long time series, considering the impact of wind,
humidity, and rainwater penetration.

• The impact of precipitation and freeze–thaw cycles and how they affect the durability
of materials in the building envelope.

• Determining how the air cavity microclimate can be simulated for long-term simula-
tions using exterior climate data in a Nordic climate.

• Determining and describing the climatic loads that materials in the air cavity must
withstand to achieve sufficient durability.

• Validating the accuracy of models of humidity conditions in the air cavity, using field
or laboratory measurements.

Knowledge about these issues is required to improve the accuracy of simulations and
calculations of the durability of materials in ventilated roof and façade systems, increasing
the accuracy and reliability of service life predictions.
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5. Conclusions

This study showed that the extent of research into the climatic conditions in air
cavities in ventilated building roof and façade systems is limited. There is a general lack of
comparable studies and quantitative results. The studies are also geographically limited;
even though ventilated façade and roof systems are widespread across northern Europe,
research into their operating parameters is mainly conducted in Norway and to a limited
degree in Sweden. Roofs have generally received more research attention than façades. The
studies show how the microclimate of the air cavity may differ from the exterior climate,
with the cavity air temperature often being lower than the exterior air temperature. This
creates a risk of mould in the air cavity. Thermal buoyancy is also seen to be a relatively
weak driving force of air flow in cavities, while the impact of wind is significant.

The implication of the deficiency of studies is that there is currently no good informa-
tion to use in assessing the durability and service life of materials in air cavities. Industry
experience suggests that the principle of two-stage weatherproofing creates durable façade
and roof systems, but new types of defects emerge due to a changing climate. It is cur-
rently difficult to predict how to improve designs to address these challenges to material
durability, as the climatic loads in air cavities are not well studied.

Future work should aim to gather sensor data from buildings spread across different
Nordic climate zones over extended durations of time. The relation between the exterior
climate—e.g., as described in climate files for simulations—and the climatic conditions
of air cavities must also be investigated further. Sensor data may be compared to climate
data to evaluate the correlation between the exterior climate and the cavity microclimate,
to determine necessary corrections when using climate data to simulate the conditions
of ventilated air cavities. Such simulations are essential in evaluating the risk of rot and
mould growth in air cavities, and thus the long-term deterioration of components such as
the cladding, battens, and wind barrier.
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Abstract: Lightweight modular construction has become an increasing need to meet the housing
requirements around the world today. The benefits of modular construction ranging from rapid
production, consistency in quality, sustainability, and ease of use have widened the scope for the con-
struction of residential, commercial, and even emergency preparedness facilities. This study in-
troduces novel floor panels that can be flat-packed and built into modular housing components
on-site with minimal labour and assistance. The flooring system uses hollow cellular panels made
of various configurations of trapezoidal steel sheets. The structural performance of three different
configurations of these hollow flooring systems as a modular component is presented in this study
by analysing the failure modes, load-displacement parameters, and strain behaviour. The study
confirms significant advantages of the proposed hollow floor systems, with multi-cells reporting
higher load-carrying capacity. The hollow flooring system performed well in terms of structural
performance and ease in fabrication as opposed to the conventional formworks and commercial
temporary flooring systems. The proposed flooring system promises efficient application as working
platforms or formworks in temporary infrastructural facilities and emergency construction activities.

Keywords: cellular flooring; modular construction; profiled sheets; structural performance

1. Introduction

The construction of an emergency housing system is still one of the priorities in the 21st
century for many humanitarian and government agencies due to various natural disasters
and civilian crises. It is estimated that approximately 260 million people migrate to different
parts of the globe, creating increased demand in the housing sector [1]. With an anticipated
increase in these numbers, it is high time for the construction sector to fast track research
on affordable, fast-paced, modular and adaptable housing systems to meet the needs of
the future generation [1,2]. The construction sector has strived to address such increased
demand, and hence the focus is to develop thoughtful innovations in construction, method,
technology and equipment [2,3]. The adoption of offsite construction is one such innovation
in the construction industry that enables the workers and machinery to work in a controlled
environment. Offsite construction has also increased productivity, quality and safety due
to reduced external influences on the construction stage [4].

Offsite construction is the future of the building industry, where construction processes
resemble manufacturing procedures and construction sites are used only for assembling
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modular building components [5]. In this construction method, the whole structure can be
assembled with prefabricated components that can be transported and installed on-site [6,7].
The prefabricated modules can include beams, columns, slabs, stairs, and panel elements of
various construction materials, including concrete, steel, timber, or composite materials [6,8].
This method has several benefits such as improved quality, enhanced structural reliability
and productivity. It also reduces the construction time, labour and wastage because of
the controlled environment under which they are manufactured [9,10]. The modular
construction process incorporates design optimisation, and there is an opportunity to reuse
the building components effectively [11]. Thus, the modular construction method aligns
with circular economy principles and ensures that all building components fulfil structural
performance requirements, building codes, and standards [12,13].

Modular construction is also highly conducive to supporting sustainability initiatives.
Considering these aspects, lightweight steel modular units are becoming popular for con-
structing emergency facilities due to their acceptable structural performance, fire resistance
and lightweight characteristics [14]. These modular steel components have shown en-
hanced strength and rigidity, as evidenced by various studies [9,15]. However, there is
a need of designing effective connections for assembling the modular components. Steel
modular structures with easy connectors are a good alternative for immediate response
for the industry [2,8]. Despite several advantages of modular construction over the con-
ventional construction process, the structures industry still rely heavily on the traditional
on-site construction methods [4,9]. There is a lack of lightweight, integrated, and recon-
figurable building components, especially floor systems [16]. A review of the existing
literature suggests enormous potential for investigating the structural efficacy of hollow
flooring systems made of lightweight corrugated steel sheets [17]. Some studies indicate
that the use of profiled steel sheets is increasing to provide quality and affordable hous-
ing in the form of self-supporting roofs and other applications owing to their structural
capabilities without any support [11,18]. Experimental investigation of profiled steel sheets
for their constructability in various applications such as composite flooring systems have
shown encouraging results [19,20].

This experimental research develops a novel modular flooring system with L2U Group
Pty Ltd. (L2U) from Perth, Australia, FormFlow [21], Geelong, Australia and Deakin Uni-
versity, from Geelong, Australia. This study specifically focused on developing floor hollow
floor decks from simple trapezoidal corrugated sheets for temporary structural applications
in the emergency housing sector. The prototypes of the flooring panel were made using
flat-packed corrugated sheets supplied by L2U Group Pvt. Ltd., Perth, Australia which
were then assembled in the Deakin University laboratory facility in Geelong. This paper
presents the test results of the structural performance of three different cell configurations
of the novel floor panels. Detailed analysis of the load-displacement behaviour, failure
modes and strain data of various panel configurations and their assessment for suitability
in temporary floor construction is presented.

2. Materials and Methods

The test program fabricates the innovative cellular panels from corrugated profile
sheets. It tests their performance as a temporary floor panel for emergency housing and
as a working platform for other construction applications. The fabrication of the cellular
panel from the flat-packed profile sheets was conducted following the U.S. Patent 8,539,730
B2 [22]. In total, four different hollow cell configurations were identified to investigate
the performance in various arrangements, two of them are single cell, and two were
multi-cell arrangements.

Hence, the current proposal introduces and tests a method for simple flooring made
using an overlapping pattern of locally available corrugated sheets [21]. It enables the con-
struction of a flooring system even in an irregular terrain ruling out the need for initial
site preparation [21]. Moreover, this type of flooring does not require skilled labour and
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can be used with ease, especially for emergency structures such as in refugee shelters and
temporary housing platforms.

2.1. Fabrication of the Innovative Hollow Cellular Panels

The hollow panels made of simple trapezoidal profiled corrugated sheets (Figure 1a)
were fabricated by L2U Pty. Ltd., a start-up company in Western Australia with the assis-
tance of FormFlow for prototyping, design, and logistics. FormFlow is a leading Australian
developer of advanced steel building solutions and recently patented a world-first tech-
nology to produce sharp 90 degree bends in corrugated sheets; the product has been com-
mercialised in Australia as Lysaght CUSTOMFLOW [23]. A simple trapezoidal-corrugated
steel strip commonly employed in roof or wall cladding throughout Australia has been
adopted by L2U for the new system. The flat-packed sheets provided for this study were
1200 mm (L) × 600 mm (W) sizes with 0.42 mm sheet thickness. All the materials used
in the study were provided by our industry partner—L2U group Pvt. Ltd., Perth, Aus-
tralia. These are commercially available as Lysaght Trimdek, which is a commonly used
trapezoidal corrugated steel sheet. The corrugated steel used is coated with ZINCALUME
(aluminium/zinc/magnesium alloy) which complies with AS1397:2011. The sheet offers
yield strength of 550 MPa with a coating mass of 125 g/m2. These details are provided by
the manufacturer for the purpose of our study [24].

The sheets are then bent along the axis of the slots at 90◦, as shown in Figure 1a.
Custom slots are provided along the longitudinal direction of the sheet (Figure 1b,c) at
the required distance using the Computerised Numerical Control or CNC cutting technique
for ease of bending at ends. The flat-packed corrugated sheets are bent halfway into a ‘C’
shaped panel section, which can be laid over the adjacent panels until the desired span is
achieved and closed at the end section by fasteners or bolts. Plates can also be included
at the end of the middle section of the panels to provide improved structural integrity
(Figure 1d). Multiple sheets for longer spans can also be fabricated and connected this way.
When folded over the adjacent cell, an overlap is formed at the folds, and this configuration
results in the cells being significantly robust, as shown in Figure 1e. The end plates connect
the top and bottom skins of the steel sheets to form a complete cell.

Figure 1. Cont.
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Figure 1. Prototype of hollow cellular panel. (a) Bent ‘L’ shaped corrugated sheet. (b) Slots for
bending at open end. (c) Slots for bending at corrugation edges. (d) Open panel with mid plates
(e) Overlap of sheets of a multi-cell panel.

2.2. Panel Details

This study investigates three different panel configurations: a single cell, a double cell,
and a triple cell (shown in Figure 2). The details of the test specimens’ dimensions, panel
types, and configurations are provided in Table 1.

Figure 2. (a) Single-cell panels. (b) Double cell panels. (c) Triple Cell Panels with annotations of
dimensions used.
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Table 1. Details of Test Specimens.

Panel Type Panel ID
Panel Dimensions
(L × W × D) mm

Width of Individual Cell
(W) mm

Number of
Panels Tested

Single cell (with mid-plate) SC-P 1200 × 300 × 100 300 2
Single cell (without mid-plate) SC 1200 × 300 × 100 300 1

Double cells (without mid-plate) DC 1200 × 600 × 100 300 2
Triple cells (without mid-plate) TC 1200 × 600 × 100 200 2

Total number of panels 7

Out of the above test specimens, a couple of single cells were provided with a mid-
plate to assess its role in the structural behaviour of the panel for initial investigation.
The mid-plate position is shown in Figure 1d. This plate is made of steel, cut to the panel’s
shape, and is provided at the centre of the panels at 600 mm as a support element. Multi-
cell panels were tested without mid-plates to achieve a complete hollow cellular system.
It was assumed that the overlap of sheets in multi-cell panels would enhance the structural
efficiency eliminating the need for mid-plates. Thus, the multi-cell panels were kept at
a constant total width of 600 mm with an individual cell width of 300 mm for double
cell panels and 200 mm for the triple cell panels to assess the structural performance of
the overlapping sheet system. Another aim of testing multi-cell panels with different cell
widths was to observe the role of various cell configurations in their overall structural
behaviour as a flooring system.

2.3. Test Set-Up

A four-point bending arrangement was followed to test the hollow cellular panels
as depicted in Figure 3a,b. The panels were simply supported at an effective span of
1000 mm. The load was applied at the mid-span through a hydraulic piston onto roller
supports at 334 mm spacing from each other. The test was displacement controlled at
the rate of 2.5 mm/min. A laser transducer was placed underneath the panel at the centre
of the panel to measure the mid-point displacement. Electrical resistance strain gauges
were positioned at the top and bottom of the panel. Three strain gauges were positioned
at the bottom of the panel: SG1 and SG3 below the load points and SG2 at the centre of
the panel. At the same time, SG4 was placed at the centre of the top skin of the panel
(Figure 3d). A data acquisition system connected to the load frame was programmed to
capture the applied load, displacement, and strain data. The panels were supported by
timber blocks positioned in the panels and above the supports, as shown in Figure 3c.
It was done to prevent the primary crushing of corrugations when the load is applied and
to ensure an appropriate failure mode.

Figure 3. Cont.
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Figure 3. (a) Test set-up for panels. (b) Test arrangement of the single-cell panel. (c) Open panel with
timber blocks inserted over end support regions. (d) Position of strain gauges.

3. Results and Discussion

3.1. Load-Displacement Behaviour
3.1.1. Single-Cell Panels

Both single-cell panels with mid-plate (SC-P) attained an average ultimate load of
6.34 kN, which is 76% higher than the panel without mid-plate (SC) which had an ultimate
load of 3.60 kN. It suggests that the mid-plate contributes to a significant load-carrying
capacity of the panels. The mid-plate also mobilises the contribution of the lower sheet
in load-carrying capacity at the early stages of loading. In the panels without a mid-plate,
the lower sheet will only take part in load resistance at the later stages of loading due to
the lack of connectivity with the top plate. It is seen from Figure 4 that all single-cell panels
exhibit excellent ductile behaviour.

In SC-P panels, the load is maintained due to mid-plate and gradually decreases when
the skins buckled over the mid-plate. However, the load does not undergo any significant
reduction in the SC panel and continues steadily to carry the load until the test is stopped at
90 mm displacement. The panel has already suffered local buckling at this stage, and high
displacements were attained. Hence irrespective of the load-carrying capacity, the test was
stopped at this stage. The top skin of the panel acted independently due to the absence
of a mid-plate to transfer the load to the bottom skin. Once it touched the bottom skin,
the ultimate load-carrying capacity was maintained due to double skin action, seen from
the load-displacement graph in Figure 4 and Table 2.
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Figure 4. Load vs. displacement of single-cell panels.

Table 2. Results of single cell panel tests.

Panel Ultimate Load (kN)
Displacement—Top

Skin (mm)
Displacement—Bottom

Skin (mm)

SC-P-1 6.23 20.10 19.98
SC-P-2 6.46 21.13 21.15

Average 6.34 20.61 20.56

SC 3.60 15.30 0.91

To further investigate the role of the double skin action in the SC panel, the load-
displacement relationship of the top and bottom skins is plotted as shown in Figure 5.
Double skin action of the panels here is defined as the load carrying capacities created by
the top and bottom skins when acting together.

Figure 5. Load vs. displacement of top and bottom skins in SC panel.

Displacement on the top skin is significantly high, whereas the bottom skin started to
deflect later without any noticeable amount compared with the top skin. During the test,
the displacement in the bottom skin was initiated only after the top skin touched the bottom
skin. This observation is evidenced by the bottom and top skin displacement at ultimate
loads as 0.91 mm and 15.30 mm, respectively (Table 2). It implies that the mid-plate
contributed to distributing loads and displacements between the top and bottom skins.
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3.1.2. Multi-Cell Panels

The load-displacement behaviours of both double and triple cells are presented in Figure 6.

Figure 6. Load vs. displacement of multi-cell panels.

It is evident from Figure 6 that the triple cell panels attained a significantly higher
average ultimate load of 13.34 kN compared to double cell panels with an average ultimate
load of 8.6 kN. There is around a 55% increase in the ultimate load-carrying capacity from
the double to triple cells owing to the additional partitioning steel walls in the 600 mm cross-
sections of the triple cell panels. Hence it is evident that any addition of cells multiplies
the load capacity due to additional overlap of sheets. Like single-cell panels, excellent
ductile behaviour was seen for all panels, as shown in Figure 6. Ultimate load is achieved at
a lower displacement and a steady load without considerable load reduction. When the top
skin touches the bottom skin, the maximum load is again achieved as indicated in the graphs
as increased load, and the test is terminated at 90 mm displacement. The displacement
measured on the bottom skin indicates that this skin is only activated at the later stages
and undergoes minor displacement, similar to the single-cell panel (SC). The test results
are compiled in Table 3 below.

Table 3. Results of multi-cell panel tests.

Panel
Panel Dimensions

(mm)
Width of

Individual Cell (mm)
Number of

Cells
Ultimate Load

(kN)
Displacement—Top

Skin (mm)
Displacement—Bottom

Skin (mm)

DC—1 1200 × 600 × 100 300 2 7.81 16.46 2.61
DC—2 1200 × 600 × 100 300 2 9.38 15.47 2.86

Average 8.59 15.96 2.73

TC—1 1200 × 600 × 100 200 3 13.30 18.03 1.78
TC—2 1200 × 600 × 100 200 3 13.38 17.77 2.12

Average 13.34 17.90 1.95

3.1.3. Summary of Load-Displacement Behaviour

Adopting single, double, and triple cell configurations helped in understanding
the load distribution in the different panels. The strength multiplication in the double cells
of 600 mm width from the single cells of 300 mm width confirm that the one-way slab action
is maintained for all the slab configurations used in this study. Furthermore, when the mid-
plates are provided for the single-celled panel configuration (SC-P), the load-carrying
capacity increases by 76% compared with the single-celled panels without mid-plate (SC).

From the load-displacement curves, it is evident that any addition of cell numbers cre-
ates a more stiffened panels, thereby multiplying the load-carrying capacity of the proposed
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innovative flooring system. The strength improvement is therefore due to the overlapping
action in the multi-celled panels. In the current test program, the triple celled panels
achieved 55% higher ultimate loads than the double celled panels even though both had
the same overall dimensions of 1200 mm (L) × 600 mm (W) and 100 mm depth (D).

Table 4 is shown for further comparison of the performance of the 300 mm wide single
cells and 600 mm wide double cells.

Table 4. Comparison of average load vs displacement values for single cell and double cell panels.

Panel
Panel Dimensions

(mm)

Width of
Individual Cell

(mm)

No. of
Cells

Ultimate
Load (kN)

Displacement—Top
Skin (mm)

Displacement—Bottom
Skin (mm)

Single Cell
(Without mid-plate) 1200 × 300 × 100 300 1 3.60 15.30 0.91

Single cell
(With mid-plate) 1200 × 300 × 100 300 1 6.34 20.61 20.56

Double Cell 1200 × 600 × 100 300 2 8.59 15.96 2.73

From Table 4 it is clear that on multiplying the cell numbers, there is significant increase
in the load capacity, however maintaining the one-way load distribution irrespective of
the doubling of cells. A 35.50% increase is seen between single cells with mid-plates
and double cells without mid-plate, however, the panel with mid-plates reported higher
displacements. The mid-plates are therefore beneficial for higher load carrying applications
and ensures complete utilization of the top and bottom skins of the panels for load transfer.

To further investigate the effect of overlapping on multi cell panels with same overall
dimensions, ultimate load, and displacement on two types of multi cells (double and triple)
panels have been compared and presented in Table 5. The triple cell panel achieved 55%
more ultimate load compared with double cell panel with similar overall dimensions, con-
firming the benefits of additional partitioning walls. On the other hand, the displacements
at top and bottom skins are comparable on both double and triple cells, indicating that
triple cell can resist more loads without significant increase in displacement.

Table 5. Comparison of average load vs. displacement values for double cell and triple cell panels.

Panel
Panel Dimensions

(mm)

Width of
Individual Cell

(mm)
No. of Cells

Ultimate Load
(kN)

Displacement—Top
Skin (mm)

Displacement—Bottom
Skin (mm)

Double Cell 1200 × 600 × 100 300 2 8.59 15.96 2.73
Triple cell 1200 × 600 × 100 300 3 13.34 17.90 1.95

The results from these tests confirm that the current design of panels ensures structural
adequacy in carrying construction loads. Thus, it implies that the proposed panel’s config-
urations are adequate for the application in temporary structures for formwork, emergency
shelters, etc.

3.2. Failure Mode
3.2.1. Single-Cell Panels
Panels with Mid-Plate

The mid-plate in single-cell panels, SC-P, provided an excellent resistance to load.
Flexural failure of the panel (Figure 7a), local buckling around the mid-plate (Figure 7b)
and below the loading point (Figure 7c) were observed. The slots provided for bending of
the sheets also suffered tearing at these critical points. The failure of slots can be attributed
to compression of the top skin of the panel over the mid-plate. This behaviour was noticed
towards the end of the test when large displacement values beyond 50 mm were already
attained. The top skin of the panels also began to separate from the endplates due to these
high displacements, as shown in Figure 7d. However, it was observed that the mid-plate
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was acting as a medium to transfer the load from top skin to bottom skin of the panel and
hence the full capacity of the panel was exploited.

Figure 7. (a) Failed SC-P panel. (b) Buckling over mid-plate in SC-P. (c) Failure points on SC-P panel
(d) Separation of panel skin from endplates.

Panels without Mid-Plate

The panel without the mid-plate also failed by flexure (Figure 8a). However, local
buckling was noticed only below the load points. It is seen from Figure 8b that only the top
skin of the panel suffered failure while the bottom skin remained significantly undamaged.
Similar to panels with mid-plates, separation of the skins from the endplate was noticed at
higher displacement beyond 50 mm.
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Figure 8. (a) Failure of SC panel. (b) Failed SC panel with the intact bottom skin.

3.2.2. Multi-Cell Panels

The failure modes of both double and triple cell panels were very similar, and both
underwent flexural failure (Figure 9a). All multi-cell panels experienced the same failure
behaviour. Local buckling was noticed only under the load points, as shown in Figure 9b,
without any failure of the slots. The top and bottom skin acted independently, and hence
the bottom skin was not affected by any local failure and remained undamaged (Figure 9c).
However, the bottom skins flattened themselves (Figure 9d) at the slots, which deformed
the panel along the centre. It commenced when the top skin began touching the bottom
skin due to displacement. The overlap in one of the double cell panels suffered separation
at the centre of the panel due to high displacement (Figure 9e). However, this was not
observed in the case of the triple cells. Consistent with single-cell panels, the top skin began
detaching from the endplate when higher displacements of over 50 mm were initiated.

Figure 9. Cont.
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Figure 9. (a) Failed double cell panel. (b) Local buckling in triple cell panel. (c) Open triple cell
sample with the intact bottom skin. (d) Flattening of bottom skin at slots. (e) Separation at the overlap
of double cell-1.

3.2.3. Summary of Failure Mode Results

The failure modes for the four different configurations of multi-cell panels and single
cells were analysed. It is found that local buckling was a noticeable failure mode in all
the specimens irrespective of the number of cells. The other observed failure type was
the slot failure with single-cell containing mid-plates, which might be because of defor-
mation around the mid-plates. However, there was no local buckling in the bottom skin
of the single cells without mid-plates which indicates the lack of effective load transfer
between the two skins of the panel. In the case of multi-cells, there was no significant
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separation between the individual cells despite recording local buckling, which can be
attributed to the efficient overlay of the sheet panels. It is to be noted that both double and
triple cell panels failure modes were similar in all specimens tested. Analysis of failure
modes recommends the need for mid-plates or any other infill medium to enhance the effi-
ciency of the proposed panel sections for flooring. It is recommended to fill the voids with
some cementitious material so that this system can be further used in structural applications
as a flooring system. The infill component will assist efficient use of both top and bottom
skins in resisting load and avoiding failure of only top skin.

3.3. Load-Strain Distribution
3.3.1. Single-Cell Panels

The load-strain curves for SC-P and SC panels are shown in Figure 10. The strains were
measured at the centre of the panel on the top and bottom skins and underneath a loading
point on the bottom skin. In Figure 10a the top of the SC-P panel remains in compression
while the bottom of the panel continues in tension due to the action of the mid-plate.
The point under the load also remains in tension in the bottom skin. Equal action of top
and bottom skins can be observed due to similar strain distribution in both skins with
increasing load value.

Figure 10. (a) Load vs. strain curves of SC-P panel. (b) Load vs. strain curves of SC panel.

In contrast, the top skin continues in tension until it touches the bottom skin of the SC
panel, after which distortion is seen in the strain (Figure 10b). After this point, the bottom
skin experiences minor tensile strain. This behaviour was observed once the top skin
touched the bottom skin and can be seen from the green colour plot in Figure 10b. The lack
of combined action of the double skin can also be noticed from the strain under the load
point, which only began when the ultimate load was achieved. The results indicate that
the middle plate in SC-P utilised the entire panel capacity to act as a whole. In contrast,
the load-carrying capacity of the SC panels was lower than that of the SC-P panel, where
each skin acted independently.

3.3.2. Multi-Cell Panels

Top skin shows a steady rise in tensile strain until it touches the bottom skin, after
which a distortion by reduction of strain is noticed in both double and triple cell panels
(Figure 11). The bottom skin begins a significant increase in strain only at this point,
and the points under the load also begin transferring load at this point. This action is like
the SC panels, which is also without a mid-plate. A compression behaviour is recorded
under the load point in the triple celled panels because of the extended sheet overlap
on the panels.
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Figure 11. (a) Load vs. strain curves of double cell panel. (b) Load vs. strain of triple cell panel.

3.3.3. Summary of Load–Strain Behaviour

The load–strain curves were analysed to record the variations in the panel behaviour
and identify the critical points of failure. From strain measurements on either side of
the panels to monitor the individual behaviour of the top and bottom skins, it is evident
that in the panels with mid-plate, the top and bottom skins reported similar behaviour
with identical performance in the tension and compression zones. However, in the case
of the panels without the mid-plate, the bottom skin started recording significant strains
only after the top skin reached its maximum tension capacity. This behaviour indicates
the double-skinned action is enhanced and efficient only with mid-plates or any other
medium to distribute the loads between the top and bottom skins of the hollow panels.

4. Conclusions

This experimental study confirms the feasibility of adopting the newly proposed
innovative flooring systems for temporary structures such as working platforms or form-
works. The multi-celled panel systems promise enhanced load carrying capacity due to
the strengthening offered by the sheet overlap in the floor design. These hollow panel
systems meet the Australian standard specifications for construction load limits showing
direct application as a ready to use working platform or for temporary floor components
in modular construction. The following points summarise the structural performance of
the newly proposed lightweight flooring panels:

(i) The overlap of sheets improves the stiffness of the panels in bending, thereby increas-
ing the load-carrying capacity.

(ii) Triple cell panels achieved 55% higher loads than double cell panels of the same
overall dimensions.

(iii) Panels with mid-plate achieved 76% more load than panels without mid-plate due to
simultaneous double skin action.

(iv) The flexural failure, local buckling and failure of slots are prominent types of failure
observed in various types of specimen configurations used in this study.

The observed deficiencies in the hollow panels can be rectified by infilling these mod-
ular components with sustainable cementitious materials such as ultra-high performance
concrete [25], geopolymer concrete [26], etc., for structural flooring applications.
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Abstract: Currently, insurance companies exclude the buildings’ envelope of their policies since they
lack reliable information about the risks and degradation models and are unable to estimate the
probabilities of intervention and corresponding costs. This study intends to overcome the existing gap,
proposing property maintenance insurance policies developed based on condition-based maintenance
plans, using stochastic information regarding the degradation process of the buildings’ envelope
elements in the definition of insurance policies. To perform this work, external thermal insulation
composite systems (ETICS) are used as case study, for the definition of an insurance policy. This
approach allows reducing the uncertainty associated with the degradation of ETICS even when subject
to scheduled maintenance actions. Several insurance policies are analysed, with different insurance
premiums, evaluating different risks accepted by the owners when adopting a certain maintenance
plan. For owners, the main advantages of acquiring this insurance product are: (i) changing the
nature of the risk, transferring the risk to the insurer; and (ii) increasing the asset’s equity value,
reducing the risk associated with the degradation of ETICS and the uncertainty of maintenance costs
over time.

Keywords: insurance policies; maintenance plans; external thermal insulation composite systems
(ETICS)

1. Introduction

The degradation of buildings and their components is an inevitable process, from
the moment they are built and put into use [1]. Maintenance is the most effective way to
minimize the building elements’ degradation pace as well as prolonging their service life [2].
However, even with a rational and complete maintenance plan, there is always a risk that
the building elements deteriorate at a faster pace, compared to what was planned, requiring
the anticipation of the necessary maintenance actions, so as not to compromise the durability
of these elements. In England [1,3], the buildings’ owners are responsible for all the injuries
and losses caused by accidents due to anomalies in buildings and their components. The
insurance companies exclude from their policies the coverage of any damage caused by the
failure of the constructive elements due to lack of maintenance or inadequate maintenance.
However, the risks of premature degradation and the uncertainty about maintenance costs
can be mitigated by associating insurance policies with the maintenance contract for the
building elements.

In this study, exhaustive research was performed, and several studies addressing insur-
ance policies in buildings were found (Figure 1). The existing studies are more concerned
with the construction stage [4], with real estate mortgages and warranty schemes [5], with
fire and multi-hazard (these insurances are often mandatory in many countries) [6], or with
floods, hurricanes, or seismic events [7–10].
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Figure 1. Word cloud of the studies found in Web of Science related to insurance policies in buildings.

The insurance market excludes the buildings’ envelope of their policies due to the lack
of reliable information about the risks of degradation of these components, being unable
to predict the probability of failure and the related costs. In this sense, no studies were
found in the literature (other than previous studies by the authors [11,12]), nor are real
insurance policies associated with the maintenance of façade claddings [13]. This study
intends to respond to the lack of insurance related to the risk of anticipated degradation
of the building envelope elements. In this sense, an insurance policy associated with
a maintenance plan is proposed, to face the risk of needing anticipated maintenance of
external thermal insulation composite systems (ETICS), within a 40-year horizon. This
investigation begins with a survey of existing insurance products on the market, followed
by an analysis of the feasibility of a new insurance product in terms of the potential
target market. A methodology for calculating the insurance policy for ETICS is then
developed. Maintenance plans are defined through stochastic maintenance models, based
on the condition of the element, and using Petri nets, according to the authors’ previous
work [14,15]. Next, the insurance policies are estimated using the proposed maintenance
plans and the scenarios defined for insurance underwriting. Finally, the model is applied to
a case study, i.e., the costs are calculated, and a policy is selected for a real building, coated
with a current rendering, and with a known maintenance history.

2. Background

2.1. Insurance Policies for External Claddings

The origin of insurance is associated with the concept of reducing the risk of unex-
pected losses [16,17]. The first foundations of modern insurance emerged in the form of
solidarity and compensation to help those affected by misfortune [18]. In the Mesopotamian
civilization, there was a system of mutual assistance in case goods transported in cara-
vans did not reach their destination [19]. In the Middle Ages, the concept of “insurance”

158



Buildings 2022, 12, 707

emerged, with the transfer of the risk of an activity to third parties. In particular, a maritime
insurance was conceived, through an association of merchants, in which a contract was
established in which everyone agreed to guarantee, for a previously fixed amount, that
whoever lost his boat and cargo due to shipwreck would be reimbursed for the loss [20].
In 1666, with the great fire of London, the first insurances for buildings appeared, namely
insurance against fire risk [18]. Later, several insurance products emerged to protect cus-
tomers against unforeseen losses in buildings, mostly aimed at the construction phase of
the building and the construction guarantee period [17,21]. In terms of the building use
phase, there are generally fire insurance and multi-risk insurance, which protect buildings
from accidents of various natures, such as explosion, flood, lightning, seismic phenomena,
and civil liability towards neighbours and theft [11,22]. However, it was found that there
is practically no insurance to partially protect buildings against damage related to the
degradation of the building envelope elements, such as the facade cladding [12].

This study intends to fill this gap by developing an insurance to face the risk of
anticipated degradation of the elements of the building envelope, more specifically for
external thermal insulation composite systems (ETICS). Therefore, the proposed insurance
policies are designed based on the: (i) prediction of the costs associated with claims,
considering normal operating conditions and unforeseen situations; and (ii) financial
analysis of the risk premium, based on market projections, the expected profit margin, and
the industry’s average return on investment. Several insurance policies are analysed, with
different risk premiums, evaluating different risks accepted by the owners when adopting
a maintenance plan. Thus, the proposed insurance policies are adjusted according to the
maintenance plan contracted for the building and the age of the coating. For owners, the
main advantages of acquiring this type of insurance product are: (i) changing the nature
of the risk and its allocation, transferring the risk to the insurer; and (ii) increasing the
asset’s equity value, reducing the risk associated with the degradation of ETICS and the
uncertainty of maintenance costs over time.

2.2. Insurance Target Market

The viability of an insurance operation implies the mass issuance of contracts by
the insurance company [23]. This study analysed the potential market for this type of
insurance, namely the number of buildings in Portugal with an external coating in ETICS.
Based on the latest detailed data made available by the Portuguese Institute of Statistics,
the 2011 Census [24], the information on the exterior claddings in buildings was analysed,
according to the period of construction and by the main material used in the construction
of buildings built until 2011. The data reveal a total of 3,554,389 buildings constructed,
and preliminary data from the 2021 census [25] point to an increase of about 1.2% to this
value (3,587,669 buildings). The available information reveals that the most used coating
on the exterior of buildings in Portugal is traditional renderings and marble, present in
about 84% of existing buildings, corresponding to 2,977,132 buildings, built up to 2011.
ETICS do not appear individually identified in the statistical data. They are included in
the category of other exterior coatings in buildings, present in 0.65% of existing buildings,
corresponding to around 23,037 buildings, built up to 2011. This type of coating only began
to be used more significantly in Portugal from 2005 onwards, given the new requirements
for the thermal behaviour of buildings [25]. Consequently, considering the category of
other coatings such as ETICS, and in the absence of more precise data, a market is estimated
for around 3288 buildings to be insured, according to the 2011 Census [24] and considering
only the period 2006–2011, with an increasing trend for the following decade due to the
growing concern about the energy efficiency of buildings.

This insurance product should be more geared towards the maintenance of ETICS
and, in this sense, it is also important to consider the repair needs of this type of coating in
the building stock. According to data made available by INE on the need for repairs to the
exterior walls and frames [24], 64.56% of the existing buildings present a good conservation
condition at the level of the exterior walls and did not need to be repaired. On the other
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hand, 5.93% of the buildings show large and very large repair needs. In this sense, and in
the search for an insurance product more focused on the maintenance of the elements of
the building envelope, it is possible to correlate the data related to the exterior coatings
of the buildings with the repairs needed on the exterior walls and to estimate a possible
market for this type of maintenance insurance. Establishing this proportionality for the
3288 buildings with ETICS, there is thus a potential universe of application of this type of
insurance of 3270 buildings.

3. Materials and Methods

3.1. Research Method

The research methodology of the present study is illustrated in Figure 2. The first
step was a literature review, revealing a lack of studies in this area. This study proposes
an innovative insurance policy for the buildings’ envelope. As mentioned in the previous
sections, the insurance companies are not available to have this type of product due to
the lack of reliable data on the degradation of these elements as well as regarding the
risk associated with that degradation. Therefore, this research encompasses the following
steps: (1) definition of the insurance target market, to analyse the economic viability of this
product; (2) creation of a degradation model, based on the assessment of the degradation
condition of 378 ETICS, adopting a sigmoidal degradation curve [26,27]; (3) development
of a condition-based maintenance model, using Petri nets [14,15]; (4) performance of a
risk analysis, based on the condition-based maintenance model, regarding the risk of
transition between degradation conditions and the risk related to the anticipation of the
maintenance actions and costs, when compared with the maintenance plan under contract;
and (5) definition of an insurance policy, considering the maintenance plan contracted and
the risks of anticipated maintenance actions.

Figure 2. Research methodology for the definition of an insurance policy for ETICS.

3.2. Methodology for the Definition of an Insurance Policy for ETICS

This study proposes a methodology to combine an insurance policy with a contract
for the maintenance of ETICS, throughout their service life, in order to mitigate the risk of
anticipated degradation of this element of the building envelope, and to postpone its full
replacement. Therefore, in order to guarantee an adequate condition and performance of
the elements of the building envelope, maintenance actions must be carried out throughout
its service life, according to the condition of the element at a given moment in time. In
turn, the design of an insurance policy is directed towards the risk of the need for advance
maintenance of ETICS in view of a previously defined maintenance plan. The creation of
an insurance policy implies the existence of a risk profile of the object to be insured, so that,
later, based on the costs of the actions, the respective annual premium is determined.

In this sense, it is important for the insurer to have information on the insured object
and its surrounding environment. In ETICS, these characteristics can be collected through
a visual inspection, carried out by the team responsible for the building’s maintenance,
and with the help of inspection sheets or a computational tool that allows characterising
the element’s state of degradation at the time of inspection. The evaluation of the overall
degradation condition of ETICS is carried out through the calculation of the severity of
degradation index (Sw), expressed by Equation (1), according to the service life prediction
model initially proposed by Gaspar and de Brito [28]. This numerical index is determined
through the ratio between the weighted degraded area and a reference area, equivalent to
the entire façade with the highest possible level of degradation [1].

Sw =
∑(An × kn)

A × k
(1)
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where Sw represents the severity of degradation of ETICS, expressed as a percentage; An
the area of the element affected by the anomaly n, in m2; kn the defect n multiplying
factor, in terms of its degradation level, within the K = {0, 1, 2, 3, 4} range; A the total
façade area, in m2; and k the multiplying factor corresponding to the highest degradation
condition level of the cladded area. This quantitative index (Sw) can be associated to a
qualitative scale composed of five degradation conditions: condition A—no visible degra-
dation (Sw ≤ 1%); condition B—good (1% < Sw ≤ 10%); condition C—slight degradation
(10% < Sw ≤ 30%); condition D—moderate degradation (30% < Sw ≤ 50%); and condition
E—generalized degradation (Sw ≥ 50%) [26–30]. This system thus makes it possible to
assess the degradation condition of ETICS and schedule maintenance actions based on
these degradation scales.

In the risk analysis, other important information must also be collected, e.g., the age
of the coating, the ETICS’ characteristics, and the environmental exposure conditions. In
the proposed insurance model, the risk profile is translated into the need to carry out an
anticipated action or a deeper maintenance action, which is different from the planned
one. Consequently, the loss to be covered by the insurer is related to the anticipation of
these actions. The estimation of the costs related to these actions is fundamental in the
development of this type of insurance and in the calculation of the respective insurance
premium, since it allows estimating the value of future losses. The calculation of the insur-
ance premium thus implies knowing the possible moments in which the indemnities may
occur during the life of the element and their costs. Based on the stochastic maintenance
models developed for ETICS [14,31], it is possible to access the moments for the need of
intervention through the transition probabilities of the degradation condition obtained
from these models (this information is described in detail in Section 3). In addition, the
value of the cost to carry out these unforeseen actions in the future must be estimated. In
other words, financial flows can occur at different times in the future and, therefore, it is
necessary to update them to a reference moment. The present value (PV) of the future
payment of the claim can be calculated through Equation (2).

PV =
Ct

(1 + r)t (2)

where Ct is the cost, in euros, payable at the end of year t, at discount rate r [32]. Applying
the formula to the calculation of the present value of the costs of maintaining the element
(ETICS), Equation (3) is used.

PV, cost = ∑
(

Ct,real (insp)

(1 + rreal, cost)
tn

)
+

Ct,real (B)

(1 + rreal, cost)
tB

+
Ct,real (C)

(1 + rreal, cost)
tC

+
Ct,real (D)

(1 + rreal, cost)
tD

(3)

where Ct,real(insp) corresponds to the inspection cost and Ct,real(B), Ct,real(C), and Ct,real(D) cor-
respond to the costs of maintenance actions when the element reaches the degradation
conditions B, C, and D, respectively. These actions are further described in the next section.
The instants tB, tC, and tD correspond to the years in which the costs associated with main-
tenance actions occur and the instant tn to the inspection moments. The real discount rate
of the cost, (rreal,cost), represents the discount of the cost of maintenance actions and relates
the nominal discount rate, rnom, and the sector’s inflation, is, according to Equation (4).

rreal, cost =
1 + rnom

1 + is
− 1 (4)

The calculation of the present value of the insurance premium is given by Equation (5).
The term Ct,premium corresponds to the annual premium payable in €/m2.
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PV, premium =
Ct,premium(

1 + rreal, premium

)1 +
Ct,premium(

1 + rreal, premium

)2 + . . . +
Ct,premium(

1 + rreal,premium

)40 (5)

where rreal,premium is the real discount rate relative to the premium, which takes into ac-
count the nominal discount rate, rnom, the sector’s inflation, is, and general inflation, ig
(Equation (6)).

rreal, premium =
1 + rnom

(1 + is)×
(
1 + ig

) − 1 (6)

The value of the annual premium payable for the insured product, Ct,premium, is ob-
tained by equalling the net present value of maintenance costs (PV,cost) to the present value
of the premium (PV,premium) (Equations (3) and (5), respectively). The application of this
methodology to ETICS and the respective values of each parameter are presented in detail
in Section 4.

4. Maintenance Plans for ETICS

4.1. Costs of Maintenance Actions

In this study, four types of maintenance actions are defined to be carried out in ETICS
throughout its service life:

• Inspections—€1.03/m2 (3-year periodicity);
• Cleaning operation (CO)—Condition B (Sw > 1% to 10%)—€26.88/m2;
• Light maintenance action (LMA)—Condition C (Sw > 10% to 30%)—€58.13/m2;
• Total replacement (TR)—Condition D (Sw > 30%)—€95.98/m2.

Cleaning operations are the first action to be carried out on ETICS and intend to
eliminate visual and aesthetic anomalies. After an inspection of the façade, which should
take place every 3 years, this action is carried out if the coating is in degradation condition B,
corresponding to a degradation severity (Sw) between 1% and 10%. This type of intervention
generally consists of a water jet cleaning and manual brushing of the surface in order to
remove visual anomalies present in the coating, such as surface dirt, stains, and the presence
of microorganisms. The costs inherent to this action are presented in Table 1.

Table 1. Cost of cleaning operations in ETICS.

Description Unity Yield Unit Cost Total Cost

Scaffolding 10.20 €

Hire, assembly, dismantling, transport, and removal of
scaffolding. Rental, for 15 calendar days, of standardized
tubular scaffolding, multidirectional, up to 10 m maximum
working height, for the execution of a façade with 250 m2

m2 - 10.20 € 10.20 €

Cleaning operations
Cleaning with water jet and manual brushing 16.68 €

Materials 1.70 €

Water m3 0.039 1.50 € 0.06 €

Colourless alkaline detergent L 0.200 - -

Application of diluted hydrochloric acid solution, with a
yield of 0.30 L/m2, for cleaning efflorescence L 0.300 - -

Application of broad-spectrum biocide to eliminate fungi
and algae on facades (diluted in water from 20% to 30%) L 0.119 13.81 € 1.64 €

Contact herbicide for the destruction of herbaceous plants
and roots L 0.005 - -
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Table 1. Cont.

Description Unity Yield Unit Cost Total Cost

Equipment 0.52 €

Low pressure water jet equipment h 0.097 5.41 € 0.52 €

Hand sprayer for phytosanitary and herbicide treatments h 0.017 - -

Labor 14.13 €

1st construction officer h 0.405 18.48 € 7.19 €

Unskilled construction worker h 0.447 17.84 € 6.94 €

Complementary direct costs * % 2 16.35 € 0.33 €

Total cost m2 26.88 €

* Equipment and tools associated with the work, which are not contemplated in the unit cost of each item.

The light maintenance action is carried out after an inspection of the facade, when
ETICS present an intermediate condition of degradation (condition C), corresponding to a
severity of degradation (Sw) between 10% and 30%. This maintenance action includes a
cleaning operation (Table 1), repairs, and partial replacement of the coating system. The
cost of these actions varies depending on the technique and the area of cladding repaired.
The costs for this maintenance action are shown in Table 2. For more details, see [14,31].

Table 2. Cost of light maintenance actions in ETICS.

Description Unity Yield Unit Cost Total Cost

Scaffolding 10.20 €

Hire, assembly, dismantling, transport, and
removal of scaffolding. Rental, for 15 calendar
days, of standardized tubular scaffolding,
multidirectional, up to 10 m maximum
working height, for the execution of a façade
with 250 m2

m2 - 10.20 € 10.20 €

Cleaning operations
Cleaning with water jet and manual brushing 16.68 €

Loss of integrity 10.07 €

Superficial crack repair % 25 34.45 € 6.55 €
Deep crack repair % 5 85.78 € 3.43 €
Replacement of deteriorated corners % 10 1.08 € 0.09 €

Loss of adhesion 10.34 €

Partial replacement of the finishing layer that
presents blistering, with possible mechanical
reinforcement of the fixing of the plates

% 40 34.45 € 10.34 €

Anomalies in joints % 40 10.84 €

Partial replacement of the finishing layer and
replacement of mechanical fastenings on
plates that have cracks in the joints and
visualization of joints between plates

36.13 € 10.84 €

Total cost m2 58.13 €

The total replacement of the ETICS occurs when the coating reaches its end of service
life, corresponding to the degradation condition D (for a severity of degradation equal or
higher to 30%), and includes the removal of the existing layer, and the regularization and
application of a new coating system [33].
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4.2. Maintenance Strategies and Maintenance Action Moments

In order to analyse the impact of maintenance actions on the performance over the
lifetime of ETICS, three maintenance strategies are defined [14]:

• MS1: total replacement (TR);
• MS2: light maintenance action (LMA) + total replacement (TR);
• MS3: cleaning operation (CO) + light maintenance action (LMA) + total replace-

ment (TR).

MS1 is defined as the solution most adopted by the owners, where the coating is
replaced only when it reaches the end of its service life, with no maintenance during this
period. The MS2 is selected to delay or mitigate the coating degradation process in order to
maintain adequate building performance and prevent operational interruptions. This strat-
egy intends to demonstrate that small repair actions allow increasing the service life of the
element. MS3 adds the cleaning operations to MS2, as it is a maintenance action currently
applied to coatings on the building envelope, as it is more economical and less technically
demanding. Therefore, based on the stochastic maintenance models previously developed
for the three maintenance strategies [21], and considering a probability of occurrence of
50% relative to the transition from the degradation condition of ETICS, the most likely
instants (with known probability) of maintenance actions are presented in Tables 3–5. For
the moments of maintenance actions in ETICS, a time horizon of 40 years was assumed for
the calculation of the insurance value. The time for occurring a maintenance action is given
by a probability of 50% for the transition between two degradation conditions, according
to the condition-based maintenance model adopted [14,31]. For example, the cleaning
operation (CO) occurs when the coating is in condition B, then the time from which such
action becomes necessary occurs for a 50% probability of transition between conditions
A and B. This risk margin of 50% is considered acceptable by the experts consulted but
different risk thresholds (i.e., the probability of ETICS reaching specific degradation values)
can adopted. Nevertheless, the risk’s reduction is equivalent to an anticipation of the
maintenance action’s schedule, increasing the maintenance costs and the premium. In a
previous study by the authors [11], this risk margin proves to be a realistic compromise
between acceptable costs for the insured and the insurer, keeping the coatings in adequate
performance conditions.

Table 3. Instants for the total replacement of ETICS considering the first maintenance strategy (MS1),
considering a time horizon of 40 years.

Maintenance Action Condition

50% Probability of Transition between the
Degradation Conditions

Probable Instant of Maintenance Action (Years)

1st TR C–D 17
2nd TR C–D 34

Table 4. Instants for the maintenance actions in ETICS considering the second maintenance strategy
(MS2), considering a time horizon of 40 years.

Maintenance Action Condition

50% Probability of Transition between the
Degradation Conditions

Probable Instant of Maintenance Action (Years)

1st LMA B–C 10
2nd LMA B–C 18

1st TR C–D 32
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Table 5. Instants for the maintenance actions in ETICS considering the third maintenance strategy
(MS3), considering a time horizon of 40 years.

Maintenance Action Condition

50% Probability of Transition between the
Degradation Conditions

Probable Instant of Maintenance Action (Years)

1st CO A–B 2
2nd CO A–B 6
1st LMA B–C 15
3rd CO A–B 21
4th CO A–B 25

2nd LMA B–C 27

For MS1, two maintenance actions must be carried out on ETICS, in years 17 and 34,
when there is a 50% probability of the ETICS reaching its end of service life and requiring
a replacement to restore an adequate performance condition. In turn, when applying
MS2, the need for a total replacement occurs only once, for a horizon of 40 years. Thus,
and according to the probabilities of need of a maintenance action in Table 4, for MS2,
two light maintenance actions (LMA) are expected to be performed in years 10 and 18, and
a total replacement to occur in year 32. In turn, for MS3, four cleaning operations (CO) are
considered in years 2, 6, 21, and 25, and two LI in years 15 and 27 (Table 5).

4.3. Maintenance Plans

Having defined the costs of actions, strategies, and maintenance actions times for a
probability of occurrence, the annualized maintenance costs of each strategy for ETICS
can be estimated. This calculation is made for a horizon of 40 years, assuming that the
maintenance contract is carried out in the zero year of use of the building. In this sense, an
update of the costs was carried out, through the present value (PV), in accordance with
Equations (3) and (4). To obtain the results, a discount rate of 4%, a sector inflation rate
(is) of 1.9%, and a general inflation rate (ig) of 1.8% are considered [33]. In accordance
with the strategies defined in the previous section, Tables 6–8 show the values for PV and
annualized maintenance costs, considering the different maintenance strategies (MS) and a
probability of occurrence of 50%.

Table 6. Annualized cost of maintenance for the first maintenance strategy (MS1), considering a time
horizon of 40 years.

Moment of Maintenance Action Costs

Condition Action Age Cost of Action
Annualized Cost or Present Value

(PV) after 40 Years (€/m2)
Annualized Cost (€/m2)

D TR 17 95.98
D TR 34 95.98

∑ 124.779 3.286

Table 7. Annualized cost of maintenance for the second maintenance strategy (MS2), considering a
time horizon of 40 years.

Moment of Maintenance Action Costs

Condition Action Age Action
Annualized Cost or Present Value

(PV) after 40 Years (€/m2)
Annualized Cost (€/m2)

C LMA 10 58.13
C LMA 18 58.13
D TR 32 95.98

∑ 146.592 3.860
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Table 8. Annualized cost of maintenance for the third maintenance strategy (MS3), considering a
time horizon of 40 years.

Moment of Maintenance Action Costs

Condition Action Age Action
Annualized Cost or Present Value

(PV) after 40 Years (€/m2)
Annualized Cost (€/m2)

B CO 2 26.88
B CO 6 26.88
C LMA 15 58.13
B CO 21 26.88
B CO 25 26.88
C LMA 27 58.13

∑ 168.29 4.438

As per the values obtained, the MS1 strategy proves to be the most economical,
with an annualized maintenance cost of 3.286 €/m2 of coated facade, for a 40-year time
horizon. This corresponds to a 50% probability of occurrence of the actions at the scheduled
time and, thus, to 50% risk of the action being required earlier. More specifically, the
condition-based maintenance adopted in this study reveals that, in the universe of the
ETICS analysed, half reach the degradation condition D after year 17 and, at that time,
a first total replacement of the coating will be necessary. One more action of the same
type is required at year 34. These actions correspond to a present value at year 40 of
124.779 €/m2 and a maintenance cost of 3.286 €/m2/year. All costs shown are applicable
to maintenance strategies carried out after the construction of the building. In the case of
MS2, light maintenance actions are also performed in the coating. Thus, for a probability
of occurrence of 50%, two light maintenance actions and a total replacement are required
during the time horizon, as shown in Table 7. These actions correspond to a present value
(PV) at year 40 of 146.592 €/m2 and a cost maintenance fee of 3.860 €/m2/year. For MS3,
the same reasoning is adopted, but cleaning operations are added to the maintenance
strategy. Consequently, for a probability of occurrence of 50%, four cleaning operations
and two light maintenance actions are necessary during the time horizon. These actions
correspond to a 40-year PV of 168.519 €/m2 and a maintenance cost of 4.438 €/m2/year.
Additionally, in the three strategies presented, the costs of periodic inspections to occur
every 3 years were included.

Once the costs of the various maintenance strategies are estimated, several mainte-
nance plans are described, their coverage, conditions, advantages, and disadvantages,
according to the objectives of the owners or managers of the buildings. The choice of the
best solution may involve considering a reduction in the risk of the coating reaching the
end of its service life, a reduction in the cost, or the presentation of a better condition of
degradation of the ETICS throughout its service life. In other words, the best solution
must ensure that the ETICS remains in the most favourable conditions of degradation (A
and B) for a longer period. To evaluate this last parameter, the efficiency index, EI, can be
used, which measures the efficiency of each maintenance strategy, namely the ability to
keep the element in a more favourable degradation condition [31]. To evaluate the most
advantageous strategy in economic terms, the relationship between the efficiency index
and the annualized maintenance cost can be established, and the greater the value of this
relationship, the more advantageous the maintenance strategy.

Table 9 presents a summary table where three maintenance plans are presented for
ETICS. The annualized maintenance costs were studied for new buildings, i.e., a zero
age was considered at the time of contracting the maintenance plan with a duration of
40 years. Of the options proposed, the most economical is the low-cost plan, which
costs 3.286 €/m2/year, and which guarantees the execution of two ETICS replacements
at 17 and 34 years. Compared to the maintenance-free option, there is a significant im-
provement in the efficiency index and the permanence time (tpA,B) in the best degradation
conditions, from 9.4 years to 24.8 years, in a 40-year model. Additionally, the low-cost
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plan is also the one with the best ratio between the efficiency index and the annualized
maintenance cost (0.21) of all the alternatives. On the other hand, the premium plan
presents the highest annualized cost among the options, with a cost of 4.438 €/m2/year.
However, the premium plan shows the best efficiency index of the maintenance strategy,
0.76, i.e., it maintains the ETICS in a better degradation condition throughout its service life.
On average, this strategy maintains the coating in condition A and B for another 9 years
compared to the low-cost plan. The premium plan provides four cleaning operations and
two light maintenance actions on the ETICS up to 40 years of age. On the other hand, it is
still the least advantageous solution considering the ratio of efficiency index and annualized
cost, with a value of 0.17. The standard plan is the intermediate solution, which, despite
being more expensive compared to the first option (low-cost), reduces the risk of the facade
cladding needing to be replaced earlier, by carrying out light maintenance actions along
its lifespan. In other words, this option allows postponing the replacement by 15 years
and keep the ETICS in top condition for another 5 years. In addition, this plan makes it
possible to increase the performance of the ETICS compared to the low-cost plan, with
an efficiency index of 0.71, through the mitigation of anomalies and the maintenance of a
better condition of degradation throughout the service life of the ETICS.

Table 9. Maintenance plans applicable to ETICS.

Maintenance
Plan

Maintenance
Strategy

Cost of
Actions
(€/m2)

End of
Service Life

(Years)

tpa ,B *
(Years)

Eficciency
Index (EI)

Annualised
Mainte-

nance Cost
(€/m2)

EI/
Annualised

Cost
Plan Application Conditions

Low-cost MS1prob.50
(2 TR) 95.98 17 24.8 0.68 3.286 0.21

Two replacement of the ETICS
in years 17 and 34. Applicable
up to 40 years of age of the
coating. Periodic inspections
every 3 years are included.

Standard
MS2prob.50
(2 LMA;

1 TR)
58.13; 95.98 32 29.8 0.71 3.860 0.18

Two light interventions carried
out, in years 10 and 18, and
one TR in year 32. Applicable
up to 40 years of age of the
coating. Periodic inspections
every 3 years are included.

Superior
MS3prob.50

(4 CO;
2 LMA)

26.88; 58.13 44 33.8 0.76 4.438 0.17

Four cleaning operations are
included, in years 2, 6, 21, and
25, and two light interventions
in years 15 and 27. Applicable
up to 40 years of age of the
coating. Periodic inspections
every 3 years are included.

Without
maintenance - - 17 9.4 0.31 - - -

* Simulated for a 40-year horizon.

5. Insurance Policy for ETICS

The degradation process of ETICS with an associated maintenance plan still presents a
risk of early degradation. Maintenance contracts cannot address this risk, which is related to
the probability that the coating degrades more rapidly and, consequently, that maintenance
action will be required earlier than defined in the maintenance plan. There may also be a
need for another type of deeper maintenance action in the ETICS at a given moment, and
insurance must cover this risk. In this context, several insurance policies are studied to
apply to ETICS to protect the owners or managers of buildings from the risk of anticipated
degradation of the coatings and a consequent decrease in their service life. In this sense, to
define an insurance policy for ETICS, information regarding the probability that the actions
will be necessary earlier is essential, in relation to the maintenance plan, and the respective
cost of these maintenance actions.

The probabilities of the need for maintenance actions depending on the strategy
adopted are presented in Tables 6–8, considering a risk of 50%, as well as the costs of
maintenance actions. The conditions applicable to a new policyholder of this type are
as follows: (i) any repairs for accidental damage are excluded; (ii) it is not possible to
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acquire the insurance product if the degradation condition is D or higher, and if previous
maintenance actions have not been carried out; (iii) the total replacement occurs when
the coating reaches the condition D or higher, as established in the maintenance contract;
(iv) light maintenance action occurs when the coating reaches degradation condition C,
as defined in the maintenance contract; (v) the cleaning operation takes place when the
coating reaches degradation condition B, as established in the maintenance contract; (vi) the
insurance policies studied provide coverage for the risk of the ETICS requiring maintenance
action earlier than the adopted maintenance plan and are applicable for coatings up to
40 years old; and finally, (vii) the value of the premium to be paid to the insurer must be
established according to the age of the coating.

For the development of the insurance policy, several scenarios were studied for the
three maintenance plans (MS1, MS2, MS3), with different insurance underwriting times
and policy duration, to face the risk associated with the ETICS’s age at the time of insurance
purchase. As a result, the values for acquiring an insurance product for ETICS at the ages
of 5, 10, 20, and 30 years, with policy durations of 5 and 10 years, were calculated. It is also
assumed that the maintenance plan is contracted for the same period as the duration of the
insurance. The summary of the calculated values can be found in Table 10.

Table 10. Insurance policies for ETICS.

Insurance
Start Year

Policy
Duration

(Years)

Maintenance
Plan

VAL
Maintenance
Plan (€/m2)

Premium with
Profit Margin

(€/m2/Year)

Premium for a
Façade with

77.35 m2

(€/Year)

Condominium
Premium
(€/Year)

Cost of the
Mainente-
nance Plan
(€/m2/Year)

Cost of the
Maintenance Plan
for a Façade with
77.35 m2 (€/Year)

5 5 low-cost 1.9585 1.822 140.90 14.09 0.395 30.53
10 5 low-cost 1.9189 8.594 664.77 66.48 0.387 29.91
20 5 low-cost 1.9585 1.771 137.01 13.70 0.395 30.53
30 5 low-cost 89.4283 0.444 34.35 3.43 18.023 1394.11
5 10 low-cost 3.6914 3.905 302.07 30.21 0.374 28.96

10 10 low-cost 86.0022 0.218 16.89 1.69 8.722 674.64
20 10 low-cost 3.6914 2.591 200.40 20.04 0.374 28.96
30 10 low-cost 2.7374 0.689 53.27 5.33 0.278 21.47

5 5 standard 54.4519 1.390 107.53 10.75 10.974 848.85
10 5 standard 1.9189 4.380 338.79 33.88 0.387 29.91
20 5 standard 1.9585 5.226 404.21 40.42 0.395 30.53
30 5 standard 93.1119 2.601 201.21 20.12 18.766 1451.53
5 10 standard 56.1848 1.990 153.95 15.39 5.698 440.74

10 10 standard 52.1711 1.039 80.38 8.04 5.291 409.25
20 10 standard 3.6914 4.187 323.88 32.39 0.374 28.96
30 10 standard 94.8805 2.199 170.10 17.01 9.622 744.28

5 5 superior 28.2957 2.130 164.78 16.48 5.703 440.82
10 5 superior 54.4123 1.209 93.49 9.35 10.966 847.69
20 5 superior 52.5693 5.522 427.17 42.72 10.595 818.98
30 5 superior 0.9689 5.240 405.35 40.53 0.195 15.10
5 10 superior 77.4319 0.549 42.48 4.25 7.853 607.01

10 10 superior 55.2872 1.523 117.80 11.78 5.607 433.41
20 10 superior 104.6970 1.518 117.44 11.74 10.618 820.76
30 10 superior 2.7374 3.742 289.48 28.95 0.278 21.46

Of the calculations carried out for the moments listed, the most relevant are high-
lighted, namely the moments of underwriting that lead to a higher value of the insurance
premium to be paid by the policyholder, those in which the value of the insurance exceeds
the annualized cost of the plan of maintenance, the minimum amount of insurance payable,
and the maximum annualized cost of the maintenance plan according to the moment of
insurance subscription. The values presented in the table were calculated according to
Equations (5) and (6), where a discount rate of 4%, a sector inflation rate (is) of 1.9%, and a
general inflation rate (ig) of 1.8% [33] are adopted. A 20% profit margin is also considered
in the calculation of the insurance premium, which can change according to the insurer
goals concerning the insurance product and the target market.

Overall, the standard plan (MS2) is apparently the most affordable to ensure a policy,
as it has the lowest maximum insurance value, at 5.226 €/m2/year, compared to the low-
cost plan (MS1) and the superior plan (MS3), in which the maximum amount of insurance
payable is 8.594 €/m2/year and 5.522 €/m2/year, respectively. All these values are for
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policies with a duration of 5 years. In turn, the lowest minimum amount payable is for the
low-cost plan, with a value of 0.218 €/m2/year, for insurance underwriting at 10 years of
age of the ETICS and a policy duration of 10 years. An analysis of the scenarios studied
also reveals a preference for underwriting an insurance policy with a duration of 10 years,
since the annual amount of insurance payable is lower, regardless of the maintenance plan
implemented in the building’s coating. In general, due to the ETICS’s subscription age, the
adoption of a certain maintenance plan may be more advantageous. However, in average
terms, in the analysed scenarios, the low-cost plan is the one with the lowest insurance
premium values and the standard plan is the one with higher premiums. The low-cost plan
is the one with the highest number of moments in which the insurance premium payable
exceeds the annualized cost of the maintenance plan.

In terms of maintenance contracts, the maximum annualized cost of maintenance is
reached in the low-cost, with an insurance subscription value of 18.023 €/m2/year, starting
at age 30 and lasting 5 years. Similar to the values of insurance premiums, the highest
annualized maintenance costs occur when contracting for a period of 5 years. In average
terms, the low-cost plan is the one with the lowest annualized maintenance cost values, in
line with the values presented in the previous section. In turn, the superior plan has the
highest annualized maintenance costs.

The insurance policies in Table 10 must be calculated according to the age of the
coating and are applicable for a façade with ages below 40 years, excluding repairs due to
accidental damage or vandalism, applying the following specific conditions according to
the policy adopted:

• Low-cost policy—Covers the risk of ETICS reaching condition D before the time
specified in the plan, with compensation up to the amount of two total replacements;

• Standard policy—Covers the risk of ETICS reaching condition C and D before the
time foreseen for the action in the plan, with indemnity in the amount of two light
maintenance actions and one total replacement;

• Superior policy—Covers the risk of ETICS reaching condition B, C, and D before
the time provided for in the plan, with indemnity in the amount of four cleaning
operations and two light maintenance actions.

In order to illustrate the calculation of the insurance premium applied, an example
building was used, as shown in Figure 3. The studied facade of the building has a cladded
area corresponding to 77.35 m2. The building was inspected for the first time in 2016, when
it was in a good degradation condition (Sw = 2%). The building construction date is 2011
and consists of ten housing units (i.e., condominium with ten owners).

  
Figure 3. Case study of an ETICS inspected in 2016.
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Considering the date of the building construction, it was assumed that the ETICS is
11 years old. Based on this assumption, an attempt was made to select the most suitable
insurance policy and the respective maintenance plan to be adopted by the owners. From
the calculations presented in Table 10, the low-cost plan is the one with the lowest premium
per joint owner, 1.69 €/year per owner, for a duration of 10 years. However, the selection of
the standard plan with a policy at 10 years and duration of 5 years leads to the lowest total
annual cost per owner of 36.87 €/year per fraction, i.e., considering the insurance policy
and maintenance contract. In case the owners want more favourable conditions over the
years (lower degradation conditions), the superior plan is the most suitable solution. The
total annual cost per unit owner will be 55.13 €/year, for a duration of 10 years.

In general, this case study reveals that the choice of the best insurance product must
be carried out taking into account the age of the facade cladding, the maintenance plan best
suited to the owners’ requirements, and the intended duration of the policy of insurance.
From the analyses carried out, it appears that, regardless of the year of insurance subscrip-
tion, the options for 10-year policies are in most cases the best option in economic terms.

6. Conclusions

This study defined an insurance policy model applicable to ETICS using stochastic
maintenance models, based on the condition of the element. This investigation intends
to fill the gap in terms of insurance related to the anticipated degradation of buildings,
namely in terms of the surrounding elements. To promote the viability of such insurance,
an application universe of around 3270 buildings in Portugal was estimated.

This study proposes the definition of real insurance policies, considering the risk
associated with the failure of ETICS (and can be adaptable to other building envelope
elements), as well as the most probable failure time and the costs associated with that
failure. These insurance policies are deemed to significantly enhance the market for
outsourcing maintenance, which has been limited due to lack of knowledge in terms of risk
and costs and also due to the absence of risk mitigation strategies (insurances) for providers
of maintenance services.

The design of this insurance assumes its association with a maintenance contract,
since the policy intends to bear the risk of a maintenance action being necessary sooner.
In this sense, three maintenance plans were developed for a time horizon of 40 years. The
selection of the best plan varies according to the criteria of the owner or manager of the
building, but the solution that presents the best cost-benefit ratio (annualized maintenance
cost/efficiency index) is the low-cost plan with an index of 0.21.

The study of the different insurance policies applied to the ETICS, depending on the
three maintenance plans, reveals that the standard plan is the most economical to ensure
a policy, considering only the maximum amount of insurance payable. The minimum
amount payable is in the low-cost plan, with a value of 0.218 €/m2/year, for insurance
underwriting at 10 years of age of the ETICS and a policy duration of 10 years. An analysis
in average terms for all the underwriting moments studied shows that the low-cost plan
is the one with the lowest insurance premium values. Regardless of the maintenance
plan implemented in the building, subscribing a 10-year policy is almost always more
advantageous as it leads to lower insurance premiums.

Through application to the case study, for a 11-year-old ETICS, the low-cost plan
is the most economical solution, with an insurance premium per owner of 1.69 €/year,
for a 10-year subscription. However, the selection of the standard plan with a policy
at 10 years and duration of 5 years leads to the lowest total annual cost per owner of
36.87 €/year per fraction (including annualized maintenance costs and insurance policy
cost). In summary, the selection of the best insurance product must consider the age of
the coating, the maintenance plan chosen by the owner, and the intended duration of the
insurance policy, taking into account that a 10-year subscription is, generally, the most
economical option.
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This study and the insurance policies proposed present some advantages, namely:
(i) changing the nature of the risk and transferring increased risks to the insurance company;
and (ii) increasing the patrimonial value of the asset, through the adoption of adequate and
timely maintenance actions, reducing the risk of failure of the façades and reducing the
cost of urgent and unpredictable maintenance actions. The acquisition of this product by a
residential condominium provides a way of share the costs of the maintenance contract
for the buildings’ façades, sharing the risks by the households, resulting in a lower price
for the insurance premium. The major limitation of this insurance product is the lack
of funds by the owners to have a maintenance plan and insurance to cover the risk of
anticipating the actions. However, not purchasing this type of product entails higher costs
in the long term, with the deterioration of the facades (with an increase in Municipal taxes)
and the need for costlier unexpected and urgent maintenance actions. Another barrier for
the application of this product can be the long-term profits of the insurer. Nevertheless,
this study provides an accurate tool to estimate the risk margins, which can lead to more
competitive insurance premium leading to larger number of clients in the portfolio, thus
reducing the risks assumed by the insurance company.

In future studies, the insurance policies for condition-based maintenance plans will
consider the combination of various elements present on the facade, carrying out mainte-
nance actions opportunistically, and reducing the fixed costs of actions (e.g., scaffolding).
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Abstract: The facility safety is a highly important issue in educational institutions and public facilities,
where the safety and health of the occupants (students, educational and public service staff) is a
high-order priority. The research hypothesizes that a synergy exists between the maintenance and
safety of public facilities. Analytical–empirical research methods were aimed at the development
of an integrated maintenance–safety framework. The framework was validated through inferential
statistics and a case study. A correlation (R2) of 0.74 between the level of maintenance and the safety
level of 24 educational facilities was found using the Pearson correlation coefficient. The levels of
maintenance and of safety observed were marginal. An innovative Integrated Safety–maintenance
performance framework was developed for synergetic safety–maintenance monitoring, control and
management. The framework proposes a cycle loop of safety–maintenance–performance audits
of facilities as a key tool for advanced maintenance and safety management in public facilities.
The framework was validated in a case study of public facility. The time history of maintenance
performance and safety shows a high level of fitness (R2 = 0.8865, p-Value < 0.05). These research
findings stress that integrated safety and maintenance should be implemented as a unified procedure
to enhance the advanced maintenance performance and safety climate in public facilities management.

Keywords: facilities management; maintenance; performance; risk; safety

1. Introduction

Facility safety is highly important in educational institutions and public facilities in
particular, where the safety and health of the occupants (students, educational and public
service staff) is a high order of priority [1,2]. The safety of users of buildings and facilities
is a highly important facility management issue. During the construction of the building,
design methods and materials will be reviewed for different types of buildings and facilities
to ensure the sustainability of the facilities, as well as the safety of users of the buildings and
facilities [3–5]. In addition to the consideration of the construction process, the proactive
management of maintenance and performance, as well as safety assessment of the facility
during the maintenance phase, are required in order to effectively improve the safety
mode of the building [6]. However, for the safety assessment of building facilities, there is
currently no definite assessment methodology or indicator, nor a set of valid assessment
models, for the implementation of these procedures [7]. To this end, this study summarizes
the development of an integrated risk-informed methodology aimed at the integration
between the maintenance and safety of facilities as a performance management tool for
the fostering of the maintenance and safety of facilities, taking advantage of the synergy

Buildings 2022, 12, 770. https://doi.org/10.3390/buildings12060770 https://www.mdpi.com/journal/buildings173



Buildings 2022, 12, 770

between these disciplines. The research develops a model for evaluating and managing
building safety and maintenance through this integrated methodology of maintenance and
safety indicators.

The development of methods for safety assessments in educational institutions is a
ubiquitous research topic, Al-Hemoud and Al-Asfoor [2] developed the Behavioral-Based
Safety (BBS) that introduces safety using a behavioral safety approach. This theory follows
Heinrich’s [8] theory of the human factor in accident causation and stresses the training
of individuals, safety control and inspection. DePasquale and Geller [9] examined the
success of BBS models from the workers’ perspective and found five predictive parameters
of the success of the method: (a) effective training, (b) senior management trust, (c) ef-
fective safety control, (d) training of workers and (e) workers’ commitment. Elementary
and high school educational institution occupants are heterogenic groups with diverse
patterns of safety behavior assimilation and, therefore, are more vulnerable to safety haz-
ards [10–12]. Sabatino et al. [13] stressed that a methodology for the optimal maintenance
of buildings must integrate into its considerations the consequences of a system failure or
poor performance. Lai and Yik [14] studied the parameters of the optimal maintenance
setup that will provide safety, efficiency and high user satisfaction within the building’s
occupants. Through a survey of 279 questionnaires in residential buildings in Hong Kong,
the researchers analyzed five parameters of maintenance services: safety, cleanliness, break
down and routine maintenance, aesthetics and overall satisfaction. This research did not
consider the building performance as a key parameter of an optimal maintenance plan.
Olanrewaju et al. [15] studied resource allocation priority settings in university facilities in
Malaysia. The researchers found out that breakdown maintenance of visible components
such as elevators, power supply and roofing failures are a high-order priority and should
receive higher precedence in the allocation of routine maintenance resources. This review
emphasizes the ultimate role of facility maintenance in ensuring the occupants’ safety and
satisfaction, as the latter is highly important and crucial in educational institutions and
public facilities.

The research main objective is to investigate the correlation between maintenance and
safety performance in educational and public facilities as a basis for the development of
integrated maintenance and safety framework. Six research subgoals are defined as follows:

a. Definition of the risk factors, according to the facility components, performance
and users;

b. Development of a methodology for the assessment of the safety risks in educational
and public facilities;

c. Assessment of the maintenance and safety performances in educational and pub-
lic facilities;

d. Development of an Integrated Safety–Maintenance management framework;
e. Implementation of the framework and validation of the research hypotheses;
f. Recommendations for further research and concluding remarks.

Subsequent from the research hypotheses, findings and conclusions, a new framework
for integrated risk-informed maintenance and safety surveys and performance assess-
ments is introduced as a part of the facility management. The framework is designated
to take advantage of the synergy between safety and maintenance so as to enhance the
maintenance, performance and safety of public facilities. This proposed framework will
stimulate lower probabilities of safety hazards in the performances of public facilities;
improve the sustainable performance of the facilities on a continuous basis and can fit
into other types of facilities such as energy, healthcare, residential buildings and off-shore
facilities. While previous research on the topic of safety and maintenance focused on the
role of the human factor, in the synergy between maintenance and safety, e.g., Hobbs
and Williamson [16] in the Aeronautics industry and Farrington-Darby et al. [17]. In the
railway maintenance industry, this research develops a systemic and inherent synergy and
introduces an integrated performance control of safety and maintenance management in
public and educational facilities.
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2. Literature Review

The literature review develops a research theme based on the definitions of the core
topics of the research, review of the risk factors maintenance and safety indicators in facilities.

The core variables of this study, encompassing safety, maintenance, risk, acceptable
risk and building performance, were defined on the basis of the literature, as follows in
Table 1:

Table 1. Cross-comparative definitions of the core variables of the research.

Parameter Definition Cross-Comparative Definition

Safety
All preventive measures aimed at

ensuring user well-being and
facility-designated use.

Hollnagel [18] indicated that safety is accomplished through
the prevention of hazards, unsafe events and the

consequences of structural failures.

Maintenance

Activities carried out to maintain the
durability and performance of the

building in accordance with its
designated use.

Three aspects of key facility maintenance: (1) actual service
condition of the system, (2) failures affecting the service

condition provided by the system and (3) actual preventive
activities carried out to maintain acceptable designated

service condition [19].

Risk The probability and severity of an
undesired event.

Aven [20] stated that the capability to express risk
quantitatively and compare alternative mitigation strategies

is at the heart of risk management.

Building performance

The concept in which the functions of
buildings are defined by their outcomes
rather than by prescription. Performance
is determined by a building’s success in
achieving user satisfaction and meeting

designated performance criteria.

The evaluation of the overall service condition of the
building or of the building portfolio, according to the

performance criteria of its components and systems defined
by its designated use and current standards [19].

Acceptable risk The level of risk deemed acceptable for
an organization.

Hollnagel [21] stated that risk and safety are conceptually
and practically linked—with higher safety meaning lower
risk—and that the most effective way to achieve safety is

through proactive mitigation actions.

The definitions stem from the performance concept and are supported by cross-
referencing from the literature.

2.1. Risk Factors

Risk assessment and management is a key driver of building performance and mainte-
nance management [15,17]. Using the fatigue design factor, Straub and Faber [22] developed
a risk-based inspection strategy for planning an optimal inspection regime for structural
components. Khalil et al. [23] developed integrated indicators of a building performance
and user risk through the analytical hierarchy process method. Their methodology yielded
a building performance risk rating tool (BPRT). They identified five critical risk indicators:
(1) structural stability, (2) fire protection services, (3) building-related pathology, (4) emer-
gency exits and (5) electrical services. The BPRT was implemented in the maintenance of
higher education buildings in Malaysia. Khan et al. [24] introduced a risk-based mainte-
nance methodology composed of three modules: (1) risk estimation, (2) risk evaluation and
(3) maintenance planning. They used a heating, ventilation and air-conditioning (HVAC)
system as a case study of risk-based maintenance to validate their methodology. The
case study contributed to the successful reduction of risk in an HVAC system from an
unacceptable level to an acceptable level.

Backlund and Hannu [25] compared three strategies of systems risk assessment to
identify a maintenance strategy that minimizes maintenance costs as a part of the dereg-
ulation of the Swedish hydro power plants sector. The researchers identified several key
maintenance-related tasks for accurately assessing risk: (1) exposure time, (2) frequency es-
timation, (3) consequence estimation, (4) qualitative and quantitative methods for reliability
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and frequency estimation, (5) teamwork, (6) performance analysis and (7) uncertainty and
sensitivity analysis. Khan and Haddara [26] developed effective risk-based maintenance for
HVAC systems by using a scenario analysis, probabilistic failure analysis, risk estimation
and evaluation and maintenance planning.

De Silva et al. [27] identified 10 maintenance-related risk factors for buildings: (1) ar-
chitecture and design risks; (2) structural and detailing risks; (3) service integration risks;
(4) accessibility risks; (5) maintenance requirement risks; (6) material and spare parts
risks; (7) constructability risks; (8) maintenance process quality risks; (9) characteristics,
environment and exposure risks and (10) user requirement and change-related risks. De
Silva et al. [27] emphasized the integration of various characteristics of the exposure of
the building environment to hazards. Addressing such exposure requires the integration
of risk management, safety and maintenance. Ruparathna et al. [28] developed a risk-
based scenario planning approach that incorporates predicted changes in technology, costs
and organizational strategies for the selection of maintenance strategies. Their methodol-
ogy minimizes financial risk. Their study also stressed the integration between risk and
maintenance planning.

Chiu et al. [29] used the concept of the reliability of a series system to develop a theory
of the deterioration risk of Reinforced Concrete structures exposed to chloride attacks. They
determined an optimal maintenance plan using probabilistic effect assessment models that
considered the effects of maintenance strategies on the failure and spalling probability of
a structure and could be used to estimate life cycle costs and performances. Their study
emphasized the need to integrate safety and maintenance in a comprehensive framework.

2.2. Maintenance

Despite being part of the last stage of the facilities life cycle, the maintenance and
management of buildings should be considered throughout the design stage. Such consider-
ations should include the intensity of the facility use, facility attributes, facility maintenance
methods, facility maintenance costs, facility vulnerabilities, the total number of facilities
and the facility maintenance period [30–32]. That is, the impact of the building material
configuration on the building facilities (including durability and replaceability) must be
considered in the building design. If these factors are considered in detail in the design
stage, a building can be maintained and managed at low cost [33].

The quality of buildings and their facilities is often poor because of a lack of proper
building maintenance and management, even with high maintenance costs [34–36]. In
addition, once passive management is adopted, various types of building defects, including
structural or nonstructural cracking and concrete fragments spalling, can cause severe
damage. Therefore, many studies have proposed building maintenance and management
methods that fall into one of three categories: corrosive, preventive or predictive mainte-
nance. Among these, corrosive maintenance is passive and involves repairing equipment
after it is damaged, whereas the other two types of maintenance are active [30]. An opti-
mization framework was developed to consider the interdependencies among different
units of HVAC equipment and interdependencies among maintenance, operation and
equipment durability to deduce predictive and preventive maintenance.

Saqib, Faruoqui and Lodi [37] identified 77 factors and classified them into seven
categories, including project management–related factors, procurement-related factors,
client-related factors and business-related factors. They revealed that the 10 CSFs (Critical
Success Factors) of a project are decision-making effectiveness, project manager experi-
ence, contractor cash flow, contractor experience, owner or owner representative decision
timeliness, site management, supervision, planning effort, project management experience
and client decision-making ability. They determined that the five CSF groups that most
influence project success are contractor-related factors, project manager–related factors,
procurement-related factors, design team–related factors and project management-related
factors. Au Yong et al. [38,39] validated the importance and role of safety for setting the
priority of maintenance activities.
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2.3. Safety Indicators

Safety indicators are the core and key tool for the control and management of safety
in the facilities life cycle. Ho et al. [40] developed a system composed of a building health
and hygiene index (BHHI) and a building safety and conditions index (BSCI) for the
improvement of tall residential building performance, hygiene and safety in Hong Kong.
They surveyed 140 tall residential buildings and used their survey results to develop an
assessment method based on a hierarchy of indicators: (1) architectural design, (2) building
services design, (3) the surrounding environment, (4) operations and maintenance and
(5) management. They concluded that management systems account for 82% of the variance
in the BHHI and 45% of the variance in the BSCI. Their results emphasized the importance
of building management systems for the safety and health of building users, particularly
in densely populated areas. Hopkins [41] stressed that process safety indicators should
measure the effectiveness of the risk control system and that these indicators must be
included in an incentive payment scheme. Nevertheless, Hopkins emphasized that careful
attention is required to avoid managing the management process rather than actual safety.
Following Hopkins, Harms-Ringdahl [42] determined that the core safety indicators can
be static or dynamic and should reflect the organizational safety process, as well as the
outcomes. Ryczyński et al. [43] proposed that, to strengthen structural safety and durability,
special attention must be paid to the causes of cracks, as well as to planning and conducting
appropriate repairs. In addition, many building safety accidents are caused by faulty
designs. Therefore, risk assessment in the design stage is crucial in risk management [44].

This review of the concepts of risk factors, maintenance and safety indicators reveals a
gap in the integration between risk, maintenance and safety for synergetic and integrated
maintenance and the safety management of facilities and indicates the research gap. The
latter derived the principal purpose of the research: the development of an integrated
maintenance–safety framework, as well as the subgoals, to examine the correlation between
safety and maintenance in educational and public facilities.

The research hypotheses were derived from the research gap and literature as follows:

a. A correlation exists between the maintenance performance of the educational facility
and its safety, i.e., the higher the maintenance performance of the facility, the higher
the safety of the facility is.

b. There exists a correlation between the density of occupants (occupancy) and the
performance and safety of educational and public facilities.

3. Integrated Risk-Informed Safety–Maintenance Framework

An integrated risk-informed safety–maintenance framework was developed within
the scope of the research. The framework is composed of the performance model (moni-
toring the adequacy of the building to its designated performance), maintenance model
(monitoring preventive and breakdown maintenance) through the MI and safety model
(monitoring and control of the safety of the building’s systems) through the BRI. The
framework is implemented using three phases: safety monitoring and control using the
BRI, building performance monitoring and building maintenance monitoring using the MI.
Synthesis between the safety, maintenance and performance indicators yields control loop
remarks and outputs for the implementation of corrective safety maintenance activities
and corrective condition-based maintenance that stimulates the synergy between safety
and maintenance performance over the life cycle of the building (Figure 1). The framework
is implemented with a structured object class demonstrated in Figure 2; it is composed of
structural stability, structural integrity, preventive maintenance, breakdown maintenance
and a performance evaluation of the components (Figure 3, referring to the exterior enve-
lope). Similar schemes are implemented for the interior finishing; electrical system; water
and sewage system; HVAC (Heating, Ventilation and Air Conditioning); fire extinguishing;
elevators; Information and Communication Systems (ICT) and peripheral infrastructures.
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Figure 1. Integrate the risk-informed safety–maintenance implementation framework.

Figure 2. Structure of object classes for parameters of the integrated safety–maintenance in the
user-Interface.
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Figure 3. Research phases and methodology.

The proposed framework develops a novel risk-informed methodology for the inte-
grated safety–maintenance management of public and educational facilities. The frame-
work builds upon an integrated tool for combined safety–maintenance monitoring of
facilities. The framework takes advantage of the synergy between maintenance and safety
and leverages the synergy to introduce enhanced high-performance, safe and cost-effective
maintenance of facilities.

4. Research Method

The research employed analytical–empirical methods aimed at the development of
an integrated maintenance–safety framework and validation of the framework through
inferential statistics and a case study. The research followed the definitions of ISO/DIS
45001 [45] and the guidelines of ISO 14001 and OSH 2001: Guidelines on Occupational
Safety and Health Management Systems. The research phases and method are described in
Figure 3. It followed five steps [19,46,47]: (1) data gathering methodology for safety and
maintenance assessment and control in educational and public facilities, (2) field survey
of maintenance and safety in educational facilities, (3) inferential statistical analysis and
the development of an integrated risk-informed safety–maintenance framework, (4) imple-
mentation and validation of the framework in a public facility case study and assessment
of the research hypothesis using regression analysis and F-statistics and (5) conclusion
and recommendations for further research. The framework is a theoretical and practical
framework, and the theory is validated in a field survey in Section 3 and implemented for
practical validation in Section 4.

The research employed four tools of data gathering and analysis:

a. Field survey of 24 educational institutions facilities, with at least 200 students each
carried out by the researchers. The survey examined the maintenance activities ac-
cording to: (1) breakdown maintenance, (2) routine maintenance (performance based)
and (3) preventive maintenance [46,47]. The institutions were sampled according to
their size, data was gathered by a trained surveyor and the information was collected
from the city database and from the site survey. The data collected included: floor
area (sq.m.), number of students, density of students (students/sq.m.), BRI score and
MI score.

b. Gathering of the data of safety hazards in the institutions in all disciplines of the
buildings’ systems; the data was gathered through interviews with the facilities’
maintenance managers using the BRI (Building Risk Indicator) described below;

c. Assessment of the maintenance performance and safety of the facilities using a 25-point
rating scale of the severity and probability of failures; assessments were carried out by
the researchers through walk out and detailed site surveys in the facilities;

d. Case study and validation of the proposed framework in a public facility using the
safety (BRI) and maintenance performance (MI—Maintenance Indicator) models.

The research used 25-point rating scale for the assessment of the safety and mainte-
nance performance of the facilities. The safety assessment and the maintenance perfor-
mance scales are presented in Tables 2 and 3, respectively, and the deterioration and safety
assessment criteria are described in Appendix A. The scales follow the outline developed by
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Ni et al. [48] for safety assessment and were further developed for deterioration assessment.
The deterioration categories definitions based on the 5-point rating scale introduced in
Shohet [19,46]. The safety assessment categories examine the safety consequences, and the
25-point scale represents the risk potential as a multiplication of the severity (consequences)
of hazards by the likelihood (probability). These definitions were further developed in
this study to 24 categories of core safety components and systems as follows: Infrastruc-
tures, Yard organization, Ground leveling, Walking trails, Fence, Gates, Parking, Sports
facilities, Preventive measures, Fire Protection, Escape Preparations, Nuisance, Windows
and bars, Doors, Railings, Stairs and stairways, Structure, Electric Panels, Lighting, and
Emergency lighting and electric wirings. These categories were selected from the review of
the literature and are the guide for the safety of educational institutions in the literature
review as key maintenance performance and safety performance indicators [11,12,49]. A
Building Risk Indicator (BRI) of 0–4 indicates low risk, i.e., safe facility (within this cate-
gory, between 0 and 2 represents exceptionally safe and between 2 snda4 safe). Building
Risk Indicator of 5–12 indicates moderate to marginal and unacceptable risk; within this
category, 5–8 represents moderate and unacceptable risk, and a BRI of 8–12 represents
marginal-severe risk. The BRI of 12–25 indicates risk at highly severe and up to critical level
(this category requires immediate repair of the faults and closure of the institution due to
regulatory restrictions). The Building Risk Indicator refers to architectural design, building
services schemes safety, the surrounding environment safety, operations and maintenance
safety and to safety management activities as derived from Ho et al. [41]. In a similar
manner, a maintenance indicator (MI) of 0–4 indicates a durable and well-maintained
facility, and within this category, a maintenance indicator between 0 and 2 represents
a high durability, and maintenance indicator of 2–4 indicates light deterioration due to
aging of the component. A maintenance indicator of 5–12 indicates moderate deterioration
(5–8) and marginal maintenance performance (8–12), and between 13–25 indicates highly
deteriorated system and lack of maintenance.

Table 2. Grading scale of safety risks of educational buildings systems.

Severity
Probability Rare 1

0–10%
Low 2

11–40%
Moderate
3 41–60%

High 4
61–90%

Frequent 5
91–100%

Critical
5 5 10 15 20 25

Severe
4 4 8 12 16 20

Moderate
3 3 6 9 12 15

Minor
2 2 4 6 8 10

Negligible
1 1 2 3 4 5

Legend
High Risk

Moderate Risk
Low Risk

This stage laid the ground of the risk informed framework with safety risk and
maintenance assessment criteria. These will be used to examine the correlation between
the two core variables and as tools for implementing the framework.
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Table 3. Grading scale of maintenance of educational buildings systems.

Severity
Probability Rare 1

0–10%
Low 2

11–40%
Moderate
3 41–60%

High 4
61–90%

Frequent 5
91–100%

Critical
5 5 10 15 20 25

Severe
4 4 8 12 16 20

Moderate
3 3 6 9 12 15

Minor
2 2 4 6 8 10

Negligible
1 1 2 3 4 5

Legend
High Risk

Moderate Risk
Low Risk

5. Results

The field survey encompassed 24 educational institutes out of 80 in the city of Beer
Sheva, composing 30% of the educational facilities population of the city. The survey
included background data of the buildings, such as floor area and number of users, as
well as assessment of the facilities’ maintenance and safety according to the maintenance
indicator (MI) and Building Risk Indicator (BRI) defined in the research methodology. The
field survey was carried out using a questionnaire and in situ data gathering using a form
with detailed scales of safety and maintenance rating criteria. Appendix A presents an
example of the rating criteria for exterior cladding safety and maintenance performance.
Table 4 summarizes the sample population characteristic background data.

Table 4. Parameters of educational institutes’ samples.

Variable Total Mean

Floor area (sq.m.) 98,270 4095

Number of students 14,381 599

Density (Number of students/100 sq.m.) - 15.94

Mean Maintenance score (MI) - 5.88

Mean Safety Score (BRI) - 5.42

The mean maintenance indicator (MI) and Building Risk Indicator (BRI) were found
to be 5.88 and 5.42, respectively, indicating moderate/marginal maintenance performance
and safety risks. The main safety and maintenance faults found are sports grounds, gates,
emergency lights and electricity end fixtures. Examination of the correlation between
the density of students and the maintenance, as well as the safety performance of the
institutions found no systematic ratio, and led to rejection of the second research hypothesis.

5.1. Safety

The highest mean scores of safety risk indicators for the different sections found to be:
windows and bars (8.2), static and dynamic nuisances (7.5), wirings (7.0), hallways (6.9),
doors and railings (6.7) (Figure 4). Figures 5 and 6 demonstrate examples of typical safety
hazards in sports ground and exterior cladding, respectively: lack of safety fixtures and
poor maintenance of sport ground (Figure 5a,b, respectively) and deteriorated and poorly
maintained exterior stone (Figure 6a,b, respectively).
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Figure 4. Mean Building Risk Indicator (BRI) in educational facilities sample according to building systems.

(a) (b)

Figure 5. Sports—(a) unprotected basket column and (b) poorly maintained basketball surface.

5.2. Maintenance

The following systems found with the highest maintenance score (i.e., most deteriorated):
(1) emergency lighting (7.3); (2) static and dynamic nuisances (7.3); (3) electric sockets and
switches (7.0); (4) railings (6.9) and (5) gates, preparation for escape and sports grounds (6.8)
(Figure 7). The findings demonstrate that electric components, static and dynamic nuisances are
the most deteriorated components. Considering MI < 5 as a threshold of high maintenance, it is
evident that most of the systems do not meet this performance criterion.
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(a) (b)

Figure 6. (a) Deteriorated exterior stone cladding. (b) Cracked stone claddings.

Figure 7. Mean maintenance indicator (MI) for different building and infrastructure systems—
Educational Institutions.

5.3. Synergy between Maintenance and Safety

The synergy between maintenance and safety was examined using the Pearson corre-
lation for two variables sample with 22 DOF (Degrees Of Freedom) and at a significance
level of 0.01. The critical value for positive correlation is 0.472. Components with Pearson
coefficient higher than 0.472 defined as components with strong synergy and those with
the Pearson’s coefficient lower than 0.472 defined as components with low or no synergy.
Figure 8 depicts the distribution of the maintenance indicator (MI) and building risk in-
dicator (BRI) for the 24 systems investigated. The distribution indicates fair link between
the safety and maintenance of structure, railings, static and dynamic nuisance, hallways,
fire protection, parking, stairs, walking trails, yard organization and infrastructures. The
Pearson coefficient for the overall maintenance coefficient found to be 0.7408 indicating
that a variance in the maintenance performance explains 74.08% of the variance in safety
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(BRI). Table 5 depicts the details of the Pearson’s coefficients between the BRI and MI for
24 variables examined within the study. One can deduce that the safety of electric panels
and emergency lighting fully explained by the maintenance of these components, 90%
of the variance in electric end fixtures, 78% of the variance in parking safety, 49% of the
variance in sports facilities and 48% in Fire Protection safety are explained by the conduct
of adequate maintenance activities. The findings provide solid evidence of the synergy
between safety and maintenance and indicate that 74% of the variance in maintenance is
explained by the variance in safety of the facility. Figures 5 and 6 demonstrate a couple
of examples of the impact of lack of maintenance of a sports facility (6) and exterior stone
cladding (5) on the safety of the facility. It stems from the study that other root causes such
as: (1) service regime, (2) design parameters, and (3) safety control and assurance affect the
rest of the variance in the facilities’ safety risk.

Figure 8. Mean Safety Indicators Vs. Mean Maintenance Indicators—Educational Institutions.

Table 5. Pearson coefficient for the facilities’ components and systems.

Component R R2 % of Explained Variance

Infrastructures 0.310 0.10 9.61

Yard organization 0.603 0.36 36.36

Ground leveling 0.422 0.18 17.81

Walking Trails 0.649 0.42 42.12

Stairs 0.114 0.01 1.30

Fence 0.538 0.29 28.94

Gates 0.318 0.10 10.11

Parking 0.886 0.78 78.50

Sports Facilities 0.702 0.49 49.28

Prevention 0.331 0.11 10.96

Fire Protection 0.697 0.49 48.58

Stairways 0.734 0.54 53.88

Hallways 0.444 0.20 19.71
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Table 5. Cont.

Component R R2 % of Explained Variance

Escape Preparation 0.576 0.33 33.18

Nuisance 0.056 0.00 0.31

Windows and Bars 0.117 0.01 1.37

Doors 0.426 0.18 18.15

Railing 0.475 0.23 22.56

Structure 0.666 0.44 44.36

Emergency Lighting 1 1 100

Electric Panels 1 1 100

Electric Fixtures and Switches 0.952 0.91 90.63

Lighting fixtures 0.334 0.11 11.16

Wirings 0.291 0.08 8.47

Figures 4–8 indicate marginal maintenance and safety performance in the educational
facilities sample. It stems from the mean scores of MI and BRI of most of the components
at levels higher than 5.74% of the variance in Risk were explained by the execution of
maintenance. These findings are demonstrated by Figures 5 and 6. In the next phase of the
research a case study of the proposed framework was implemented in public facility to
assess the validity of the framework.

5.4. Case-Study—Public Building Integrated Maintenance and Safety

The case study is a public building (courthouse) located in the north of Israel. Its
floor area is 26,000 sq.m. of office floors, 3000 sq.m. of parking floors and 4000 sq.m. of
gardens and paved access paths. It was constructed in 1999, and its average occupancy
is: 340 employees and 3000 visitors per working day (250 days/year). The service regime
in the building is standard [50,51]. The integrated risk-informed safety–maintenance
framework was implemented in the building between 2010 and 2021 using the safety and
maintenance indicators through integrated maintenance–safety audits. An overview of the
building, its exterior envelope and electromechanical systems conditions as per 2021 are
presented herein. Figures 9–12 illustrate the overview of the building, its exterior envelope,
roofing and peripheral infrastructures.

Figure 9. Overview of the building.
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Figure 10. Exterior envelope (Maintenance Indicator = 2.5).

Figure 11. Roofing and installations (Maintenance Indicator = 2.5).

The building went under an integrated maintenance–safety performance model accord-
ing to the framework put forward in this research. The maintenance and safety indicators
of the building along the case study implementation period are presented in Figure 13.
A high level of fitness between the safety and maintenance performance indicators is
observed. Furthermore, consistent improvement in maintenance and safety is observed
along the period of implementation. The maintenance and the safety performance of the
building as of 2021 (22 years after construction) is remarkably high (2.673 and 2.43 for
the maintenance and safety indicators, respectively), The latter indicates a safe working
environment, effective safety climate and high-performance building environment.
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Figure 12. Stairs and drainage infrastructures around the building (Maintenance Indicator = 2.75).

Figure 13. Maintenance and safety indicators in public building case study 2010–2021.

Analysis of variance of the correlation between the maintenance and safety indicators in
the case study found a correlation (R2) of 0.8865 and the p-Value < 0.000478 for significance
level of 0.05 (Figure 14). The regression analysis equation is: Y = 0.9135·X + 0.4081 (where Y is
the maintenance indicator and X is the safety indicator). The case study strongly validates the
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safety–maintenance synergy hypothesis resulting from the integrated safety and maintenance
performance model proposed in this research. 88.65% of the variance in maintenance perfor-
mance was explained by the variance in the safety of the facility. The case study demonstrates a
strong synergy between the implementation of safety and maintenance models, and that this
synergy enhances simultaneous and continuous improvement of the safety, maintenance and
performance of buildings. The findings were found to be significant at high level of significance
(p Value = 0.00047). These findings support the practical implication of the framework for
facility managers.

Figure 14. Regression model and analysis.

6. Discussion

Maintenance and safety of facilities are two close disciplines that share common tools
and principles [18–20]. While facilities maintenance is a discipline that carries out preven-
tive, performance-based and breakdown maintenance activities aimed at maintaining the
building performance, value and its designated use at high standards, safety discipline
uses audits and control tools to maintain acceptable level of risk and maintain the facility
safety performance and the wellbeing of the facility occupants.

An integrated theoretical and practical multi-layered risk informed safety–maintenance
framework is introduced. The model follows four layers: (1) risk assessment, (2) correc-
tive safety maintenance, (3) maintenance performance assessment and (4) risk-informed
preventive maintenance and safety activities. Frangopol et al. [52] introduced the integra-
tion of risk, sustainability and resilience into the service life planning of structural bridge
systems and components. The model integrates risk and life-cycle loss assessment with
multi-objective optimization of bridge and bridge network management. This research em-
phasizes that a parallel model for educational and other public facilities attains the potential
for optimum life cycle costs, as well as meeting the safety and performance constraints.

The preliminary phases of the study revealed that the conduct of high-quality main-
tenance activities explains 74% of the safety risks variations in educational facilities. The
density of the occupants (service regime) does not significantly affect the level of safety risks.
The outcomes of the research are similar to preceding research by Arunraj and Maiti [53] in
the chemical industry, Geng et al. [54] in virtual maintenance in improving the maintenance
safety design and by Khalil et al. [23] in high education facilities. A case study in public
facility for a period of 11 years yielded a consistent and continuous improvement of safety
and performance of the facility and showed a correlation coefficient of 0.8665 between
the safety and the maintenance performance of the facility. The research proposes a novel
integrated safety–maintenance management model, and provides solid, validated evidence
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regarding the synergy between safety and maintenance. The proposed framework may be
implemented in various types of facilities such as critical facilities, energy, healthcare and
off-shore facilities.

7. Conclusions

The research introduces the topic of synergy and integrated risk-informed safety–
maintenance in facilities management. An integrated safety–maintenance model for public
facilities was developed and implemented in a case study in the last phase of the research.
The following conclusions summarize the research findings:

a. Safety performance in educational institutions was found to be highly dependent on
the variance in maintenance performance; this conclusion was deduced from the high
Pearson coefficient between the Building Risk Indicator and the Maintenance Indicator;

b. It was found that maintenance activities strongly affect the safety of electric system
components (electric panels, lighting, end-fixtures and switches); infrastructures
(parking lots, sports facilities, walking trails, and yard organization), fire protection
and structural components (stairways, walls, roofs and columns). This conclusion
deduced from the partial Pearson coefficients of the facilities’ systems between the
safety and the maintenance performance for these systems;

c. The study indicates that systematic maintenance of the critical facilities’ components such
as electric system components, structural components, fire protection and infrastructures
implemented with robust, integrated safety–maintenance procedures. This conclusion
stems from the inherent dependency between these systems safety and maintenance
performance as depicted by the Pearson coefficients discussed above.

d. Annual safety audits of the systems seem to be insufficient in light of the study
findings, higher frequencies of maintenance, and safety audits with intervals of
between 3 and 6 months are suggested. This conclusion drawn from the marginal
performance of maintenance indicator (MI) and safety (BRI) in the sample population,
which accomplished in annual safety and performance audits regime.

e. An integrated safety–maintenance performance framework was introduced for syn-
ergetic safety–maintenance monitoring, control and management. The framework
proposes a cycle loop of safety–maintenance–performance of facilities as a key tool for
advanced and effective maintenance and safety management with intervals between
3 and 6 months in public facilities.

f. The framework was validated in a case study of public facility along a period of
11 years. The time history of maintenance performance and safety shows a high level
of fitness (R2 = 0.8865 p < 0.05). The latter finding supports the practical implication
of the framework for facility management applications.

g. This research findings stresses that integrated safety and maintenance should be
implemented as a unified and integrated procedure and that this procedure will
enhance advanced maintenance performance and safety.

The research develops and provides a robust framework for risk-informed integrated
safety–maintenance management framework for educational and public facilities. The
theory has been validated in educational and public facilities.

A methodology for the implementation of the framework has been put forward and
lay the ground for integrated safety–maintenance methodology. The case study provided
solid evidence of sustainable development of the performance of the facility under the
implementation of the framework. Future research is recommended to elaborate the
framework for automation withing the IFC schema and implement the principles through
AI and machine learning tools.

8. Limitations of the Research

The research was carried out on a limited sample of educational public facilities.
Extending the research sample could improve the reliability and validity of the research.
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Further case studies can elaborate the significance and applicability of the methodology
in critical facilities; healthcare and infrastructures such as water, communications, etc.

The research did not refer to the cost-effectiveness of the proposed framework. This
should include labor, equipment and spare parts and overheads costs. Analysis of the
cost-effectiveness could shed light on the sustainability of the methodology and provide
economic and organizational drivers to implement the methodology.
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Appendix A. Static and Dynamic Nuisance Maintenance and Safety Grading Criteria

Table A1. Maintenance grading criteria (MI).

1 2 3 4 5

Cladding is complete
and undamaged. No

cladding elements have
fallen off. Some

capillary cracking may
be present.

Capillary cracks have
developed on portions
of the cladding. Single
cladding elements have

fallen off.

Cracks 0.5 mm wide
cover less than 5% of

the total cladding area.
Up to 3 % of cladding

elements have fallen off

Cracks wider than 1
mm have developed on

5% or more of the
cladding area. Portions
of stone cladding have

fallen off.

Significant portions of
the cladding have

peeled or fallen off.
Cracks wider than 5
mm have developed

Table A2. Safety grading criteria (BRI).

1 2 3 4 5

Interior Claddings:
Complete, stable, no

signs of erosion,
degradation, No

mechanical deflections,
cladding is planar
Exterior cladding:

Cladding is complete,
no minor cracking,

no mechanical
deformations exterior

element properly fixed
to claddings.

No erosions, but minor
sporadic cracks or
spalling in interior
cladding, Exterior

cladding: Cladding is
complete, nor fractures,

minor cracks
and spalling.

Detachment of up to
3% of cladding, erosion

and deterioration of
cladding due to

intensive use. Fixtures
attached to cladding

are loosely fixed.

Exterior cladding
cracking of up to 5 mm.

development of
spalling and

detachments. Fixtured
detached

from cladding.

Significant part of
cladding have peeled

or fallen off. Significant
spalling, cladding

detached. Cracks wider
than 5 mm have

developed. Cladding
is unstable.
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