Chapter 5 ®
Service Life Performance Check for

Prediction is very difficult, especially if it’s about the future.
Niels Bohr

Abstract A special focus of this chapter is directed into assessing the performance
of facades along the service life of the building. Influence of biotic and abiotic
factors and their effect on materials physical and aesthetical properties are dis-
cussed. Principles of protection by design and their role in building performance
during use phase are briefly introduced. Various approaches for the prediction of
service life performance are supported with real case study data.

Facades directly influence building safety, comfort, and aesthetics. According to
Martinez et al. (2015), fagades have a role in security, thermal and acoustical
insulation, air and water infiltration/mitigation, solar, daylight and glare control as
well as in aesthetics. Over time, facade complexity evolved to accommodate a wide
range of functionalities. Consequently, proper fagade design has become a
challenging and demanding task. Flores-Colen and de Brito (2010) listed several
difficulties related to the performance of building facades. Those drawbacks are
mainly related to poor design of construction details, improper choice or/and
application of materials, and inadequate maintenance. To minimize mistakes in
facade construction, modern design standards follow current building codes and
specifications. However, the choice of proper materials is still challenging.
Designers are often not willing to implement novel solutions with improved
durability and low maintenance requirements, because they are not confident in
their performance. At the same time, regular maintenance of fagades is undesired
among building owners. Fortunately, biomaterials are continuously improving and
becoming more resistant to deterioration. Recent improvements in quality of bio-
materials enable contractors to guarantee longer periods without maintenance, as
well as to schedule the maintenance in advance. It is commonly accepted that
facades require profound maintenance and/or partial renovation/replacement after
20 to 30 years following the construction (Martinez et al. 2015).

By predicting service life, it is possible to calculate lifelong construction costs
(Gobakken and Lebow 2010). The deterioration intensity of facades depends on
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several variables, including building location, orientation, architectonical details,
exposure level, microclimate, and intrinsic properties of materials used in con-
struction. Clearly, all building materials (including concrete, metal, stone, and
glass) require periodic cleaning, proper maintenance, and, finally, replacement.
However, knowing which materials constitute fagades is not enough to reliably
predict service life performance of buildings, despite the great effort invested in
trying (Fagerlund 1985).

5.1 Service Life Definition

The reference service life (RSL) is defined as a “service life of a product, com-
ponent, assembly or system that is known to be expected under a particular set (e.g.,
reference set) of in-use conditions and which may form the basis of estimating the
service life under other in-use conditions” (ISO 15686-1 2011). Evidently, service
life of facades depends on several variables that are beyond the control of designers,
such as local microclimate, environmental factors, or extreme weather events.
However, regular inspection, maintenance, repair, or timely replacement of fagades
can significantly improve both building performance and owners’ satisfaction.
Proper balance between expected functionality, investment costs, and maintenance
efforts enables sustained building performance. To assure optimal building func-
tionality, it is critical to determine durability and service life of various materials,
components, installations, and structures (Hovde 2002).

5.1.1 Service Life Categories

Kelly (2007) proposed division of the building service life into three main
categories:

e Physical (technical) service life
e Functional service life
e Economic service life.

Physical or technical service life is related to the degradation of building ele-
ments due to natural ageing and deterioration factors. Probability of building failure
increases systematically with time. This is mainly due to the natural ageing pro-
cesses and degradation agents. Physical service life ends when the probability of
building element failure is larger than the predefined level of acceptable risk.

Functional service life is linked to the expectations and demands of building
users. In many cases, people are motivated to replace materials in order to follow
recent trends and not because of their degraded technical performance
(Rametsteiner et al. 2007). According to the studies conducted by Martinez et al.
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(2015), aesthetics is the main motivation for retrofitting fagades (accounting for
74% of all responses), followed by energy performance (65%), and remediation
(56%). Therefore, trends in material choice should not be neglected when designing
the building (Ebbert and Knaack 2007).

Economic service life is defined as the time between the beginning of building
utilization and its replacement. Instead of maintaining existing facades, it is often
both preferred and more cost effective to introduce new architectural solutions.
Accordingly, buildings became economically obsolete with the development of
new structural solutions that are more economical, more durable, and requiring less
maintenance (Silva et al. 2016).

5.2 Deterioration of Biomaterials

Bio-based materials might provide optimal performance when assuring certain
exposure conditions along the service life. Under specific circumstances, bioma-
terials may deteriorate to a different extent and velocity. Causes of degradation are
generally divided into biotic and abiotic factors. Even though degradation mecha-
nisms between these factors differ, both may occur simultaneously and affect
degradation kinetics and the extent of the damage.

5.2.1 Biotic Factors

Fungi, insects, moulds, algae, and bacteria are the principal organisms degrading
bio-based facade materials. Table 5.1 presents main types of damage caused by
biotic agents and boundary climatic conditions stimulating their activity (Brischke
et al. 2006; Viitanen et al. 2010). Detailed mechanisms of deterioration processes
induced by organisms are described in the following part of the chapter. Severe
decay of biomaterials is almost always caused by incorrect design, faulty assembly,
or improper maintenance. To avoid deterioration by biotic agents, it is crucial to
ensure proper drainage and drying in buildings (Clausen 2010). When it is not
possible to maintain dry conditions, it is highly recommended to use either durable
wood species or modified wood. Systematic inspection and repairs or replacements
of decayed elements should be carried out regularly. Only dry and properly pre-
conditioned elements without signs of fungal and insect infestations should be used
as replacements. Obviously, direct causes of the initial decay (such as leakage,
water trap, and perforation) should be eliminated to prevent the same problem
appearing in the future.
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Table 5.1 Key biotic agents causing deterioration of bio-based building materials

Organism | Damage Environment cond.
range
RH Temperature
(%) | (°C)
Bacteria Material softening, unpleasant odour, health problems >97 —5 to 60
Mould Discolouration, unpleasant odour, health problems >75 0 to 45
Algae Discolouration >95 0 to 40
Decay Degradation of chemical components depending on the | >95 0 to 45
fungi fungi type, material strength loss, unpleasant odour,
health problems
Insects Strength loss (severity depending on insect taxon) >65 5 to 50

5.2.2 Abiotic Factors

Abiotic factors are all inorganic chemical and physical components affecting
buildings during their service life. They create boundary conditions for biotic
agents. The origins of weathering are known; however, the mechanisms of
degradation are only partially understood (Cogulet et al. 2018). Some of the most
profound factors influencing the service life of biomaterials in fagades are described
below.

Water

Water, stemming from various sources (e.g., precipitation, condensation, leakage),
is one of the key factors affecting weathering of biomaterials. Water that comes in
contact with unprotected biomaterial surfaces is promptly absorbed by the
sub-surface bulk, followed by further moisture migration within the cell walls (Feist
and Hon 1984). When the relative humidity is increased, water vapour is directly
absorbed by the bulk until the equilibrium moisture content is reached. The process
of the moisture uptake (up to the level of fibre saturation) leads to material swelling.
Due to the moisture gradient between the surface and its inner part, the material
swells and shrinks, creating internal tensions and stresses. It may lead to the
checking and cracking of biomaterials as well as membranes, when surfaces are
coated. Important parameter that merges both climatic conditions and material
deterioration is time of wetness (TOW). It indicates the period during which the
atmospheric conditions promote the formation of a moisture layer directly wetting
the biomaterial surface. TOW highly depends on the facade design, where hori-
zontal surfaces limit the rainwater run-off. In general, TOW decreases with the
increase of the exposure angle. TOW depends also on the wood species and
modification processes applied (Van Acker et al. 2014; Meyer et al. 2012). In
biomaterial surfaces, rain and wind remove residuals of photodegradation and
erosion caused by weathering.
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Solar Radiation

Biomaterial surfaces exposed to sunlight obtain visible colour alternations. In
softwood, surface colours become more yellow or brown at the initial phase of
degradation, followed by greying of the surface layer, as illustrated in Fig. 5.1. The
colour changes occur to a depth of 0.05-2.5 mm, depending on the species and its
specific density (Feist and Hon 1984). Discolouration is related primarily to the
lignin decomposition resulting from the photodegradation. Even though dis-
colouration kinetics differ between early and late wood, colour is nearly the same in
both after prolonged weathering periods. Different parts of sunlight spectrum—
visible, infrared, and UV light—degrade polymers; however, UV is the most
damaging among them. Sunlight and water are considered the main factors affecting
weathering intensity and kinetics. Interestingly, sunlight can both intensify and
alleviate damaging effects of water (Feist and Hon 1984).

Temperature, Its Amplitude, and Gradient

The temperature of building surfaces is influenced by both external climatic con-
ditions and properties of materials used. External factors include surrounding air
temperature, solar radiation cumulative energy, relative air humidity, as well as
wind direction and speed. Additional factors are the building orientation and its
surroundings, presence of other buildings nearby, vegetation, and the proximity of
water reservoirs. Material properties that influence temperatures of building sur-
faces include specific heat capacity, surface emissivity, radiation absorptivity and
transmittance, albedo, bulk density, colour, and roughness. Since these properties
vary among materials, it is clear that material choice is important in thermal per-
formance of buildings. Materials can either decrease or increase near-surface air
temperature, depending on how the bulk surface interacts with the sunlight (i.e.,
reflection, absorption, transmission). Consequently, fagcade materials play a major
role in controlling ambient microclimates by affecting the temperature on the inside
and the outside of buildings as well as inside urban spaces (Al-hafiz et al. 2017).

0 (reference) 1 2 3 4 o 5 6

8 9 10 11 12

Fig. 5.1 Appearance of samples due to natural weathering (northern exposure) for 1 year in San
Michele, Italy (numbers correspond to the months of exposure)
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Therefore, in biomaterials that are considered for the use in facades, it is important
to assess emissivity since it varies significantly among materials. A simple exper-
imental approach to determine emissivity of biomaterials has been reported by
Grossi et al. (2018).

Pollutants

Pollutants may be dispersed in the air as gas molecules, liquid microdrops, or solid
particles. Even though most of the air pollution originates from man-made pro-
cesses (e.g. industrial emissions, agriculture, transport), air is also polluted by
natural processes, such as dust forming from rocks, volcanic activities, and soil
erosion. According to Kuzmichev and Loboyko (2016), building fagades are con-
siderably degraded by dust deriving from polluted air. Especially, the effect of
corrosive solid particles, liquid, and/or gaseous contaminants combined with a high
humidity of ambient air has a highly negative impact on the external appearance of
buildings (Kuzmichev and Loboyko 2016). For this reason, facades made of stone
or brick should be regularly cleaned. Paints or coatings containing TiO, nanopar-
ticles (or other hydrophobic agents) are recommended fagades to sustainably and
inexpensively reduce pollution and boost “self-cleaning” of fagades (Mansour and
Al-Dawery 2017). Moreover, according to recent studies, coating materials con-
taining TiO, accelerate natural oxidation process of nitrogen oxides (NO,) and
sulphur oxides (SO,) due to highly photocatalytic action of TiO, (Shukla et al.
2018). Hence, their use might help in reducing pollution and improving air quality
in highly urbanized cities.

Physical Damage

Mechanical agents impose physical forces on buildings leading to stress and
strain concentrations. The mechanical action can be static and permanent (such as
ground pressure), or dynamic. In the second case, it is important to consider the
influence of the wind and surface erosion caused by abrasion of suspended parti-
cles. The snow load is a static but temporary mechanical action also affecting the
stress distribution within the structure. Even though limited mechanical deforma-
tions do not affect the structure integrity, they may stimulate generation of
microfractures allowing water penetration and intrusion of micro-organisms.
Facades, as an external part protecting the building, should be designed to resist
such mechanical actions with minimal physical damage.

5.3 Deterioration Processes

By interacting with abovementioned biotic and abiotic factors, biomaterial surface
and bulk undergo several changes affecting the original material properties. The
mechanism of such changes is rather complex and may result from diverse pro-
cesses occurring simultaneously or in sequence. The most pronounced processes of
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biomaterial degradation include ageing, weathering, mould and algae growth,
decay, waterlogging, and insect infestation.

5.3.1 Ageing

Biomaterials start ageing immediately after their components, that is, plants, are cut
down. The ageing process is highly influenced by environmental conditions (Fengel
1991). In timber, ageing is slow and occurs only in dry exposed wood structures,
where the environmental conditions protect the material from fungi growth.
Froidevaux and Navi (2013) defined ageing in wood as a slow chemical reaction
taking place without the biotic degradation. During natural ageing, chemical
reactions occur gradually, and the process may last for centuries. Changes in
chemical composition of aged biomaterials depend on the species, environmental
exposure, and the temperature—moisture history of the material. Fengel and
Wegener (1989) noticed considerable decrements of the hemicellulose content in
softwood roof elements aged for more than 300 years. The overall cellulose content
in the wood does not change with ageing. However, due to the slow hydrolysis
reaction, cellulose chains (microfibrils) were shortened and consequently poly-
merization degree decreases. Fagades rarely age uniformly, since their exposure to
environmental factors makes them prone to several degradation factors.

5.3.2 Weathering

Weathering is defined as a degradation process of materials that are exposed to
external climatic conditions. In most cases, weathering is caused by abiotic factors
and manifests as an alteration of colour, surface cracking, change in glossiness, and
increased surface roughness. The intensity and extent of weathering depend on the
local microclimate conditions, weather history, material type, function of an ele-
ment, architectural details, and specific surface properties. The most important
factors affecting weathering kinetics are solar radiation and stresses imposed by the
cyclic wetting (moisture), together with temperature changes, environmental pol-
Iutants, and actions of certain micro-organisms. In general, unprotected raw bio-
materials weather fast in the sub-surface, leaving the bulk intact. Differences in
discolouration may be very noticeable within the same facade, especially in
buildings where water and solar radiation are not spread uniformly across the
surface (Fig. 5.2).
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NIBIO

Fig. 5.3 Weathered building in Stavanger, Norway. Image courtesy of Lone Ross Gobakken,
NIBIO

Surface erosion in biomaterials is a side effect of weathering, where certain fibres
resulting from the photodegradation of lignin are washed out. As late and early
woods differ in their resistance to the erosion, surfaces can become curved, since
low-density earlywood is removed faster. In mild climates, middle-density soft-
wood generally erodes slowly, around 6 mm per century (Williams 2005). Often,
weathering is a main degradation process affecting both the overall fagcade per-
formance and the aesthetical perception of the building. However, in some cases
weathering highlights building architectonic character and is not considered nega-
tive (Figs. 5.3 and 5.4).
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Fig. 5.4 Astrup Fearnley Museum by Renzo Piano. Right image courtesy of Lone Ross
Gobakken, NIBIO

5.3.3 Moulds and Algae Growth

Although mould does not affect the structural properties of wooden fagades, it has a
large effect on the aesthetical service life of the cladding. The main factors sup-
porting its growth are water, nutrient source, and suitable temperature. The presence
of moulds significantly changes fagade appearance (Fig. 5.5). Colour of mould
ranges from white, yellow, green, pink, brown to black. Some moulds
(e.g., Trichoderma, Aspergillus) can leave a permanent stain or discolouration on
the facade surface even after removed. Coatings may prevent mould growth very

Fig. 5.5 Wooden facade with the signs of moulds growth. Images courtesy of Lone Ross
Gobakken, NIBIO
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Fig. 5.6 Algae growth on the building facade

differently when exposed outdoors depending on the formulation and range of
application (Gobakken et al. 2010). Since moulds and their spores are widely
present in the environment, appropriate water management, adequate ventilation,
and vapour barriers are necessary to protect building envelopes.

In addition to moulds, aerophilic algae frequently grow on building fagades.
Algae can develop in environments with high moisture levels (up to 100% RH),
wide temperature range (0—40 °C), and limited light availability. Most algae can
withstand extreme conditions, including severe temperatures and temporary
drought. Algae most frequently grow on northern fagades, where the direct sunlight
illumination is minimal (Lengsfeld and Krus 2004). According to Gobakken and
Vestal (2012), growth of algae and lichen, cracking, flaking, and colour changes
may also influence the aesthetical appearance, but usually to a lesser extent than
mould and blue stain fungi. Figure 5.6 presents an example of a wooden cladding
with algae coverage appearing unexpectedly on the northern fagade after only
2 years of service life.

5.3.4 Decay

Fungi degrade wood by decomposing its constitutive polymers. The exact mech-
anism of this process depends on the specific enzymatic system of fungi. Brown-rot
fungi use cellulase enzyme and degrade primarily polysaccharides (cellulose and
hemicellulose), while they barely impact the lignin structure. The colour of wood
becomes darker (light brown), and multiple cracks appear on the surface. The
cracks may not only appear along the fibre direction but also across the grain,
creating cubical pattern of discontinuities (Fig. 5.7a). The removal of cellulose
results in a drastic decrease of certain mechanical properties of materials, such as
modulus of elasticity (MOE) and modulus of rapture (MOR) (Singh 2000).
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White-rot fungi are micro-organisms capable of decomposing both carbohydrates
and lignin. Selective white-rot fungi degrade lignin in woody plant cell walls
relatively to a higher extent than cellulose, while non-selective fungi may degrade
all chemical wood components at a similar rate, leading to a uniform decay of the
cell wall (Sandak et al. 2013). According to Winandy and Morrell (1993), these
fungi do not significantly affect specific gravity, equilibrium moisture content, and
bending properties. A visible sign of their presence is a spongy texture of wood
without cross-cracks (Fig. 5.7b). Soft-rot fungi are typically active in wet envi-
ronments, making materials severely low in strength (Singh 2000). The main
enzyme of these fungi is cellulase, which easily degrades cellulose. In wood, this
weakens the structure of the secondary wall while the middle lamella between cells
remains unaffected.

White- and brown-rot fungi negatively impact aesthetical perception of fagades
and, in extreme cases, affect the structural integrity of buildings (Fig. 5.8). The
maintenance of rotten facade parts is highly problematic. Often, the only reasonable
strategy is to replace the infected elements.

Fig. 5.8 Decay presence on the building facades. Images courtesy of Lone Ross Gobakken,
NIBIO
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5.3.5 Waterlogging

Waterlogging is typically irrelevant in building facades, unless the structures are
erected in places directly affected by the water (including peats and wetlands) or
exposed to frequent extreme weather events, such as floods. Most biomaterials
slowly decompose in waterlogging conditions as a result of a complex interaction
between the damp environment and the chemical constituents of the material. The
key factors affecting the process are the presence (or absence) of oxygen, bacteria,
fungi, and water temperature and its pH (Babinski et al. 2014; Sandak et al. 2014).

In general, chemical degradations slow down in the absence of oxygen, which
can preserve biomaterials from extensive decomposition for millennia. However,
certain bacteria are active also in anoxic environments. In this case, bacterial wood
degradation is mainly stimulated by the water movement (Klaassen 2008). The
most vulnerable part of the structure for degradation is the section that is at times
immersed in water and at times exposed to ambient air (Fig. 5.9). In this case, the
waterlogging degradation process caused by bacteria is far slower than the deteri-
oration generated by fungi. This is because optimal conditions for fungal growth are
just above the water level. Structures in such areas are delicate, and proper selection
of construction materials is thus indispensable. It is recommended to use naturally
durable wood species, treated/impregnated wood, or frequently replace facade
elements at the water—air boundary. It is also important to design a structure in a
way that the replacement of elements is simple.

Fig. 5.9 Wooden pier exposed to fluctuations of the water level. Image courtesy of Lone Ross
Gobakken, NIBIO
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Fig. 5.10 Wooden fagade degraded by insects. Images courtesy of Magdalena Kutnik, FCBA

5.3.6 Insects

Most bio-based materials are food, shelter, and breeding environment for insects.
Wood-destroying insects lay eggs in wood cracks and generally use wood as their
main habitat. In wood, some of the most common insects are beetles (Coleoptera)
and termites (Isoptera). Both belong to xylophagus, which means their diet is based
on ligno-cellulosic materials (Brischke and Unger 2017). The larvae of beetles
consume wood, producing a network of galleries which affect material mechanical
properties and ease the access of other decaying micro-organisms. Termites living
in large colonies (from 1000 to 2 million) are classified according to their living and
feeding habits as dampwood, subterranean, and dry wood termites. Around 30
termite species are identified as causing damage to wooden buildings. It is not
known in detail how different termite colonies choose their food. It is possible,
however, to identify geographical locations where the termite attack is most
probable. The risk of the insect infestation can be substantially reduced by
implementing pest-resistant materials or impregnated/modified biomaterials iden-
tified as not attractive to xylophagus. An example of a wooden fagade damaged by
Cerambycidae, Anobiidae, and termites in presented in Fig. 5.10.

Marine borers (including mollusc or crustacean) may also be considered as
organisms degrading biomaterials. However, their impact on building fagades is
minimal, except in waterlogging. In any case, using naturally resistant or impreg-
nated biomaterials should be considered a necessity.

5.4 Potential Hazards and Degrading Agents

Other factors than biotic and abiotic should also be carefully considered when
designing, installing, or using biomaterial facades. The most important factors are
either anthropogenic or related to natural disasters.
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5.4.1 Fire

When exposed to high temperatures, biomaterial properties change due to irre-
versible chemical reactions and physical changes of their chemical components.
The extent of these changes depends on the temperature level and the exposure
duration. At temperatures higher than 65 °C, strength and modulus of elasticity can
permanently decrease, making the biomaterial more brittle. However, when
exposed to high temperatures, biomaterials become a fuel and undertake the
pyrolysis reaction when ignited. Following this, biomaterials develop an insulating
layer of char that retards further degradation of sufficiently dense biomaterials, such
as wood. The temperature in the char layer 6 mm below the burning surface is less
than 180 °C due to the low thermal conductivity of wood. Therefore, bio-based
structures can continue to carry a load even in the event of fire, assuming that their
geometrical dimensions were sufficiently upscaled to assure the presence of
uncharred cross sections (Dietenberger and Hasburgh 2016). In facades, knowl-
edgeable design, implementation of proper materials, and careful installation may
greatly influence the building performance during a fire. Bio-based materials in
building fagades can withstand a fire, if the facade geometry design does not permit
contact between the fire plume and the cladding. Still, it is recommended to use
materials treated with fire retardants and deflector elements able to change flame
trajectory (Nguyen et al. 2016).

5.4.2 Flood

Bio-based materials fully immersed in water for prolonged periods will not decay,
since the oxygen needed to sustain life of most micro-organisms is in shortage. On
the other hand, biomaterials are more prone to biological attack immediately after
the extensive wetting or flooding. The elevated risk lasts until the environmental
conditions (i.e., air temperature, relative humidity, and biomaterial moisture con-
tent) return to non-hazardous levels. It should be considered that biomaterials tend
to swell when saturated with water and may interact with other building compo-
nents through an enormous pressure generated by the swelling. When flooded,
bio-based building fagade should be cleaned of mud and soil and, if at all possible,
quickly dried. The drying process will shrink and further distort materials/
structures. The extent of swelling and shrinkage depends on the species of which a
biomaterial is derived from, biomaterial type, and the duration of water exposure
(MacKenzie 2015).
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5.4.3 Earthquake

Earthquakes generate ground motions in three dimensions that vary with time.
Seismic movements are classified according to the movement direction. Vertical
ground motions (caused by the P waves) generate forces that either add to or
subtract from the gravitational force. They cause a fractional decrease of material
volume by compressing it. In this case, load-carrying building structures usually
help to prevent the damage and facades do not significantly contribute to the
building integrity.

The impact of facades, however, may be important in horizontal movement
(caused mainly by the S waves) that generates the most damage. Horizontal
movements have a relatively large amplitude and cause shear deformations.
Therefore, the building strength depends on the strength of the envelope and its
connections. A properly designed fagade made of biomaterials may help in
reducing shear deformations and absorbing the disseminated energy. As a rule of
thumb, the base of walls needs to be securely attached to the building foundation,
while the roof and the floor must be safely fastened to the walls (Graf and Seligson
2011). Unfortunately, destructive effects of earthquakes can be magnified by the
subsequent dangerous events, such as spontaneous fires, floods, soil liquefaction, or
avalanches.

5.4.4 Vandalism

In the context of building facades, vandalism is the intentional damage of some-
one’s property without the owner’s permission. Damage resulting from vandalism
varies in type and extent. Often, it is not necessary to replace damaged elements,
since it is possible to clean or repaint the facade surface. In fact, one of the
advantages of biomaterial facades is the relatively easy removal of graffiti. In most
cases, facade surfaces can be washed, sanded, or repainted. In addition, there are
several products able to protect facades with anti-graffiti coatings applied directly
on biomaterials.

5.5 Protection by Design

Protection by design is an approach in which the planning process includes careful
analysis of both the specific properties of materials used and the tailored building
detailing. The overall goal is to eliminate or minimize any negative influences of
material natural drawbacks. In bio-based building fagades, it is essential to assure a
fast water release from the structure after the event of wetting (Lstiburek 2006).
This can be achieved in two ways:
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Fig. 5.11 Different strategies for rain deflection. Right image courtesy of Marta Petrillo,
CNR-IVALSA

e By implementing large-scale building elements that deflect rain, such as large
roof overhangs and eves, protruding slab elements, and cantilevers (Fig. 5.11)

e By careful detailing of the small-scale technical solutions, such as connections,
overlaps, and water traps elimination (Fig. 5.12).

Bio-based fagades should be designed to avoid water entrapment between ele-
ments and to enable unimpeded moisture run-off. For example, tongue and groove
connections should be implemented with the grove always on the top or overlapped
connections similar to those of roof tiles should be used (Fig. 5.13). In case the
water is ever entrapped, the facade design should enforce the air movement to
facilitate drying and water evaporation. Open crevices that might create thin slits
should be avoided, as they may absorb the water. Desired water migration could be
also driven by the pressure differences between the surface of the facade and its
interior. In this case, the wind causes higher pressure on the exterior face of the
wall. The mitigation action in order to avoid rain penetration might be pressure
equalization (Kudder and Erdly 1998). An important part of the protection by
design paradigm is the use of flashing over the opening (e.g., windows and doors).
Proper flashing includes the layering of water-resistant membranes, where each
successive layer moves the water further away from the structure (Magee 2012). An
example of the building that was designed by considering the abovementioned rules
is presented in Fig. 5.11 (right). Here, the roof is large and protects the facade from
the direct rain and snow precipitation. The part of the fagade close to the ground is
made of stone that avoids rainwater uptake and protects building foundations.
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Fig. 5.12 Protection by design details allowing fast water run-off. Image courtesy of Lone Ross
Gobakken, NIBIO

Fig. 5.13 Timber cladding
with proper spacing between
the timber planks and water
run-off flashing
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It is of utmost importance to foresee the maintenance schemes in different types
of bio-based facades. All technical solutions in fagades should enable easy dis-
mantle of the modular facade units or at least allow simple replacement of single
elements. Modular fagades ease maintenance operations, such as sanding (removing
the layer of corroded cellulose cells) or repainting/coating.

5.6 Serviceability, Durability, and Performance Over
Time

To evaluate the overall building performance, the main criteria to consider are heat
and mass transfer, acoustics, light access, fire resistance, costs, sustainability, and
service life performance (Hendriks and Hens 2000). While the energy performance
during the building use is often accounted for at the design phase simulations, the
service life related to the biological, physical, and chemical attacks is often
neglected. Service life of the building as a whole is influenced by several
facade-related performance indicators, such as its durability (e.g., material quality,
decay resistance, lifespan), compliance (e.g., maintenance flexibility, environmental
impact), affordability (e.g., maintenance and refurbishment costs), and well-being
(e.g., aesthetical appeal, customer satisfaction) (Jin et al. 2014). The estimated
service life (ESL) prediction is a method useful in simulating total economic and
environmental costs associated with the structure usage. The ESL of a structure
ends when it reaches the predefined limit of acceptable imperfections or loses
certain functions (Fig. 5.14). Ordinarily, the end of ESL is induced by aesthetical
deterioration, long before the structure is deprived of its functions or safety.
However, without the proper maintenance, the safety of a structure can be greatly
diminished. The service life can be prolonged if the elements are replaced on time.
In fact, service life can be substantially extended when maintenance is regularly
scheduled and properly implemented. It is challenging, however, to maintain
acceptable levels of appearance, functionality, and safety, while satisfying perfor-
mance requirements and staying within reasonable limits of operational and
maintenance costs.

5.7 Methods for Estimating Service Life Duration

Service life duration can be estimated with different methods. They produce dif-
ferent types of information, from absolute values to probabilistic distributions that
characterize the estimated service life (Silva et al. 2016). Their advantages, limi-
tations, and the quality of information produced are presented below.
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5.7.1 Factorial Methods

According to the ISO standard (ISO 15686-1 2011), factorial method is the most
frequently used method in recent times. It is based on calculating reference service
life with consideration of several factors associated with specific usage conditions
(Hovde 2002, 2005). This method considers service life characteristics of con-
structional elements but neglects degradation conditions. Unfortunately, small
miscalculations are enough to significantly affect the service life estimation.
Another drawback of the factor method is that it provides a single invariable value
without considering possible fluctuations (Silva et al. 2016).

An adaptation of the ISO 15686 standard method used in exterior coated wood was
extensively researched within the SERVOWOOD project (www.servowood.eu).
There, the key deliverable was a new concept for the service life prediction
(SLP) modelling approach using a customized set of “modifying” factors. Each of
these factors reflects the effect of certain components on the performance of the wood
coating system when compared to the reference coating solution. The weight of
correction factors is determined experimentally by conducting long-term natural
weathering tests. The SERVOWOOD method is expressed numerically in Eq. 5.1:

SLIP=RSLXAXBXCXEXFXxXG (5.1)

RSL reference value of service life length (years) estimated based on practical
experience or experimental data;

coating properties;

substrate properties;

production quality;

exposure dose (outdoor environment);

situation of component (usage conditions);

inspection/maintenance measures.

QEmEmAa® >

5.7.2 Statistical Methods

Deterministic methods use mathematical and/or statistical formulations to describe
the relationship between the degradation factors and the building condition. These
methods intend to obtain a function that best fits a set of random data. For this, they
require sets of large and representative data to be used in numerical/statistical
modelling.

Regression can be used to model weathering deterioration progress and, con-
sequently, service life prediction. Here, partial least squared (PLS) regression or
multi-way data analysis can be carried out. In example proposed by Sandak et al.
(2015a, b), PLS evaluates characteristics of two extreme samples, one not at all
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exposed to weathering and another that is at the final stage of the weathering
deterioration. A non-exposed sample is assigned the degradation index O, while a
completely degraded samples receives the index 1000. PLS incorporates reference
data corresponding to both extremes of deterioration levels. The data include
objectively assessed characteristics, such as colour, gloss, chemical composition,
and roughness. PLS can also incorporate new sets of specific characteristics and
thus estimate the progress of weathering in previously unknown samples (Sandak
et al. 2015a; b, Sandak et al. 2016). This method can predict the degradation level
by placing a sample somewhere in between the brand new and completely degra-
ded. However, the model requires all samples to follow the same degradation
mechanism/path and separate PLS models have to be developed for different
sample configurations (e.g., material type, coating, exposure conditions).

As an alternative to PLS, multi-way data analysis (MWA) is a method of ana-
lysing information sets that can be represented in a multi-dimensional array (Sandak
et al. 2017). The dimension may correspond to either measurement duration,
location, or methodology/parameter. MWA methods are particularly useful in time
series analysis and, consequently, in deterioration/weathering modelling. Variables
(sample characteristics) acquired during the weathering in each experimental
location are portrayed in a multi-way array. A result of the MWA is a set of
loadings and scores for each mode, case, and variable. Loadings can be examined
separately to enhance the understanding of the influences of experimental variables
(e.g., exposure location, test duration, material properties, surface finishing).
Like PLS, the MWA model can predict the weathering of unknown samples. It can
also simulate the weathering progress in numerous weathering scenarios.

5.7.3 Experimental Methods

Experimental methods are the alternative approaches to those presented above.
These methods typically carry out in situ measurements or accelerated tests in
laboratory conditions in order to evaluate effects of specific agents on the deteri-
oration. Empirical methods are usually augmented by in-field survey of degradation
factors leading to the determination of the life cycle expectancy (Flores-Colen and
de Brito 2010). However, acquiring data in real service life conditions is chal-
lenging, since it is often not practical to expose samples to deteriorating conditions
for a sufficiently long duration (Galbusera et al. 2014).

Unfortunately, the abovementioned modelling methods do not directly link
degradation of samples exposed to natural weathering to the local climate history.
Diverse weather factors may cause numerous alterations to the weathered material.
Dose-response relationships should be used to explain the biomaterial facade
degradation in relation to varying exposure conditions (Petrillo et al. 2019).
A procedure in developing a dose—response model typically includes the following
steps. First, relevant meteorological data have to be collected and homogenized
(Sandak et al. 2015b). These data are used to compute the weather dose separately
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for each location and time period. Second, the degradation index is computed to
characterize the degradation progress at different stages of the weathering test. This
process is based on the characteristics of weathered materials measured during the
weathering test. The degradation index represents material response to conditions
causing deterioration. Both weather doses and corresponding responses are used by
the iterative modelling algorithm to develop the numerical model. The model can be
used to simulate the fagade service life and to determine when in the future will the
building lose its aesthetical appeal for future occupants (Sandak et al. 2015b). This
information can be crucial in the maintenance planning and in the assessment of
environmental and economic costs of the structure during its service life.

Performance of facade materials depends on various factors, whose effects on
deterioration, physical-chemical mechanisms, inhibitions, and cross-correlations
are often uncertain (Verma et al. 2014). Models based on the probability theory or
statistical concepts are suitable for describing such complex processes. Typical
steps in such methods are (1) defining failure limit states for the corresponding
features, (2) quantifying random variables, and (3) calculating probability levels (Li
and Vrouwenvelder 2007).

5.7.4 Stochastic Methods

Stochastic methods provide information related to the risk of failure, where the most
probable failure time is predicted by taking into account selected building elements
(Silva et al. 2016). The most common examples of stochastic methods are logistic
regressions and Markov chains. Logistic regression evaluates the probability of
transition between degradation conditions over time, considering specific facades
characteristics. It estimates the time when the facade will reach the end of its service
life. The Markov chain provides similar results but analyses processes selectively.
Markov chain cannot produce context-dependent results, since it does not consider
the overall context and the entire range of circumstances. The phases of the dete-
rioration (degradation) process are analysed separately and not sequentially.
Stochastic methods provide valuable information, especially for identifying main-
tenance strategies that should be implemented in facades during their service life.

5.7.5 Computational Methods

Computational methods rely on mathematical models to describe complex systems
with computer simulations. These methods use existing data to find the best fitting
models. Such approach is particularly useful in predicting the behaviour of building
elements, especially when intuitive solutions are not available. Computational
methods perform well when dealing with inaccurate data and samples that contain
outliers. The most popular techniques are artificial neural networks (ANNs) and
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fuzzy systems (fuzzy logic). ANN uses existing empirical knowledge to model the
reality. Specifically, by applying specific learning algorithms, it transforms raw data
into models approximating real-life phenomena. Compared to conventional linear
models, fuzzy logic models are better equipped to deal with the uncertainty asso-
ciated with complex phenomena, such as degradation of construction elements
(Silva et al. 2016).

5.7.6 Visualization and Simulation Methods

Aesthetics is highly subjective. To estimate aesthetic service life, specific require-
ments and accurate prediction of the visual appearance change should be considered
(Lie et al. 2018). Numerical modelling can be used not only to anticipate the expected
service life but also to schedule the maintenance activities in order to preserve facade
aesthetical qualities. The model can simulate changes in fagade appearance caused by
surface weathering, which is the main process affecting the deterioration of fagades
(Sandak et al. 2017). The time to the first repair can be estimated in various scenarios
while considering a wide array of variables, such as different aesthetical preferences of
building owners, diverse architectural solutions, or specific microclimate conditions.
When this tool is integrated with the modern building information modelling soft-
ware, its scope broadens even further. For instance, it can simulate fagade appearance
(during the entire service life) taking into account the choice of biomaterials. It is an
excellent platform to determine aesthetical limit states and environmental impact of
facades, both during and after the use phase. It is also an indispensable tool in pre-
dicting investment and maintenance costs, considering various scenarios of mainte-
nance and/or replacement. Such modelling tools were developed in BIO4ever project
(www.biodeverproject.com) and are currently undergoing extensive testing and
validation (Sandak et al. 2018).

5.7.7 ESL Models Update and Validation

The capacity and reliability of a model to represent real-life systems must be
confirmed in validation procedures. Ideally, a model should be able not only to
describe the variability of the data from the teaching data set, but it should also be
applicable to other scenarios. To achieve this, it is important to continuously
upgrade numerical models by implementing additional data gradually acquired
from newly erected structures. Furthermore, the database of facade materials should
be regularly updated, especially by including new bio-based building materials
emerging on the market (Brischke and Thelandersson 2014). The most efficient
software systems can automatically acquire new data during building service life
and incorporate it into the original model. There are different model validation
strategies, depending on the extent of the available cases and on the future
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accessibility to new independent data. However, external validation with inde-
pendent data is always considered an optimal solution and thus recommended for
routine implementation.

5.7.8 Concluding Remarks

Existing methods in predicting ESL and modelling long-term degradation and
performance of building facades vary in their complexity and reliability. Some of
these (e.g., factorial method) tend to oversimplify degradation processes, since they
do not always consider (1) the full range of variability of factors involved in the
ageing of the structure and (2) the specificity of the modelled component. Other
methods, such as stochastic, are too complex to be routinely used, since they
describe the service life in too specific conditions and are mostly based on the
probability theory (Moser and Edvardsen 2002). Computer-based simulation tools
require exceptional skills in using certain software and in building physics. For this
reason, most of the available tools are developed and used mainly for research
purposes (Vullo et al. 2018). Thus, it is essential to develop simple but reliable
modelling tools that integrate all the abovementioned methods. For more details and
examples of modelling to predict expected service life, readers are encouraged to
refer to the work of Masters (1985), Saunders (2007), Silva et al. (2016), and Jones
and Brischke (2017).
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