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Summary

The objective of the presented work is to provide a more thorough understanding of
weathering colors and color patterns of untreated wooden claddings. The perspective
taken throughout this work is that weathering is clearly an option for creating unique
color settings on untreated wooden cladding and that a better knowledge of the color
aspect of weathering will enable and encourage additional creative design in wood
architecture. This approach is in direct contrast to the dominant view in the area of
wood weathering research in which weathering is perceived as a negative consequence
of weather exposure. Chapter 1 introduces the background of this study and specifies
the research objectives. The current state of the research field is discussed in Chapter 2.

Established methods in wood weathering research were of little relevance to this
study. Hence, a preliminary idea-generating exercise on ways to approach the topic was
made. Chapter 3, Section 3.1 discusses the preliminary exercise.

The exercise resulted in four concepts for working with wood weathering:

* Terms for describing weathering of untreated cladding

* The Weathering Equation

* Options for designing an untreated wooden cladding

» Concepts on the relations between cladding design, weather exposure and weathering
colors

The investigation of color development of untreated wooden claddings is based on data
obtained from experiments. The overall idea for the experimental design was to create
a setup that simulated conditions as closely as possible to real life weathering of wood-
en cladding in order to generate data with maximum comparability and relevance to
real life situations. The experimental setup was designed to simulate a house with four
vertical, perpendicular facades. A series of 8 different claddings was designed using
untreated, planed, quarter sawn heartwood of Scots Pine (Pinus Sylvestris L.). Each
design was produced in four samples and placed in an above ground vertical position
on walls facing approximately cardinal compass directions at Voll research fields in
Trondheim, Norway. Each sample measured 60x900mm. After 20 months of exposure,
the claddings were disassembled and the surfaces scanned with a flatbed scanner in the
same manner as one would scan a piece of paper. Chapter 3, Sections 3.2 and 3.3 discuss
details of the experimental design, setup and procedures.



The scanned images showed significant variations in the color development of iden-
tical samples that had been exposed to weather from four different directions. Since
wind-driven rain and solar radiation are the main weather factors responsible for color
changes on untreated wooden surfaces, a separate study was undertaken of the distribu-
tion of these weather elements at the Voll research fields. This study is used in Chapter
4 to help understand details of the color development of the claddings. Using data from
an automatic weather station located at the Voll research fields, three types of weather
maps were designed:

e The Directional Weather Map. The map shows the main tendencies in the distri-
bution of wind-driven rain, UV and sun hours on the horizon.

* The Spherical Weather Map. The map was designed to give an overview of the
mean annual distribution of rain and solar radiation on the hemisphere above Voll.

e The Surface Weather map. The map was designed to visualize the distribution of
wind-driven rain, UV and sun hours on the individual surfaces of the claddings
in the experiment.

The information provided by the weather maps was used to establish the suggestion
of a relationship between the Voll weather and the weathering color development of
the claddings. Chapter 3, Section 3.4 discusses the weather maps. Details in the modeling
and calculation methods are found in Appendix C.

The results documented that the four samples of each cladding type oriented towards
four compass directions at the Voll research fields, developed difterences in the weather-
ing color and color patterns. The differences in color development could be explained
by differences in weather incident on these four compass directions, as demonstrated
by the weather maps. Chapter 4, Section 4.3-4.10 describes the weathering color de-
velopment of the cladding and analyzes the relationship between cladding design,
weather exposure and color development of the wood surfaces.

The results also showed that current guidelines on weathering of untreated wooden
cladding are inadequate for evaluating the potential weather exposure conditions and
the subsequent color development of wooden cladding. A critical hypothesis of this
work is that knowledge of the specific in-situ weather conditions is necessary when
determining the color potentials of any given wooden cladding. The weather maps
designed for this work provide information on the specific in-situ weather conditions.
Chapter 5 discusses the results of this study in relation to current guidelines on weathering
of untreated wooden cladding.

The results obtained in this work point to a number of interesting options for further
development of this field of research in ways that should appeal not just to the archi-
tectural profession but also to the general public, for whom the use of untreated wood
and the ability to predict color outcomes in outdoor applications may be of interest.
Chapter 6 discusses suggestions for future research.
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1 Introduction

Untreated wooden building facades change color when exposed to weather in the form
of precipitation and solar radiation. The general term for weather-induced changes on
surfaces is weathering. Weathering is a surface phenomenon and must not be confused
with the destructive processes of wood decay.

The colors of weathered wood include various grey and brown nuances. In addition
nuances of brown colored extractives may emerge on the wood surface. Untreated
wooden facades can develop beautiful color patterns as a result of the interplay of the
cladding design and the actual weather exposure. Examples of interestingly weathered
wooden facades are shown in Fig. 1.1.

Wood weathering research is mainly carried out by forestry or building research
institutes. A commonly held attitude among researchers in the field is that weathering
and color changes of wooden surfaces is an undesired consequence of exposure to
weather, a material weakness and an esthetic problem. Phrases like “discoloration”,
“staining” and “degradation without decomposition” are commonly found in literature
on wood weathering (Kirk, T.K. and Cowling, E.B. 1984). As a consequence of this
perception, efforts to prevent or reduce the effects of weathering are research priori-
ties.

However, rather than an undesirable consequence of weather exposure, color chang-
es of wooden surfaces may be regarded as an interesting and unexploited architec-
tural potential by using weather to produce desired weathering colors on untreated
wooden facades. This approach to wood weathering is fundamentally different from
the rationale that guides many of today’s research activities and offers a new branch
within the field of wood weathering research that is highly relevant in contemporary
architectural design. Untreated wood as facade material has become a high profiled
material worldwide in rural as well as in urban locations. Environmental concerns,
awareness of renewable resources, low maintenance costs and an appreciation for the
esthetics of the naturally weathered wooden surfaces are some of the factors that have
made untreated wood an attractive choice and an alternative to chemically modified
and painted wood.

Literature on and recommendations for designing with untreated wood as facade
material predominantly provides information on matters regarding material durability.

Technical aspects of material properties and performance are always important in
architectural design, but cannot stand alone. In the case of untreated wooden claddings
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CHAPTER 1: INTRODUCTION

the short and longer term color settings of the facade are vital and integral parts of the
architectural design. Information on weathering colors and color patterns to be ex-
pected from a particular design is scarce due to limited research on the matter. Present
day information on color development of untreated wooden facades is mainly con-
cerned with recommendations on how to achieve a mono color grey weathered ap-
pearance of the wooden surface. However the wood weathering color register, and the
options for creating unique and naturally developed color patterns of a wooden cladding
through the interactions of design and local weather, is enormous and has been largely
left unexplored.

The purpose of this study is to gain more knowledge on weathering colors of
untreated wooden facades with particular focus on the color development of the
cladding part of the facade. In this study the cladding is considered an individual
building element that can be detached from the facade and studied separately. The
wooden cladding can be compared to a piece of fabric sold by the meter for design
of clothing.

More knowledge on weathering of untreated wooden claddings can be used as an
active parameter in architectural design to create wooden facades that develop unique
color settings according to the cladding design and the local weather conditions.

1.1 Problem statement

When exposed to weather, untreated wooden claddings develop colors naturally as a
result of the interplay between the wood surface, the cladding design and the actual
weather exposure. There are unlimited options for designing claddings with untreated
wood but only a small number of cladding types, and their subsequent weathering
color development has been studied, documented and described.

Equipped with more comprehensive knowledge of the weathering color develop-
ment of different types of cladding design, the architect would benefit from having more
options of choosing a cladding design where the future anticipated weathering color
development 1s known. Knowledge on the future weathering of the cladding allows the
architect to incorporate the color scheme into the overall architectural concept of the
facade and the building.

12



1.2 Research objectives

In order to address the problem statement, the overall goal of this research is to
understand more about weathering color development of different cladding designs
with untreated wood. This goal is addressed through the following research objec-
tives:

Objective 1: Design an experiment where a number of untreated wooden clad-
dings with different geometries weather under different types of natural weather
conditions.

Objective 2: Document and present the results in a way that allows the reader the
possibility to independently evaluate the weathering color development in a manner
that closely resembles real life experience.

Objective 3: Analyze the relationship between cladding design, weather exposure
and weathering color development.

Objective 4: Develop climate visualization tools for supporting the analysis of the
color development of the claddings in the experiment.

The aim of this study is to establish a territory within the wood weathering research
field which focuses on the esthetic values of natural wood weathering in a way that is
relevant to the architectural profession. Figure 1.2 shows an overview of the wood
weathering research field, the scope and limitations of this work.

13



CHAPTER 1: INTRODUCTION

Figure 1.1 Examples of weathered untreated wooden fagades. 1: Stovewood barn. Ner Skjors-
tad, Oppdal, Norway. Construction year around 1840. Photo taken 2004. 2 and 3:Villa Kittilsen,
Alesund, Norway. Architects: Jensen and Skodvin. Construction year 1997. Fotos taken 2007. 4:
Hamar town hall, Hamar, Norway. Architects: Snohetta. Construction year 2000. Photo taken
2007.
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5 and 6: Rena military camp, Rena, Norway. LPO Architects. Construction year 2004. Photos
taken 2008.7 and 8: Saint Benedict Chapel, Sumvitg, Graubtinden, Switzerland. Architect: Peter
Zumthor. Construction year 1988. Photo taken 2011. All photos © Majbrit Hirche.
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CHAPTER 1: INTRODUCTION

Figure 1.1 continued  Aigen Kindergarten, Salzburg, Austria. Architect: Max Rieder. Con-
struction year 1998. 9: Left foto © Helge Solberg 2003. Right foto from SINTEF Byggforsk
2008. 10: Photos taken in 2008 after 10 years of weather exposure. Photo © Majbrit Hirche.



THE USE OF UNTREATED WOOD IN OUTDOOR APPLICATIONS

THE RESEARCH FIELD CONSISTS OF TWO AREAS

\

v

DURABILITY OF WOOD
Outside the scope of this thesis

WOOD WEATHERING
Scope of this thesis

WOOD WEATHERING RESEARCHCAN BE DIVIDED
INTO TWO OPPOSING NORMATIVE POSITIONS

WEATHERING DESTROYS THE WOOD
SURFACE

This position is common in the field.
It is a well-established area of research

WEATHERING ADDS DESIRABLE QUALITIES
TO THE WOOD SURFACE

This position is less common in the research
field. It is a little explored area of research.
The position is held in this work.

v

RESEARCH AREA

Weathering of untreated wooden facades

v

LIMITATIONS

Weathering colors of untreated wooden claddings

v

TITLE
Wood Weathering as Design Option

Figure 1.2 Schematic overview of the research field and the scope of this work.
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2 Current state of the research field

Weathering of wooden claddings is a context-dependent phenomenon, where elements
typically present as part of a building facade and the environment plays a role in the way
the wooden cladding develops its color and color patterns. The current state of knowledge
on weathering of wooden claddings can be divided into knowledge on a) the processes
that causes the color changes of the wooden surface, and b) factors in building design
and the surroundings that influence the weathering color processes. Whereas weathering
processes independent of influence from any building context is a well-established field
of research, wood weathering in the context of building design is less studied.

Literature on the weathering of wooden claddings and facades is mainly published
by building research institutes in the form of recommendations to the building sector.
Knowledge 1s based on experience from weathered wooden facades rather than based
on research, hence no peer-reviewed scientific articles are readily available on the
topic. Building design is by definition a contextual discipline, and knowledge on weath-
ering is typically communicated in the form of rules of thumb that discuss matters in
a general way. The majority of references used in this presentation of the current state
of research in the field relate to review literature on wood weathering processes and
publications from building research institutes in Norway on weathering related to the
context of a building.

In order to establish a structured overview on the topic, current knowledge on the
matter is grouped into categories defined by different scales in a building context. First
there is a presentation of weathering of the wooden surface independent of any influ-
ence from a building context, followed by knowledge on weathering of wooden clad-
dings. Aspects of weathering related to elements typically present in a building facade
and building envelope are presented separately, and finally there is a presentation of
elements in the environment known to affect the weathering color development of the
cladding.

2.1 Weathering of the wooden surface independent of a building
context

The wooden surface independent of any building context that may influence the ex-

posure pattern and the color development has the potential for developing either mono

color grey or brown.

19



CHAPTER 2: CURRENT STATE OF THE RESEARCH FIELD

Grey weathering color is produced by micro fungal growth in the outer- most wood
cell layers of the wooden surface (Zabel, R.A. and Morrell, J.J. 1992). These fungi are
commonly referred to as dark walled fungi due to the black color pigment, melanin,
present in the fungal hyphae. A wooden surface colonized by dark walled fungi appear
grey to the human eye. The most common species among the dark walled fungi are the
Aureubasidium pullulans (Eaton, R.A. and Hale, M.D.C. 1993). Growth requirements
for the dark walled fungi are nutrients in the form of sugars, oxygen in cell lumen, the
absence of toxic substances such as extractives, temperature between 15-45 °C (optimal),
moisture content above the fiber saturation point (FSP) and duration of time (Zabel,
R.A. and Morrell, J.J. 1992). The fungal spores are airborne and omnipresent globally.
In the event of precipitation, typically in the form of rain, the wooden surface is wetted
and the moisture content in the outer-most cells rises to favorable levels for fungal
growth. Once the dark walled fungi have become established on the wooden surface,
growth will occur when conditions are favorable, and slow down or pause when con-
ditions are unfavorable for growth, for instance when the moisture content drops below
the FSP or temperatures are too low.

The value of wood as a substrate for dark walled fungal growth varies significantly
between different wood species and tissue quality. As a rule of thumb, heartwood has
lower nutritional value compared to sapwood due to the presence of toxic extractives
in the heartwood. This result in a significantly lower rate of fungal growth on heartwood
compared to sapwood (Zabel, R.A. and Morrell, J.J. 1992).

High density wood provides a poorer substrate compared to low density wood. All
other variables being equal, high density wood requires more water to reach moisture
levels above the FSP compared to low density wood (Kollmann, EEP. and Coté, W.A.
jr. 1968). This allows for faster establishment and growth of dark walled fungi on low
density compared to high density material.

Dark walled fungi must not be confused with wood-decaying fungi. Whereas the
dark walled fungi live on sugars in the wood cell lumen and spread the mycelia web
via the pits in the wood cells, wood-decaying fungi derive nourishment from the cell
wall constituents and extend the hyphae through the cell walls. Whereas the dark walled
fungi are considered harmless to the substrate material, the presence of wood-decaying
fungi results in material destruction (Eaton, R.A. and Hale, M.D.C. 1993).The ensuing
grey color development is often referred to as biological weathering due to the bio-
logical nature of this type of weathering process.

Brown weathering color development of the wooden surface occurs when the sur-
face is exposed to solar radiation. The wood cell wall constituents; cellulose, hemicel-
luloses and lignin, have different chemical reactions at different wavelengths. The prin-
cipal brown color generating processes are divided into a) non-degrading oxidative
processes caused by light and b) lignin-degrading processes caused by UV radiation
(Feist, W.C. and Hon, D.N.-S 1984).

The non-degrading process occurs when the wood surface is exposed to daylight at
wavelengths ranging from 400-3000nm, causing the cellulose and hemicelluloses part
of the cell wall matrix to brown (Williams, R.S. 2005). The lignin-degrading process
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occurs when the wooden surface is exposed to UV radiation at wavelengths of 295-
400nm. In this case, the UV radiation causes the lignin molecule to break down, result-
ing in the formation of brown chromophores (Feist, W.C. and Hon, D.N.-S. 1984). In
the lignin-degradation process, the lignin molecule is detached from the cell wall matrix
and the loosely attached waste products accumulate on the wooden surface. In the event
of repeated exposure to UV radiation, the degradation waste products continue to ac-
cumulate on the wooden surface. In the event of exposure to a combination of UV
radiation and precipitation, the loosely attached lignin degradation waste products are
removed from the surface (Williams, R.S. 2005). This process is often referred to as
“washing out”. The result of repeated cycles of lignin degradation and the subsequent
washing out is that lignin is removed from the wood surface. This process results in
higher concentrations of cellulose on the wood surface, since lignin is removed from
the cell wall matrix (Feist, W.C. and Hon, D.N.-S 1984). In some instances the cellulose
strands are visible to the human eye as tiny threads emerging from wood surface. This
phenomenon is sometimes referred to as a “cellulose matt”. The process of lignin deg-
radation, in combination with precipitation and washing out, results in a slow erosion
of the wood surface. As a rule of thumb, the erosion rate is 5-7 mm per 100 years (Feist,
W.C.and Hon, D.N.-S 1984).The erosion rate for low density wood is higher compared
to high density wood (Williams, R.S. 2005). In addition, as a result of the presence of
water in the process of washing out, dark walled fungi become established on the wood
surface.

Solar-induced brown color development is often referred to as chemical weathering
due to the chemical nature of the processes that occur at wooden surface. The pro-
cesses are also referred to as photochemical or photo oxidative-processes.

2.2 Weathering of wooden claddings

Once the wooden surface is part of a cladding, it is also part of a physical environment
that may influence the weather exposure pattern and consequently how weathering
colors develop on the surface.

Literature describes two principal types of claddings and related weathering color
development: a) the plane, shade-free type of cladding and b) the non-plane, shade-
generating type of cladding (Larsen, K.E. and Mattsson, J. 2009).

Weathering colors related to plane cladding types are mono color grey or brown.
Mono color weathering is made possible due to the geometry of this type of cladding,
which allows for a uniform distribution of weather effects across the entire surface area
(Larsen, K.E. and Mattsson, J. 2009). The grey color option occurs when the cladding
is exposed to precipitation alone or in combination with solar radiation. Precipitation
activates the biological weathering processes. The brown color option occurs occur
when the plane cladding is exposed to solar radiation which activates chemical pro-
cesses in the wooden surface. Details of these weathering processes are described above.

Literature on weathering color of non-plane types of claddings and the related color
development is limited. The three-dimensional structure of the geometry of non-plane
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CHAPTER 2: CURRENT STATE OF THE RESEARCH FIELD

types of cladding generates elements that create varying degrees of shade on the sur-
faces, resulting in uneven distribution of weather across the surface (Larsen, K.E. and
Mattsson, J. 2009). What little available literature there is on the subject contains no clear
description of non-plane type of claddings and related weathering color development.
In a text accompanying a photo of a weathered clinker type of cladding the color pat-
tern is described as uneven (Larsen, K.E. and Mattsson, J. 2009).

According to literature, an uneven distribution of weather results in uneven color
development. Although literature is not specific on the matter, it seems that the term
“uneven” describes a color development that involves grey and extractive deposits.
Extractive is the general term for soluble wood substances, of which some are soluble
in water (Kollmann, EEP. and Cété, W.A. jr. 1968). Wetting of wood may cause water
soluble extractives to dissolve, migrate and deposit on the wood surface upon drying.
This is often referred to as extractive stains or simply discolor.

Fasteners and joints may be part of the design of both plane and non-plane cladding
types and influences the color development locally. If fasteners like screws and nails
protrude from the vertical wood surface, they may serve as small water collecting trays
that lead water onto the surface below the fastening device. This causes elevated levels
of moisture locally, potentially resulting in faster growth of dark walled fungi in areas
below fasteners. Fasteners may also be placed deep in the material, in which case the
wood surface is crushed and end grain may come in direct contact with water. Exposure
to water in end grain regions causes elevated moisture levels locally due to capillary
actions, resulting in faster local growth of dark walled fungi. Corrosive stains from
metal fasteners may color the wooden surface locally. Butt joints or similar types may
be used to extend the length of wooden boards in a cladding. Joints represent two end
grain surfaces that potentially come in direct contact with water. The capillary actions
in the end grain results in elevated levels of moisture, resulting in fast growth of dark
walled fungi locally (SINTEF Byggforsk 2008, Brandstitter, M. 2002).

2.3 Weathering color development related to elements in the building
facade and the building envelope

Once the cladding is placed in the context of a facade, the cladding is likely to be in-
fluenced by the physical environment of that particular facade. Elements that are typi-
cally part of a building facade, such as window sills, door canopies and roof hang, may
influence the weather exposure patterns resulting in local color development of the
cladding that differs from that in other areas of the cladding. It may be that by creating
shade on parts of the cladding that prevents exposure to precipitation and/or radiation,
or by directing additional water onto areas of the cladding, more or less favorable fun-
gal growth conditions can be created locally compared to other parts of the cladding.
Any adaptation on the fagade, such as electrical installations or other elements that
interfere with the distribution of weather on the cladding has the potential to influence
the color development of the wooden surface (SINTEF Byggforsk 2008).

Thermal bridges may also affect the color development of the wooden surface.
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Higher or lower temperatures on the wooden surface caused by the interior structures
may affect the local growth conditions for dark walled fungi on the cladding (Gobakken, L.R.,
Mattsson, J. and Alfredsen, G. 2008).

The lowermost part of a wooden cladding is typically exposed to higher amounts of
water, causing more favorable conditions for dark walled fungi compared to the remnant
part of the facade cladding. These varied conditions in moisture content result in a
darker grey area of the cladding closest to the ground. Splash from the ground and
capillary suction in the end grain area of vertically mounted boards are factors that raise
the moisture content in the lower-most part of a wooden cladding (SINTEF Byggforsk
2008).

A facade is a part of the whole building envelope that may consist of several facades
facing in entirely different directions. Precipitation in the form of wind-driven rain, as
well as solar radiation, comes from different directions and in different amounts. Iden-
tical claddings on a building envelope facing in different directions are typically exposed
to different weather conditions and may develop different weathering color pattern. A
clinker type of cladding may develop a color pattern of grey on the lower and extrac-
tive deposits on the upper part of the boards, and exposure to wind-driven rain may
increase the area of grey and reduce the area of extractives. North facing facades are
attributed to grey color development. South facing facades are attributed to first grey
color that turns into brown after a period of time (SINTEF Byggtorsk 2008).

2.4 Weathering color development related to factors in the near
environment

Environmental factors may affect the color development of the wooden cladding. Veg-
etation close to the building facades may cause changes in the microclimate locally that
deviate from that to which other parts of the wooden cladding are exposed to. Bushes
and trees in particular may affect the local microclimatic conditions, causing shade that
lowers the temperature, resulting in longer Time of Wetness (TOW) of the wooden
surface. This favors the growth of dark walled fungi (SINTEF Byggforsk 2008).
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3 Materials and methods

This chapter is structured in three parts. The first part concerns the development of
ideas and concepts on working with weathering of wooden claddings. In the second
part, methods to analyze and study weathering are discussed. The third part concerns
the development of tools to visualize the main weather elements responsible for color
changes on wooden surfaces i.e. wind-driven rain and solar radiation. This part of the
work is made in collaboration with Dr. Steen Aagaard Serensen. The author is respon-
sible for the developing of ideas to visualize weather as well as the graphic design of
the weather maps. Dr. Serensen is responsible for the calculation and modeling of the
weather maps.

3.1 Developing a conceptual grasp for working with weathering of
wooden claddings

The topic of weathering of untreated wooden claddings is little studied and there-
fore documented knowledge on the matter is scarce. In order to develop a deeper
understanding, a preliminary study was made. The study was carried out by means
of constructing small scale sketch models, which served as the basis for generating
ideas on way to approach the interactions between cladding design, weather expo-
sure and weathering color development. The ideas were analyzed and further de-
veloped into concepts useful for approaching this topic. The method of developing
ideas by means of sketch models is commonly used to develop architecture and
design and serves the purpose of creating a basis for inspiration and a non-biased
approach to a topic.

The exercise was designed and executed as follows: Medium-density fibreboard
(MDF) was used to simulate natural wood. The advantage of MDF over natural wood
in this type of exercise is that MDF allows for a more abstract approach on the topic
due to its neutral and homogeneous visual appearance compared to that of natural
wood. An MDF stick with a cross-section of 1x1 cm? was used as the proportioning
unit. The MDF sticks simulating small scale wooden boards were referred to as the
“basic elements”. 5 different basic elements were designed. These were one square, two
rectangular, one triangular and one circular. In addition, a few cladding models were
made of basic elements made of branches with and without bark and thinly cut natu-
ral wood for woven patterns.
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Figure 3.2 MDF study models. Claddings with square (row a) and rectangular (rows b-¢)
cross-sections in an adjacent composition.
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Figure 3.3  MDF study models. Claddings with square (row a) and rectangular (rows b-e)
cross-sections in an open composition.
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Figure 3.4  MDF study models. Claddings with square (row a) and rectangular (rows b-e)

cross-sections in an open composition. Colums 1-2 are composed in one plane, column 3-6 are
composed in two planes.

29



CHAPTER 3: MATERIALS AND METHODS

Directions Vertical Horizontal 45° right 45° left

il =
Cross-

sections
N - . . l

1:1/2

1:1/4

1721

1/4:1

Figure 3.5  MDF study models. Claddings with square (row a) and rectangular (rows b-e)
cross-sections in an open composition with a closed back.
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Figure 3.6~ MDF study models. Claddings with square (row a) and rectangular (rows b-e)
cross-sections in an open composition with a closed back. Column 1-2 are composed in one
plane, column 3-6 are composed in two planes.
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Figure 3.8 Above. MDF study models. Claddings with a triangular cross-section arranged in
an open composition with a closed back.

Figure 3.7  Left. MDF study models. Claddings with a triangular cross-section arranged in an
adjacent composition (rows a-c) and open composition (rows d-f).
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Figure 3.9  MDF study models. Claddings with rectangular cross-sections arranged in a closed,
overlapping composition (rows a-b) and in an open, overlapping composition (rows c-d).
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Figure 3.10  MDF study models. Claddings with round cross-sections (rows a-c). Column 1-2
are arranged 1n an open juxtaposition. Column 3-4 are weaved.
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The basic elements were affixed to small-scale cladding models according to the
following principles: the basic elements were to be arranged in one adjacent and one
open type of juxtaposition. In the adjacent arrangement, the MDF sticks were mount-
ed in a close side-by-side juxtaposition, in the open composition the sticks were mount-
ed apart leaving open space between the individual boards. A third option was defined
as the work progressed and referred to as open juxtaposition with a closed back. The
intention of this third compositional principle was to include claddings like board and
batten that have an open structure on a closed back. The rectangular and triangular
basic elements were rotated along the vertical and horizontal axis respectively for more
variation in the design. Four different mounting directions of the basic elements were
defined: vertical, horizontal, and inclined 45° to the left and 45° to the right. The four
directions were additionally combined in a crisscross pattern. In total a pool of 181
models were constructed. The models measured approximately 8 x 12cm? (W x H). Fig.
3.1 shows the systematics used for the exercise. Figs. 3.2-3.10 show the MDF models.

The cladding models were studied and gave inspiration to new terms, ideas and
concepts on how to approach the topic of weathering of untreated claddings. These
were organized in four subjects:

e Terms for describing weathering of untreated claddings

* The Weathering Equation

* Options for designing an untreated wooden cladding

* Concepts on the relations between cladding design, weather exposure and
weathering colors

The following is a presentation of ideas and concepts.

3.1.1 Terms for describing weathering of untreated claddings

It was clear from the beginning that often used value-laden terms such as discolor, dis-
figure, stain and uneven had to be replaced with an objective vocabulary. As the study of
the sketch models progressed and ideas began to surface, it also became clear that more
terms were needed in order to describe various aspects related to weathering of wood-
en claddings. The terms designated for this purpose are listed in Table 3.11, together
with definitions of the terms. The terms are organized into three principal groups ac-
cording to their relation to cladding design, weather exposure and weathering colors.
The list is far from complete. This branch of wood weathering research is scarcely de-
veloped, and there 1s plenty of room for inventing new terms and definitions on wood
weathering as advances are made in this field.

3.1.2 The Weathering Equation

The principal factors involved in weathering of wooden claddings are the wood mate-
rial, and the design of the cladding in combination with the actual weather exposure.
In addition, time is an important factor, since weathering is a process that evolves over
time.
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The principal factors can be described in a condensed form as:
WOOD + DESIGN + WEATHER + TIME = WEATHERING

This simplified statement is referred to as The Weathering Equation. The individual
factors in the equation are defined as follows: the wood factor covers all types of wood
species and wood tissue. The design factor covers all imaginable cladding designs. The
weather factor covers weather elements responsible for the color change of the wood-
en surface. The principal weather factors are precipitation and solar radiation alone or
in combination, as discussed in Chapter 2. Implicit in the weather factor is the omni-
present airborne fungal spores responsible for the grey weathering color, also discussed
in Chapter 2.The time factor is defined as the duration of the weather exposure from
one point in time, for instance the beginning of the weather exposure, to any given
point in time at which the weathering colors are documented.

The outcome of the weather exposure is weathering. Weathering is the general term
covering all non-degrading processes on wooden surfaces. The principal weathering
colors are grey and brown color nuances as well as various nuances of brown extractive
deposits. Each of the elements in the weathering equation has multiple sub-elements.

3.1.3 Options for designing an untreated wooden cladding

There are countless ways of designing a wooden cladding: variations in wood species,
tissue, surface quality and dimensions of the material are limitless, as are the number of
possible ways in which to compose the cladding. The following basic statement frames
the principal elements that are present in any cladding design: a wooden cladding is
made of wood that is processed in a certain way, composed into a pattern and fastened.
With this basic statement it is possible to point out four overall categories:

WOOD + PROCESSING + COMPOSITION + FASTENING

The four categories can be perceived as processes in a production line where the pro-
cesses of selecting and processing the wood constitute the first part of the process,
compose and fasten the processed wood element constitute the latter part of construct-
ing a wooden cladding. The term “basic element” now describes the individual elements
which are the outcome of the processing of the raw wood material. The basic element
can for example be a board, a shingle or a rafter. The actual composition of a wooden
cladding can be described as the way the basic elements are composed into a pattern.

The following is a description of the four overall categories and the sub-groups.The
content in the sub-categories is far from comprehensive, since it is not possible to ac-
count for all options. Rather the intention is to construct a framework that demonstrates
the innumerous options available for the design of wooden claddings. The framework
can be used as a tool for identifying the elements in any given wooden cladding and to
serve as inspiration for designing a cladding. A table of the framework is shown in Fig.
3.12.
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Terms related to weather exposure

Term

Explanation

Exposure potential

The term is used in the analysis of the weathering color options of a specific cladding.

Uniform exposure
potential

The term describes a situation where a cladding or a surface has the potential
of a uniform weather access to the total surface area. Uniform replaces the
commonly used term “even” exposure.

Differentiated
exposure potential

The term describes a situation where the whole cladding or the individual
surfaces have differentiated exposure due to the geometry of the cladding.
The differentiated exposure is found in relief types of claddings.

Direct weather
exposure

Describes an exposure situation where the surface is exposed to precipitation
or solar radiation directly.

Indirect weather
exposure

Describes a situation where the surface is indirectly exposed to precipitation or
solar ratiation for instance in the form of dripping rain, splash or run off water.

In-situ weather conditions

The term refers to the specific weather conditions at a given site.

Terms related to weathering colors

Term

Explanation

Weathering color
potential

The term is used in the analysis of the weathering color options of a specific
cladding or surface.

Uniform weathering
color potential

Describes a situation where the weather has uniform access to the whole
cladding or to some of the surfaces in a cladding resulting in a mono color
type of weathering of the cladding or of individual boards in a cladding.

Differentiated
weathering color
potential

Describes a situation where weather has differentiated access to the surfaces
of a cladding.

Weathering color
pattern

Term used in the description of a weathered cladding.

Pattern repeat

Term borrowed from textile design. The term describes the smallest unit of
the sequence of color in a weathered cladding.

Mono color weathering

Same color of the cladding or the surface i.e. grey or brown.

Multi color weathering

Color variations of the cladding and/or of the surfaces.

Weathering grey

The characteristic grey color of the wooden surface developed through the
actions of precipitation alone or in combination with solar ratiation.

Grey color fungi, dark
walled fungi

General terms for all wood inhibiting and non-degrading fungi that cause
the wooden surface to appear grey due to the black color pignent, melanin,
contained in the fungal hyphae.

End grain grey

The term describes the specific grey color development close to end grain
caused by capillary actions. Typically found on the lower part of vertical cladding
closest to the ground and in connection with wood joints.

Oxidation brown

The term describes the color brown associated to the chemical processes induced
by solar radiation that causes the wooden surface to develop brown color.

Extractive brown

The term describes the brown color associated to extractives that have
migrated and deposited on the wooden surface.

Extractive deposits

The term replace the commonly used “extractive stains” that is a value-laden term.
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Terms related to wooden cladding design

Term Explanation
Plane cladding Plane type of claddings have a 2-dimensional geometry. This geometry does
geometry not produce shade. Plane type of claddings are associated to mono color

weathering due to the absence of protruding elements which allows for a
uniform weather exposure. Plane types of cladding may also be referred to
as one-face type of cladding.

Relief cladding
geometry

Relief type of claddings have a 3-dimensional geometry. This geometry
produces shade. Relief type of claddings are associated to multi color devel-
opment due to protruding elements which allows for a differentiated weather
exposure. Relief types of cladding may also be referred to as multi-face
cladding.

Open structure

Open type of claddings have a non-adjacent juxtaposition of the basic
elements and clearly visible air gaps between the basic elements. The open
types of claddings are typically used in front of windows where the construc-
tion side is visible from the inside of the building.

Closed structure

Closed type of claddings have adjacent juxtapositions and small or no air
gaps between the basic elements. Typically the closed structure claddings
are only visible from the weather side of the cladding as opposed to the open
structure claddings.

Weather accessibility

The term weather access is used to describe a relation between the cladding
geometry and weather exposure.

Uniform weather
access

Uniform weather access describes a situation where the cladding geometry
allows for theoretically uniform weather access of the total surface area. This
condition applies to plane type of claddings.

Differentiated weather
access

Differentiated weather access describes a situation where the cladding
geometry allows for differentiated weather access of the surface area. This
condition applies to relief type of claddings.

Weather side

Weather side refers to the side of a wooden cladding that faces weather
directly. The term is used synonymously with front of a cladding.

Construction side

Construction side refers to the side of a wooden cladding that is turned away
from direct weather exposure. The term is used synonymously with back of
a cladding.

One or two sided
visibility

This expression is used to define if a cladding is to be viewed from one or
two sides i.e. from weather side only or from weather- and construction side.

Shade pattern

The term refers to the pattern of shades produced by the cladding geometry.
The term can be applied to the whole cladding or the individual surfaces in a
cladding.

Figure 3.11

Terms for describing weathering of untreated claddings.

39




CHAPTER 3: MATERIALS AND METHODS

Category 1 Category 2
MATERIAL PROCESSING
Softwood Hardwood Wood tissue Drying
Pine Oak sapwood kiln dried
Spruce Aspen heartwood air dried
Larch mixed tissue
Douglas juvenile wood
Cedar pith
knotfree
knot containing
reaktion wood
other other other other
Category 3
COMPOSITION
Position Direction Juxtaposition
Relative to wood stem Relative to cladding Of basic elements

) vertical adjacent
Y

horisontal non-adjacent

pith side bark side (open)
overlapping
root down  root up other other

Figure 3.12 A framework showing the principal options for designing a wooden cladding.
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Category 2
PROCESSING  continued

Cutting pattern Shape Surface character Joining
and dimension
radial sawn unlimited shapes sawn finger-
tangential sawn and dimentions e.g. planed scarf-
split butt joints
rectangular ax cut
square with bark
triangular charred surface
rounded
profile board
other other other other
Category 4
FASTENING
Category 1 and 2 constitute the first
Visible Invisible part of a production proces where the
basic elements for the construction of a
cladding are designed.
nails nails
screws screws Category 3 and 4 constitute the latter
wood nail wood nail part of the process where the basic
lashing lashing elements are assembled to a cladding.
The term “other” indicates that there are
many more options than listed in this
other other framework.
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Category 1: Wood. The first category defines a starting point: the raw material in
its basic form, which is the tree prior to any processing of the material. This category
contains all wood species in the world. The category is sub-grouped into hard- and
softwoods. Each of the sub-groups contains many species. Only solid wood is included
in the table Fig. 3.12 but the framework could also include wood based products such
as plywood, oriented strand board (OSB), chemically treated wood, thermowood as
well as bamboo and grasses.

Category 2: Processing. Processing of the raw materials offer numerous possibilities
of shaping wood into the basic elements that constitute the building elements of the
wooden cladding. In order to get an overview of the processing options, this category
has been sub-divided according to the principal choices in the process of shaping the
basic elements. The choices can be described as deciding on the wood tissue, cutting
pattern, shape and dimensions, surface character, drying method, as well as joining of
the basic elements, provided that this is necessary. Following is a more detailed descrip-
tion of the six sub-categories.

The wood tissue

This sub-category defines the specific wood tissue for the basic elements. All possible
options for choosing the wood tissue are present in this sub-category. Conventional
choices are heartwood and sapwood either pure or mixed tissue. But the wood stem
offers more options for tissue with interesting visual qualities. This could be pith- and
juvenile-wood containing tissue, or reaction wood. It could be wood with or without
bark. It could be knot-free or knot-containing wood, defined by the size and quantity
of knots. The tissue could also be defined by its density. It could be blue stained wood
or wood with chemical stains from the drying process. The point here is that any visu-
ally interesting feature has the potential to allow the creative use of wood in cladding
design.

Drying method

This sub-category defines the way the wood is dried. Even though the drying method
is not immediately evident in the finished product, the method used can add esthetic
qualities to the basic element. The principal options in this sub-category are air dried
and kiln dried material. Air drying techniques include drying of the wood planks in an
outdoor, naturally ventilated roofed construction.

Wood can also be air dried when the tree is still standing on its roots in the forest. A
traditional method is to cut off the treetop and to allow the wood moisture to evaporate
naturally prior to the felling of the tree. Another related method is to fell the tree and
leave the trunk with branches and leaves on the ground. Moisture is removed from the
trunk as a result of ongoing photosynthesis, which continues for some time after felling.
Fresh wood, also referred to as green wood, can be used directly in a construction
without any form of drying prior to mounting. An example of this is the traditional
Norwegian cladding type called Barn panel (Norwegian: Lavepanel), where the freshly
cut planks are mounted directly onto the facade and left to dry.
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Kiln drying of material is by far the most common way of drying wood in the in-
dustrialized wood-producing countries since it is much faster than air drying wood.

The cutting pattern

This subcategory defines the cutting pattern which is the specific way in which the
tree trunk is cut into smaller parts. Conventional wood cutting patterns produce radi-
ally and tangentially cut material but there could be other less conventional patterns of
interest designed to achieve a specific task in a cladding design. The anisotropy of the
material, in conjunction with the cutting pattern, also defines some technical properties
of the basic element.

The shape and dimensions of the basic elements

This sub-category defines the shape and dimensions of the basic elements. Within this
sub-group there are unlimited options for creating unique basic elements for the clad-
ding. Conventional shapes are boards with a rectangular cross-section. Among the
shingle type of basic elements there is a tradition of a broad variety of refined shapes
and dimensions.

The surface character

This sub-group defines the character of the wooden surface. Conventional types of
surface characters are created by circular or band saws, in which cases the surface is left
with the marks of the machine used. A newly sharpened saw blade can make the surface
appear almost planed whereas dull blades leave clearly visible marks on the surface as
testimony to the processing method. Planing is a conventional method of post-process-
ing the sawn wood surface. Other distinct surface characteristics are cutting marks from
axes or knives. These can be authentic handmade cuts or an industrial imitation of old
craft. Splitting the wood is a traditional processing method which leaves the wood
surface with a distinct pattern of torn fibers in the radial section of the material. Wood
with bark still attached is another interesting option for lending the surface a distinctive
appearance.

Joining of material

This sub-category defines the joining method, provided joining of the basic elements
is necessary. Commonly used joining methods for extending the length of wooden
boards are tongue and groove, finger-, scarf and butt joints. The deliberate use of joints
to create an interesting visual interplay with the overall design has an esthetic potential
which is rarely considered.

Category 3: Composition. The previous categories and sub-categories were about
shaping the wood into its desired technical and esthetic properties. This third category
is about arranging the processed material into the final composition of the cladding.

The composition of any wooden cladding can be described by the direction and the
juxtaposition of the basic elements. The term direction is used to describe two princi-
pal directions: the direction of the material relative to the original position in the wood

43



CHAPTER 3: MATERIALS AND METHODS

stem, and the mounting direction of the wood elements in a cladding.

The terms for describing the directions relative to the wood stem are pith- and bark
side, root and top. These directions have relevance in the design of an untreated wood-
en cladding. It is recommended to mount the boards with the pith side out. In tangen-
tially cut boards with mixed heartwood and sapwood, the portion of heartwood is
larger on the pith side, and hence mounting the boards with the pith side out maxi-
mizes the amount of heartwood that is oriented towards the weather side of the clad-
ding.

The mounting direction of the boards relative to the root and top of the wood stem
is perhaps of less importance in the design of a cladding however, some technical and
esthetic properties could come into play in a cladding design. Root stem material (the
lowermost part of the tree stem) contains more extractives compared to material cut
out of the middle and top part of the tree stem.This property is of interest when using
untreated wood in outdoor applications. In relation to an untreated wooden cladding,
the use of root stem material mounted vertically with the root direction at the bottom
could potentially increase the service life of the boards since the lowermost areas close
to the ground are typically exposed to more humid conditions compared to those
higher up. The growth pattern of the tree creates the characteristic conically shaped
wood stem composed of layers of annual rings. In a tangential section of the stem, the
annual rings overlap in a cascade type of arrangement. Theoretically, positioning the
tangentially cut board vertically in a top up position helps water drain from the surface
like from feathers on bird. By contrast, the top down position allows rain water to
penetrate the individual annual ring layers, potentially leading water deeper into the
wooden board. In order to keep track of the specific section of the wood stem as well
as the board direction relative to the root and top it would be necessary to introduce a
marking system throughout the whole production line and furthermore communicate
this information to the end-user.

The term direction is also used to specify the mounting direction of the boards in a
cladding.Vertical and horizontal directions are the most commonly used, however any
direction can be used in a cladding design.

Juxtaposing the basic elements into a composition can be done in numerous ways.
Three principal juxtapositions of the basic elements seem to cover the principal options:
adjacent, non-adjacent (also referred to as open) and overlapping juxtapositions. The
adjacent juxtaposition is where the basic elements are positioned close to the neighbor-
ing material. This can be done by mounting the boards in a close alongside composition
or joined by tongue and groove. Whereas the alongside composition typically has tiny
air gaps of varying size between the boards, the adjacent juxtaposition joined by tongue
and groove is tight and has no air gaps. The non-adjacent juxtaposition is where the
basic elements are positioned apart from the neighboring material leaving clearly vis-
ible air gaps between the individual elements. This type of composition is often referred
to as grating or louver.

The overlapping juxtaposition is where the basic elements alternately over- and
underlie neighboring material. This can be in the form of inclined cascade type of
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composition as seen in clinker and shingle style claddings. Another very common over-
lapping juxtaposition is the board and batten type of cladding. The overlapping types
can also be in the form of interwoven material. Weaved compositions are also referred
to as latticework.

Category 4: Fastening. This category finalizes the construction of a wooden clad-
ding. Fasteners are a very important part of the visual appearance of a wooden cladding
and the deliberate use of fasteners to create a visual interplay with the wooden pattern
represents an esthetic potential which is unfortunately rarely used. More often than not
material is carelessly mounted and the result is visually poor. Fasteners may be visible
or invisible. When visible, the fastening pattern constitutes an important visual element
in the esthetics of the cladding. Fasteners come in countless shapes, sizes and materials.
Commonly used fasteners are steel screws and nails but any fastening device that serves
the purpose can be used to create a visually interesting addition to the pattern of the
cladding. Invisible fastening is often seen in clinker and shingle type of claddings. Hid-
ing the fastening devices behind overlapping components or mounting from the back,
allows for a design that expresses the shape, cutting pattern and surface character of the
basic elements, free of visual interference from any fastening device.

The framework Fig. 3.12 provides an overview of design options and demonstrates
the many variables that might be taken into consideration when designing wooden
claddings. The framework can be used as a source of inspiration and a decision-making
tool in the design process. It also allows for a structured approach to the description
and analysis of the components in any given cladding. In relation to weathering the
framework allows for a structured approach in identifying elements of interest and
relevance to the topic.

3.1.4 Concepts on the relations between cladding design, weather exposure
and weathering colors

The final group of ideas and concepts that originated from the study of the small scale

cladding models concerns ways of approaching a cladding design in relation to weath-

er exposure and color development.

Current practice on the color development of untreated wooden claddings is based
on case studies. The assessment of weathering color addresses the relation between the
facade and cladding design, and the color development. The actual weather exposure
of the cladding in question is left out.

The state of the art perception of the relation between cladding design and color
development is based on the understanding that claddings with no protruding elements
(claddings with no shade) are exposed to even weather resulting in even weathering
color. By contrast, designs with protruding elements (claddings with shade) are exposed
to uneven weather, resulting in uneven weathering color development. Even color is
typically used as synonym for the grey weathering color, whereas uneven color deviates
from the weathering grey. Further specifications on uneven color schemes are left out
in literature on wood weathering (SINTEF Byggforsk 2008).

Two different approaches are relevant for the analysis of the relation between cladding
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design and color development: one that is based solely on the design of the cladding
and the other that is based on the cladding design in combination with information
about the expected exposure conditions. This principal distinction of separating the
analysis according to the level of information is important. It clarifies whether the
analysis deals with evaluation of the weathering color development of the cladding
prior to any knowledge of the actual exposure conditions, or if the analysis includes
information on the actual exposure conditions. The first type of analysis can be perceived
as evaluating the weathering color potentials or options of a cladding design whereas
the latter allows for a more realistic description of the colors and patterns to be ex-
pected.

Following are ideas on how to approach the relations between cladding design,
weather exposure and color development.

Categorizing claddings according to geometry
Claddings typically have traditional and/or commercial names. But instead of naming
a cladding according to its proper noun, claddings can be addressed according to the
geometry. This concept allows for identifying and defining elements common to all
types of claddings and to establish a vocabulary that can be applied to any cladding.
All imaginable claddings can be grouped into two major categories: “plane” and
“relief” types of claddings. Plane types of claddings have a two-dimensional geometry
whereas relief claddings have a three-dimensional type of geometry.

Deconstructing a cladding to its constituent surfaces

Deconstructing a cladding to its constituent surfaces and analyzing the surfaces in-
dividually allows for a more nuanced approach to the understanding of a cladding in
relation to weather exposure and color development.

Following observations based on the study of the MDF cladding models apply for
the weather side surface of plane type of claddings:

* Plane type of cladding have one exposed surface

e The plane type of cladding is non-shaded hence only one surface shade option

e The surface has only one direction towards the sky hence only one weather ex-
posure option

* Weather has uniform access on the total surface area hence the surface has a uni-
form exposure potential

* The uniform exposure potential allows for a mono color weathering potential of
the total surface area of the cladding
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Categorizing claddings according to geometry

Geometry of cladding Plane types of cladding (2-D) Relief types of cladding (3-D)

Deconstructing a cladding to its constituent surfaces

Plane types of cladding (2-D) Relief types of cladding (3-D)
Number of exposed surfaces 1 >1
Surface shade options 1 >1
Surface directions towards the sky 1 >1
Surface weather exposure potential Uniform Uniform and differentiated
Surface weathering color potential Mono color Mono and multi color

Surface shade options of plane and relief type of claddings

Plane types of cladding (2-D) Relief types of cladding (3-D)

Surface shade options Non-shade Non Full Attenuated Gradual

Diffuse light visualization I:‘ D . D |:I

Examples of claddings with different surface shade pattern

Plane types of cladding (2-D) Relief types of cladding (3-D)

A

MDF cladding models

A: Plane type of cladding with one weather side surface and no surface shade.

B: Relief type of cladding with four weather side surfaces. The foremost surfaces are non-shaded the
remaining surfaces have gradual shade.

C: Relief type of cladding with four weather side surfaces. Foremost surfaces are non-shaded, downward
facing surfaces are fully shaded. The remaining surfaces have gradual shade.

D: Relief type of cladding with two weather side surfaces. Front faces have gradual shade, downward
towards the ground inclined surfaces have attenuated shade.

Figure 3.13 Concepts on the relations between cladding design, weather exposure and
weathering colors of untreated wooden cladding.
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Following observations based on the study of the MDF cladding models apply for the
weather side of relief type of claddings:

* Relief cladding types have several exposed surfaces

e The relief type of cladding create shade hence more than one surface shade option

* The surfaces point towards different directions of the sky hence a differentiated
weather exposure potential of the individual surfaces of relief type of claddings

* Weather has differentiated access to the surfaces hence a differentiated exposure
potential of the individual surfaces.

 The differentiated exposure potential allows for both mono and multi color weathering
potential of the individual surfaces and of the cladding

In a typical building context a cladding would cover, for instance, four facades hence
also face four different compass directions. Weather, i.e. precipitation and solar radiation,
is unevenly distributed in the sky, and therefore the four facades of a typical building
construction will generally be exposed to four different weather conditions. Plane type
of claddings covering four facades that face four different directions will generally be
exposed to four different weather conditions. Likewise, relief type of claddings facing
four different directions could also be facing four different weather conditions. How-
ever, due to the geometry of the relief type of claddings, that per definition have more
than one surface, surface shade and different directions towards the sky, the exposure
conditions are significantly more complex compared to plane type of claddings.

As long as the actual in-situ weather conditions are unspecified, an evaluation of the
surface exposure should be assessed as an exposure potential only. Once the in-situ
weather is known however, it is possible to evaluate the actual exposure and weathering
color development of the surfaces.

Further analysis of the surface shade options of plane and relief type of claddings
The small scale models used in this study demonstrate that the surface shade of the
individual surfaces in a relief type of cladding varies. The study of surface shade patterns
was initially assessed through visual observations only and later further developed to be
visualized by diffuse light patterns calculated by means of solid angles. The approach
was to visualize a diffuse light source located at a distance from the cladding and to
calculate the diffuse light intensity distribution on each individual surface in a cladding
with the resolution of Tmm?. The method is demonstrated in Section 3.2.
Four principal surface shade types were established:

¢ non-shade
o fully shade
e attenuated shade

 gradual shade

The non-shaded surface has no shade. In a diffuse light visualization calculated by means
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of solid angles, this surface shade type is uniformly white due to 100% access of diftuse
light to the total surface area.This is characteristic of the plane type of claddings as well
as the foremost protruded, non-shaded surfaces of the relief type of claddings.

The fully shaded surfaces are in complete shade. In a diffuse light visualization this
surface type is uniformly black due to no access of diffuse light. This is characteristic of
downward facing surfaces.

The term “attenuated shade” was introduced to describe a surface shade pattern
characterized by uniform diffuse light intensity due to identical solid angles as is the
case with the non-and fully shaded surfaces. The diffuse light intensity of the attenu-
ated shade is less than 100% and more than 0%. This particular surface shade option is
characteristic of downward, towards the ground, inclined surfaces.

The term “gradual shade” was introduced to describe a surface shade pattern of
varying diffuse light intensity. This shade pattern emerges in situations where diffuse
light has varying degree of access to the surface area hence the variations in the solid
angles. This seems to be characteristic of many surfaces in relief types of claddings where
a gradual shade pattern is created due to protruding neighboring elements.

Deconstructing a cladding to its constituent surfaces and analyzing the shade condi-
tions of the individual surfaces allows for comparing the shade pattern of different types
of cladding design.This approach involves interesting perspectives and could be further
developed as part of a more detailed study on how different types of surface shade pat-
terns relate to different types of color development.

Note that the term “shade” is used to describe the shade caused by the geometry of
the cladding when exposed to diffuse or indirect light. The shade pattern generated by
diftuse light is always the same.The shadows caused by direct light, which in an outdoor
environment originate from sun rays, vary with the sun’s position relative to the sur-
faces of a cladding. Note also that diffuse light and shade must not be confused with
the actual weather exposure or color development.

Fig. 3.13 sums up the principal differences between plane and relief types, as well as
the ideas on how to assess relationships between cladding design, weather exposure and
color development.

3.2 Research design

3.2.1 Initial consideration on methods for developing weathering colors

Weathering of wooden claddings can be created artificially in laboratories or naturally
in an outdoor environment. The principles behind the methods for artificial weathering
are to simulate temperature, precipitation and radiation in a controlled environment.
The problem with present day artificial weathering machines is the lack of ability to
simulate the growth of dark walled fungi responsible for the grey surface color develop-
ment. This single factor, omnipresent in nature, plays an important part in the weather-
ing color development of wooden claddings. Leaving out this factor results in weather-
ing color development which significantly difters from the coloration developed in a
natural outdoor environment. This leaves the laboratory methods with little relevance
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to the present study since wooden facades and claddings will be exposed to a natural
outdoor environment. Studying weathering under natural weather conditions and col-
lecting data on a natural time scale was therefore the only option for this study.

There are two principal options for the study of naturally developed weathering
colors of wooden claddings: studies of already weathered wooden claddings i.e. case
studies or design of an experimental setup where the development of weathering colors
on wooden claddings can be followed over time.

Both options have benefits and disadvantages. Studies of already weathered wooden
claddings have the obvious advantage of being ready to study and document. The study
of already weathered wooden claddings is however an unreliable method. There follows
a discussion of the problems encountered during preliminary studies of weathered
wooden claddings at an early stage of developing this project.

The lack of control of factors influencing the weathering color development

of the cladding

In a case study the factors controlling the weathering color development are all fixed
prior to the study. This gives no option of studying the effect of a single factor with all
factors kept fixed. Further factors outside the scope of the study may influence the
color development: in a typical building context, elements such as roof hang, window
sills, lamps and other elements may be present as part of a facade and these are known
to aftect the color development as discussed in Chapter 2. Neighboring constructions,
vegetation such as tall trees and the like are also potential factors to interfere with the
color development of the cladding. Any interference with the color development, apart
from the factors included in the study, can be a source of disturbance and lead to inac-
curate conclusions when analyzing the weathering color development of the cladding.

The problem of comparability of weathering colors of different building facades
The weathering color development of a building facade is unique and cannot readily
be compared to the color development of another building facade. Differences in in-
situ weather conditions, duration of the exposure to weather, material and surface
quality and potentially factors in the physical surroundings makes comparison of color
development between different building facades problematic.

The problem of reliable information on building history

Obtaining accurate information on the building history can be very difficult. Lack of
accurate knowledge may lead to wrong conclusions. Building maintenance, replacements
and remodeling may be part of the building history which has played a role in the
weathering color development. Another aspect of this problem is accurate information
on material specifications such as wood species and tissue. This particular problem be-
came clear during the study of the facades of Aigen Kindergarten in Salzburg. In a
guideline publication (SINTEF Byggforsk 2008) it is stated that this facade is made of
larch, alternately planed and unplanned board surfaces. The architect Max Rieder claims
that the cladding is made from alternating unplaned fir and planed larch (Rieder, Max 2008).
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Observations made by this author are that all surfaces appear to be planed. Which is the
correct wood species and surface quality would need further extensive investigation.
This example demonstrates the potentially unreliable information regarding material
specifications. Fig. 1.1 example 9-10 shows photos of this facade.

The lack of data from the early stages of weathering

Investigating color development of claddings at any stage after the onset of exposure
means that early stages of weathering remain unknown leaving possibly interesting
information undiscovered. The case of Aigen Kindergarten in Salzburg also demonstrates
this particular aspect. A visit to the house in 2008, 10 years after construction, showed
that the East facing facade was almost uniformly grey colored. A publication (SINTEF
Byggforsk 2008) published ten years after construction includes a picture of the same
facade showing a clearly two-colored, vertically striped pattern of this cladding. The
time of documentation of the striped fagade is not stated in the publication. The tran-
sition from the striped to the mono color grey appearance remains undocumented. Fig.
1.1 example 9-10 shows photos of the striped facade as it appeared in the early stages
of weathering together with photos that show the weathering color after ten years of
exposure.

The problem of data acquisition and close up inspection of material surfaces
Data acquisition and close up inspection is a potential problem when documenting
colors of real life building facades. In the field, registration of weathering colors 1s lim-
ited to methods that can be carried out on location, since demounting of facade mate-
rial for further studies and color registration is typically not a viable option. In the case
of color registration by means of photography, the recorded colors are influenced by
different lighting conditions as well as reflections from the surface. Also it should be
noted that positioning a camera at favorable angles and distance to the facade may be
difficult in some instances due to conditions in the terrain, vegetation or other elements
obstructing the view from the best shooting angle.

The alternative to case studies is the experimental method. Advantages of an ex-
perimental method are that the above mentioned problems of case studies can be
eliminated. A major advantage of the experimental method, as opposed to case studies,
is that the setup can be designed according to specific demands to clarify areas of par-
ticular interest of the study. It is possible to design the experiment in a way which allows
for comparing weathering color development of different types of claddings. Other
advantages are the control over material specifications, knowledge of weathering his-
tory, possibility of documentation of early stages of the weathering process and access
to the site at any time of the day. There is no need for coordination with private own-
ers, and no limitations for demounting material for closer inspection and color registra-
tion.

One problem common to case- and experimental methods is to determine at which
point a distinct and permanent color pattern has developed. This question is left open.
Having analyzed the benefits and drawbacks of artificial versus natural weathering, and
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case studies versus experimental methods, it was decided to proceed with an experi-
mental study, in which wooden claddings were to weather in an outdoor environment.

3.2.2  Strategy for the experimental design

The overall idea for the experimental design was to create a setup that could simulate
conditions as close to real life weathering of wooden claddings as possible in order to
generate data with maximum comparability and relevance to real life situations. The
strategy was to simulate a standard type of house with wooden facades. The standard
reference house was defined as a house with four vertically standing facades perpen-
dicular to one another and pointing to four different compass directions. A typical house
has openings for doors and windows in the facade, roof hang and possibly other elements
apart from the cladding itself. This part of the typical house reference was omitted in
order to create a situation, in which the cladding could develop weathering colors
without interference from building elements and surroundings.

The strategy for the experimental setup was to design a number of different claddings,
produce four samples of each cladding type, and mount the samples in a vertical posi-
tion towards the four cardinal compass directions, north, south, west and east.

The strategy for the construction of the claddings for the experiment was to follow
current recommendations for best practice constructing methods for untreated wood-
en claddings, as recommended by the Norwegian building research institute, SINTEF
(SINTEF Byggtorsk 2008). The recommendations are as follows:

* Use heartwood of a species that exhibits long natural durability

e Radially sawn material for best durability and stability performance

* Ventilated construction allowing for drying of the material

* No water traps in the construction

* Protection of end grain from direct water exposure

* A minimum distance of 300mm between the ground and the construction

* Lower end of vertically standing boards cut at an angle for creating a dropping
point in order to minimize capillary suction through the end grain

In addition to the technical specifications, the following strategies were employed to
mitigate the risk of undesired color development from factors other than the cladding
itself:

e The claddings were to be assembled from the back surface in order to avoid color
development from the fasting device on the weather side

 Fasteners were to be of stainless steel to avoid risk of corrosive stains affecting the
color development on the weather side

* The claddings were to be constructed using only whole board lengths to avoid
color development related to joined boards
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* The back surfaces of the claddings were to be protected from direct weather ex-
posure to mitigate the risk of construction side exposure influencing the color-
development on the weather side

The solution for protecting the construction side from direct exposure as well as protecting
the end grain was to insert each cladding in a protective frame. In addition, the protec-
tive frame would serve as a system for mounting the claddings onto a supporting frame
at the site of the experimental setup. The roof of the protective frame could be compared
to a real life situation where a roof would also protect the upper ends of the wooden
cladding.

The drawback of this solution was that the protective frame could influence the
weathering color development however, no better alternative was found. Matters regard-
ing the influence of the protective frames are discussed in Chapter 4.

3.2.3 Design of cladding types for the experiment

The small-scale cladding models and the subsequent analysis served as inspiration for
the selection of cladding geometries for the experiment. In fact, all cladding types were
of interest for direct study but for obvious practical reasons a limited number of clad-
ding types had to be selected. The overall strategy was to include plane as well as relief
types of claddings. Claddings with different material directions as well as open and closed
structures were also to be included.

Eight different types of claddings were chosen, representing vertical and horizontal
as well as horizontally-inclined material directions. The vertical and horizontal claddings
were to be represented in two different depths. The idea of designing similar types of
relief claddings with variations in depth originated from the cladding models that in-
spired the approach of addressing the aspect of depth variations. Having decided on the
types of claddings to be included in the experiment, it was then decided to design the
claddings with proportionally interrelated ratios. The principle behind the propor-
tional system was as follows: a standard size unadjusted wooden board measuring (B x
W) 17 x 3”7 or 25mm x 75mm was chosen as the proportioning unit of the claddings.
All dimensions in the claddings were derived from this standard. With this research
design it was possible to study the effects of the factors:

* cladding geometry (plane and relief)
* cladding orientation towards the sky (four compass directions)
* surface orientation towards the sky (vertical, horizontal and inclined)

* relief depth (two depths)

The effect of the factors could be studied individually as well as in any combination.
Having decided on the cladding types and the proportions,a 1:1 scale prototype was
build to determine the actual size of the claddings to be constructed for the experiment.
Considerations regarding the size of each cladding were that the size should be suffi-
ciently large to allow for the development of a weathering pattern which would be
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Figure 3.15  Principle for the construction of four identical the claddings. Radial cut heart-
wood of Scots pine (Pinus Sylvestris L.) was used. The long boards were divided into four short-
er boards with the length needed for the vertical and horizontal claddings. Every four boards
from the same larger board were distributed in corresponding places of the four samples of a
cladding. Photo 1 and 2 show the principle for the construction of Cladding 1 and the fasten-
ing of the boards from the back of the cladding. Photo 3 shows the four samples of Cladding
8. Photo © Majbrit Hirche.

Figure 3.14  Left. MDF model references and the interrelated proportions of the claddings,
the cladding design, cladding numbers and photos of the wood claddings for the experiment.
Large scale photos of the claddings are shown in Figs. 3.16-3.30.
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Figure 3.16 ~ Cladding 1, Sample 1S.The dark horisontal shade on the upper part of the sur-
face 1s a shadow from the wire fence around the Voll research field. Photo © Majbrit Hirche.

56



Face No. 1

oz
oy
09
08
ool

Normalized intensity

Figure 3.17  Diffuse light visualization Cladding 1. Cladding 1 is non-shaded.
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Figure 3.18  Cladding 2, Sample 2S.The dark horisontal shade on the upper part of the surface
1s a shadow from the wire fence around the Voll research field. Photo © Majbrit Hirche.
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Figure 3.19  Diftuse light visualization Cladding 2. Face 3 is non-shaded. Face 1,2 and 4 have
gradual shade. Face 2 and 4 have identical surface shade.
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Figure 3.20  Cladding 3, Sample 3S. Photo © Majbrit Hirche.
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Figure 3.21  Diftuse light visualization Cladding 3. Face 3 is non-shaded. Face 1,2 and 4 have
gradual shade. Face 2 and 4 have identical surface shade.
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Figure 3.22  Cladding 4, Sample 4S.The dark horisontal shade on the upper part of the surface
and the vertical shade on the right side are shadows from the wire fence around the Voll research

field. Photo © Majbrit Hirche.
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Diffuse light visualization Cladding 4. Cladding 4 is non-shaded.
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Figure 3.24  Cladding 5, Sample 5S. Photo © Majbrit Hirche.
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Diffuse light visualization Cladding 5. Face 1 is non-shaded, Face 4 is fully

Figure 3.25
shaded. Face 1 and 2 have gradual shade.
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Figure 3.26  Cladding 6, Sample 6S. Photo © Majbrit Hirche.
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Figure 3.27  Diffuse light visualization Cladding 6. Face 1 is non-shaded, Face 4 is fully
shaded. Face 1 and 2 have gradual shade.
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Figure 3.28  Cladding 7, Sample 7S. Photo © Majbrit Hirche.
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Diffuse light visualization Cladding 7. Face 1 has gradual shade, Face 2 has at-

Figure 3.29
tenuated shade.
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Figure 3.30  Cladding 8, Sample 8S.The dark vertical shade comes from a post in the fence
around the Voll research fields. Photo © Majbrit Hirche.
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Diffuse light visualization Cladding 8. Face 1 has gradual shade, Face 2 has atten-

Figure 3.31
uated shade. The construction side surfaces are fully shaded.
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comparable to a real life situation as well as avoiding edge effects from the protective
frame. In addition it had to be possible for one person to manually handle a sample. It
was decided that the claddings should have the approximate size 900mm x 600mm (H xW).
The depth of the protective frame would depend on the geometry of the cladding. Fig. 3.14
shows a table of the sketch model references, the proportions and dimensions of the claddings.
A small scale photo of a sample of the finished claddings to be used in the experiment.
are also shown. Drawings of the eight cladding types are shown in Appendix A.

The shade patterns of the claddings chosen for the experiment were visualized by
means of diffuse light simulations. The intention was to demonstrate the concept of
surface shade developed through study of the MDF cladding models. The visualizations
of the surface shade pattern have interesting perspectives. The method allows for an easy
identification of the four principal types of surface shade pattern options: non-, full-,
gradual, and attenuated shade. The visualizations also make comparison of the shading
patterns of different claddings and surfaces easy. The images provide an excellent visual
common ground for a discussion of the shading patterns of a cladding. Digital modeling
of diffuse light patterns could be an interesting tool in a preliminary analysis of the
weathering color potential of a cladding prior to actual weather exposure, as discussed
in Section 3.1.The diffuse light simulations are shown together with the wooden clad-
dings for the experiment in Figs. 3.16-3.31.

3.2.4 Method for registration of weathering colors

Having decided for the overall strategy of the experimental setup and chosen which
cladding types to include in the experiment, the next task was to decide which meth-
od to use for the documentation of the weathering colors as well as the frequency of
the documentation. The “close to real life” philosophy which guided the strategy for
the experimental design was also present in the considerations regarding documentation
and presentation of the weathering of the claddings. A requirement for the method of
registration of the weathering colors should be capable of communicating the colors
and color patterns as closely to a real life experience as possible. An additional require-
ment was that the method used allows for comparison between the weathered sur-
faces.

The requirement for documentation that could communicate weathering colors as
closely to real life as possible ruled out the often-used color registration method of
spectroscopy where local areas of the surface are measured (spot measurement) and the
colors described in RGB values. Data obtained by spectroscopy does not provide any
sense of a real life experience of colors.

Color registration by means of photography seemed at first a good option, since data
could provide a good sense of real life color and color patterns. A 1:1 mock-up of clad-
ding Number 3 was built and photographed. It turned out that documenting the colors
by means of photography had serious drawbacks. One important requirement was to
make sure that surfaces were uniformly illuminated in order to obtain comparable colors
in the photos. Plane cladding types have no surface shade and the total surface area can
be uniformly illuminated. For this type of cladding geometry photography is a workable
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method. With relief types of claddings it is not a good solution. The geometry produc-
es shade, which causes different degrees of obscurity on the surfaces. This affects the
color experience since colors in obscured areas i.e. in shaded areas, appear darker than
those in less or non-shaded areas of the same cladding. Illuminating the obscured areas
by means of artificial light generated shadows, which only served to complicate the
situation further.

Another problem of documenting colors of relief type of cladding using a camera is
that it is not possible to capture all surfaces within the same focal plane as used for the
plane type of cladding. Either the cladding or the camera or both must be tilted in
order to capture all surfaces. In changing the distance and angle between the object and
the detector plane, the demand for uniform lighting for comparison of colors is com-
promised. It takes only one photo to document a plane type of cladding whereas
documenting a relief type may take several photos. One way of overcoming the prob-
lems that the method of photography caused would be by making old fashioned draw-
ings of the surfaces. Limitations of drawings are that colors are likely to be reduced to
fewer nuances thus compromising the demand of a representation that is as close to real
life experience as possible - unless off course the drawings are made with an accuracy
comparable to that of a Renaissance painter, alas, not an option in this study.

Having studied various methods for color registration, the solution was to scan the
weathered board faces in a flatbed scanner. This method was inspired by the work of
Petra Riither who used the method in her Ph.D. work to document weathering colors
of wooden surfaces (Riither, P.2011). A few test scans were made to check the accura-
cy of the color reproduction, and it turned out that the level of detail was amazingly
good. The benefit of using a flatbed scanner was that all surfaces would be document-
ed in high resolution images with the same distance and source of illumination, making
it possible to compare the color development of the surfaces. The drawback of this
method was that the three-dimensional experience of a relief type of cladding would
be lost since the representation of the claddings would be in the form of its individual
surfaces. However this drawback could be compensated for by comparing the scanned
surfaces to photographs of the respective claddings.

3.3 Experimental procedures

3.3.1 Production of claddings for the experiment
The claddings for the experiment were constructed in collaboration with carpenters at
the coastal heritage museum in Rissa outside Trondheim. Radial cut heartwood of Scots
pine (Pinus Sylvestris L.) delivered by Materialbanken in Roros, Norway was used. This
company has a history of delivering high quality wood products for building projects.
Weather side surfaces were planed in order to secure identical surface quality prior
to weather exposure. The claddings were mounted from the back surface with stainless
steel grade A4 screws. Lower ends of vertical claddings Numbers 1,2 and 3 were cut at
an angle of approximately 45° to create a dropping point for minimizing capillary suc-
tion. Horizontal upward facing surfaces in claddings Numbers 5 and 6 were planed in
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an approximately 2° downward sloping gradient to allow rain water to run off the
surfaces.

Four samples of each cladding type were built. The principle for constructing four
similar samples was as follows: the long boards were divided into four shorter boards
with the length needed for the vertical and horizontal claddings. Every four boards from
the same larger board were distributed in corresponding places of the four samples of
a cladding. This methodology made it possible to observe the weathering color devel-
opment of material with the same origin exposed to different weather types. Fig. 3.15
shows the principle for building four samples of the same type of cladding together
with photographs from the building process.

Each cladding was mounted in a frame made of 18mm spruce plywood. The outer
dimensions of each frame were 900mm x 600mm. An air gap of 5mm between the
plywood frame and the cladding allowed for air circulation. The back surface of each
frame was provided with a layer of asphalted roofing felt in order to prevent direct
weather exposure on the construction side of the claddings. The frames were designed
with a simple system for easy mounting on and demounting from the supporting frames
at the experimental site. Due to differences in the depth of the cladding types, plywood
frames of 150mm and 200mm depth were made.The site plan Fig. 3.24 shows the depth
used for each cladding as well as the actual location on the supporting frames at the
experimental site. Photographs of each cladding type are shown in Figs. 3.16-3.32 to-
gether with diffuse light simulations of the claddings. Note that the shade from the
protective plywood frame is included in the diffuse light simulations. The simulations
are displayed according to the standard for displaying patterns in textile design, where
the pattern repeat is showed three times in order to help the human eye understand the
whole motive.

3.3.2 Experimental setup at Voll research fields

The experiment was carried out at an open field at Voll field station operated by
SINTEF-Byggtorsk. The field is located at Jonsvannsveien 159 in Trondheim, Norway.
The geographical coordinates are: latitude 63°24°38”N., longitude 10°27°14”N. at an
altitude of 127m A.S.L.

The experiment started in February 2006 and is still running. Two vertical support-
ing frames for mounting the claddings were constructed. The original intention was to
setup the experimental claddings to face the cardinal compass directions, but for prac-
tical reasons this was not possible atVoll. The normal directions of the mounted claddings
were 354°,174°,254° and 74° corresponding to approximately north, south, west and
east respectively. The claddings were mounted with a minimum clearance of 600mm
between the ground and the lower end of the cladding in order to minimize the risk
exposure to raindrop splashes and snowdrifts from the ground. Fig. 3.32 shows the site
plan and an aerial photograph of the Voll testing fields.

3.3.3 Registration of weathering colors and display of the data
After 20 months of exposure to natural climate at Voll from February 11% 2006 to
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November 1* 2007 the experimental claddings were demounted from the supporting
frames and dried in an indoor ambient climate. All board faces were marked with a
number and the claddings disassembled. Frottages were made of the end grain of the
claddings and later used to identify possible areas of sapwood. The frottages are shown
in Appendix B.

The weathered board faces were scanned using an A3 Epson GT15000 flatbed scan-
ner and scanned at a resolution of 300 ppi. For the sake of control of the scanning
quality and later reproduction in print a Kodak color scale was glued to the glass plate
of the scanner and scanned with every image. For maximum authenticity and through
fear of damaging the weathered surfaces, there was no cleaning of the surfaces prior to
the registration of colors. This is particularly evident on the east facing horizontal clad-
dings Numbers 5 and 6, where bird droppings cover most of the upward facing sur-
faces.

The lengths of the boards were larger than the length of the scanner hence each half
of all board faces needed scanning separately. Whereas the total length of the horizon-
tal boards could be covered in two scanning operations, the vertical boards would need
scanning three times to capture their total length. It was decided to scan the vertical
boards only twice and accept a minor gap in the registration at the middle of each
vertical board. The scanned images were post-processed in order to create visually
clearer images of the individual board surfaces. All scanned board faces were cut out of
the original digital image, rotated and the two halves that constituted one board were
merged into one image. The area of the board faces that had been covered by adjacent
boards were cut out of the image. The digital post-processing was done using Photoshop.
Fig. 3.33 shows the phases in the scanning and post-processing work flow.

Some of the scanned surfaces have differences in color nuances on the two halves of
the same board. An example can be seen in Fig. 4.43 Sample 5E, Face 4. There seem to
be no color differences when comparing the color nuances of the Kodak color scale.
It seems that the light from the flatbed scanner has different reflection depending on
which direction the wooden surfaces are scanned in.
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Figure 3.32  Upper photo. Aerial view of the Voll research fields in Trondheim operated by
SINTEF-Byggtorsk. The black rectangle indicates the area of the site shown on the opposite
side. The dashed circle marks the area where Voll Automatic Weather (AWS) station is located.
Photo © GisLink.no.

Photo showing the south facing structural frame atVoll research fields. Voll AWS is seen to the
left. Photo © Majbrit Hirche.

Opposite side. The location of the claddings at Voll research fields. The compass directions as
well as the normal direction of the two structural frames are shown.
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Figure 3.33 The scanning and post-processing process of the weathered surfaces. Here exem-
plified for Face 2 of Sample 2S. Each half of the board surfaces were scanned and the two halves
merged into one image. The brown left side area of these surfaces is invisible in the assembled
Cladding 2 and therefore removed in the post-processing.
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3.4 Developing tools for analyzing the weathering of the experiments

It was expected that there would be variations in the weathering color development
among the four samples of identical claddings. The weathering color development of
Cladding Number 2 caught special attention. The surfaces of Sample 2W appeared all
grey and it seemed that the grey color process was highly advanced. The surfaces of
Sample 2N and 2E appeared still brownish with a light grey tone indicating that these
samples were developing grey at a slower rate compared to Sample 2W. Sample 2S had
a remarkable asymmetry in the color development characterized by a repeated pattern
of brown and extractive deposits on the left side corners (Face 4 and left edge of Face
1) and dark grey on the remaining surfaces. The color pattern of Cladding 2 can be
seen in Chapter 4 Fig. 4.10 and Figs. 4.14-4.17.

Based on the knowledge that the grey color is created by surface fungal growth and
that the growth requires water, it seemed that growth conditions for grey color fungi
were indeed very favorable on the surfaces of Sample 2W. Growth conditions seemed
less favorable on the surfaces of Sample 2N and 2E since the graying was very light
compared to Sample 2W. On the surfaces of Sample 28 it seemed that conditions were
favorable on the south and west facing surfaces (Faces 1,2 and 3) whereas growth con-
ditions on the east facing surfaces (Face 4) were not favorable at all except at the end
grain area at the bottom of the board. However, the presence of extractives on Sample
2S Face 4 indicated exposure to water in some form.

These early observations of the color development of particularly Cladding Number
2 indicated significant variations in the weather towards the four compass directions in
the experimental setup:

* West and south facing surfaces were apparently exposed to larger amounts of
precipitation compared to surfaces facing other compass directions. This was con-
sistent with information available on the prevailing wind-driven rain (WDR)
direction at the Voll research fields; the main WDR direction is west by south west
(Geving, S. et al. 2006).

e The asymmetry of the color pattern of Sample 2S indicated that this sample was
facing two different types of weather. The west and south facing surfaces (Faces 1,
2 and 3) seemed to be exposed to a wet type of weather and presumably faced the
main WDR direction at Voll. The east facing surfaces (Face 4) seemed to be ex-
posed to a more dry type of weather.

The observations also indicated some inconsistency from current guidelines that north
facing surfaces develop grey color faster than surfaces facing other directions (Larsen,
K.E. and Mattsson, J. 2009). It rather seemed that facing the direction of the main wind-
driven rain was the determining factor in the rate of the graying processes.

In order to understand details of the variation, it was decided to do a separate study
of the local weather atVoll to support the analysis of the weathering color development
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of the claddings. The study of the Voll weather resulted in three different types of weather
maps that illustrate the main tendencies in the occurrence of rain and sun atVoll as these
two weather elements are the principal factors causing the wooden surfaces to change
color as discussed in Chapter 2.

The maps were especially designed to support the analysis of the weathering color
development of the claddings in this project. The three types of maps are termed

* Directional Weather Map
* Spherical Weather Map
 Surface Weather Map

A description of the modeling and calculation methods is found in Appendix C.The
following is a description of the maps and how they are used in the analysis of the
color development of the claddings in this experiment.

3.4.1 Directional Weather Map

The directional weather map was designed to give a fast overview and an intuitively
easily understanding of the in-situ weather situation at any given site, in this case Voll.
The advantage of the visualization in a polar diagram, as opposed to the often used bar
charts, is that the information is easily transferable to the view of the horizon when
observing in the field, as well as to the projection of a situational plan. The weather
elements, in this case wind-driven rain, sun and UV hours can be displayed individu-
ally as shown in Fig. 3.34 or combined in the same polar diagram as shown in Fig. 3.35.
The advantage of a combined diagram is that it allows for an immediate overview of
the weather combinations in the total sector. The drawback of the combined diagram
is that the radial scale has different values for the different weather elements.

Principles in the calculation method for wind-driven rain curve

Traditionally, a bar chart type histogram with a linear direction-angle x-axis has been
used to visualize the exposure of plane vertical surfaces to wind-driven rain. Each bar
in this histogram represents the amounts of WDR collected on a vertical surface facing
the direction of the bar’s x-axis value. As a vertical surface collects WDR from an
angular section of 180°, the traditional histogram is badly suited for visualizing the
WDR exposure of a three-dimensional fagade cladding with a narrower directional
opening e.g. Cladding Numbers 2 and 3 in this project. Further, the linear arrangement
of the directions on the x-axis is not intuitively transferred to the circular horizon in a
field observation or to the projection of a situational plan.

To obtain a more detailed and transferable visualization of the angular distribution
of wind-driven rain, the directional weather map was developed as a polar histogram
with each bin spanning 10°. Each 10° bin represents the average annual sum of WDR
associated with rain events with wind direction within the direction interval of the bin
as collected by a surface directly facing the wind direction. In this way, the directional
weather diagram mimics the histogram resulting from a directional binning of the WDR
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amounts collected by a rotating WDR gauge. As an example, the 10° bin of the direc-
tional weather map centered around 180° accumulates the WDR amount from rain
events with wind direction within the interval 175° - 185°. In contrast to this, the bar
at 180° in the traditional WDR histogram accumulates rain events with wind direction
within the much larger interval 90° - 270°, but with a weighting of the contribution
of each event according to incidence angle, i.e. the angle between wind direction and
the surface normal direction.

Data for calculating the WDR comes from the Voll automatic weather station (AWS),
located at the Voll testing field. The location of the Voll AWS i1s shown on the aerial
photo Fig. 3.32. The data used are logged in free field, hence the WDR diagram illus-
trates the tendencies of the WDR in the sky above Voll. This calculation method must
not be confused with calculations of an actual load of wind-driven rain on an actual
vertical surface.

Principles in the calculation of directional sun and UV hour curves

The solar path is well known and a few common rules can readily be applied to make
a rough estimate of the intensity of the sun relative to the cardinal compass directions,
the altitude and to the inclination of a surface. However, it was found useful to try
developing a method for visualizing the solar path in a way that was relevant to this
study. The solution was to calculate the total annual amount of hours the sun is above
the horizon and to display a curve showing the amount of sun hours for every 10°
sector, similar to what was done with the wind-driven rain curve. The distribution of
sun in each 10° sector was calculated as the total annual amount of hours the sun is
above the horizon in any given sector at Voll. The model does not account for cloud
covering of the sky hence assuming a permanent clear sky.

In order to illustrate the number of sun hours responsible for the strongest effect on
the wooden surface, the UV part of the solar spectrum, a separate curve was calculated
displaying an estimate of the number of UV hours, i.e. the solar hours multiplied by
UV atmospheric extinction coefficient. For this calculation, a simplified homogeneous
atmospheric model was applied to account for the extinction of the UV solar radiation.
Note that the radial circles in the sun and UV curves represent different values in Fig.
3.34.

The directional weather map was used to aid the analysis of the color development
of the claddings. This was done by positioning drawings of the horizontal sections of
the claddings rotated to compass directions corresponding to the actual location atVoll.
The direction of the surfaces was compared to the WDR_, sun and UV curves in the
sectors opposing the surfaces. In this way it was possible to see the main trends in the
weather corresponding to the individual surfaces in a cladding and to evolve a probable
explanation for the color development. For instance, in the case of Cladding Number
2S, it seems probable that Face 4 developed brown due to exposure to high amounts
of sun hours and absence of direct exposure to WDR, whereas Faces 1,2 and 3 devel-
oped grey as a result of exposure to WDR.The directional weather maps correspond-
ing to Sample 2S can be seen in Fig. 4.12.
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3.4.2 Spherical Weather Map

The Spherical Weather Map is designed to give an overview of the mean annual dis-
tribution of rain on the hemisphere above Voll. The purpose of this map is to introduce
a three-dimensional type of visualization of wind-driven rain that complements the
directional weather map which visualizes weather from the direction of the horizon
only.

The distribution of rain is calculated from the height and azimuth angles of the fall-
ing raindrops. Each rain event is placed in a grid of angular cells measuring 10° in the
horizontal plane and 10° in height angle forming a total of 324 cells in the spherical
grid.

3.4.3 Surface Weather Map
The Surface Weather Map is designed to visualize the distribution of WDR as well as
sun and UV hours on the individual surfaces of claddings.

The program designed for modeling the WDR surface weather map combines the
information in the spherical weather map with the actual geometry of a cladding. As is
the case with the directional and spherical maps, the data used for generating the WDR
maps are logged in free field and therefore the surface weather maps displays a situation
where WDR is not influenced by any physical object. In the present calculations, the
trajectories of rain drops are treated as straight beams.

The visualizations of the sun and UV hours follow the same principles as described
in the directional weather map for sun and UV hours. The surface weather maps for
sun and UV hours do not visualize the actual exposure conditions but simulate the
maximum possible number of hours a surface in any given direction and under any
given shade conditions can be exposed to at Voll. This information is a measure of an
exposure potential that serves as a reference for comparing the sun and UV distribution
on the individual surfaces in a cladding as well as among the other samples in the ex-
periment.

In an initial version of the modeling of the surface maps, a linear scale was used. This
was later changed to a logarithmical scale. In the linear scale, information on the lowest
amounts of WDR, sun and UV hours was lost. The use of a logarithmic scale was an
important improvement in the calculation and modeling methods since it allows for
detecting nuances on surfaces exposed to very low amounts of WDR, sun and UV
hours, as seen for instance on the north-facing surfaces. The nuances in the upper range
of the scale displaying the highest amounts of exposure to weather are lost in the log-
arithmic scale.

There are two advantages of visualizing the low range in the logarithmic scale at the
expense of visualizing the upper range of the scale. Information on exposure to very
low amounts of WDR is important in understanding why some surfaces develop grey
at a very slow rate. The time of establishment and growth of dark walled fungi depends
largely on the amounts of WDR as discussed in Chapter 2. Information on surfaces
exposed to very low amounts of WDR, sun and UV is an important factor in assessing
the time aspect of weathering.
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Displaying the lowest amounts of WDR,, sun and UV hours also allows for distin-
guishing between areas of a cladding that are fully shaded and therefore not exposed to
direct weather from those areas that are exposed to very low amounts of weather. This
information is particularly valuable for the understanding of the grey color development.
It seems of less importance to the study of weathering color development to be able to
distinguish between exposure to high and very high amounts of WDR, sun and UV
hours. However, it could be of interest for studies of wood durability to visualize details
of the exposure conditions in the upper range of the scale.

Visualizations of WDR,, sun and UV hours were made for all surfaces in the claddings
in the experiment. The shading effect of the protective plywood frame was included in
the calculations. In order to facilitate the best and most intuitively easy transfer of in-
formation on the modeled surfaces to the weathered surfaces in the experiment, the
images are displayed in sizes comparable to the individual boards. The surface weather
maps are shown in Chapter 4 together with the scanned surfaces.

The surface weather maps were used to support the analysis of the weathering color
development of the claddings. The surface weather maps, directional and WDR spher-
ical maps support each other mutually in characterizing the overall weather in-situ
conditions as well as providing valuable information on the probable exposure condi-
tions of the wooden surfaces in this experiment.
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Figure 3.34 The directional WDR, UV and sun hour weather maps for Voll.
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Figure 3.36  The WDR spherical weather map for Voll.
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4 Results and Discussion

4.1 Method for analyzing the color development of the claddings

The analysis and discussion starts with a characterization of the main tendencies of
weather in terms of the four experimental directions at the Voll research fields as sug-
gested by the directional and spherical weather maps.

There follows an analysis and discussion of the color development of the claddings
in order of sequence, beginning with the four samples of Cladding 1. The analysis is
structured in three parts. First there is an identification and description of the weather-
ing color pattern of the samples, then an analysis of the color development, and finally
comments on edge effects where they are present. The analysis focuses on understand-
ing the color development through the interactions of cladding design, weather expo-
sure and the wood surface reactions to weather.

4.1.1 Identification and description of the weathering color patterns

The identification of weathering colors and color patterns by means of the author’s
visual interpretation of the scanned images, rather than quantitative measurements,
introduces the potential problem of subjectivity. In order to mitigate any inherent bias,
the total set of data is displayed. Presentation of a common reference set allows the
reader to evaluate details in the color development, and if so desired, derive own con-
clusions in parallel with the analysis presented in this work.

Defining the level of detail in the color description and analysis turned out to be
challenging. The high resolution color documentation obtained through the method
of scanning the surfaces reveals a very large number of color nuances. A satisfactory
strategy had to be developed to determine what to include and what to omit from the
description. A first attempt was made to establish and name a number of color catego-
ries based on a qualitative assessment of the color values. However, this turned out to
be difficult since the color nuances numbered in the hundreds, if not thousands, of
values. It should be reasonably straight forward to eventually design a program that can
identify and categorize colors based on the digital images. In this work though, a sim-
plified approach of identifying and naming the weathering colors was used: colors that
appear grey to the human eye are simply termed “grey”. Adjectives like “lighter “and
“darker” are used when comparing color nuances. Likewise, colors that appear brown
are simply termed “brown”, with nuances qualified by “lighter” or “darker” brown.
Extractives are termed “extractives” or “extractive deposits”. Note that in some instances
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it is not possible with the present set of data to determine whether a brown color rep-
resents light induced chemical processes, or extractive deposits, or a combination of the
two. Knots appear as brown areas of varying form and size scattered over the surfaces.
The colors of the knots are not discussed in this work.

Identification of the weathering color patterns of the samples was done by placing
the scanned board surfaces side by side in the same order in which they had been po-
sitioned in the cladding during weather exposure. In the display of the results, three
pattern units, taken from the central area of each cladding, are shown, and the color
patterns described. Note that the scanned surfaces of Cladding 2 and 3 are of slightly
varying lengths due to the minor gap in the registration at the of middle of the vertical
boards as discussed in Section 3.3.3. The upper edges of the assembled surfaces appear
irregular instead of the straight line that would be expected had the boards been of the
same lengths.

A number of boards turned out to be of mixed heartwood and sapwood. The color
pattern identifications are based on the heartwood color. The sapwood parts of the
boards are identifiable as clearly darker grey areas compared to neighboring tissue of
the same surface. Where the presence of sapwood was suspected, the boards in question
were compared to corresponding frottage images showing the annual ring pattern. In
this way it was possible to see if the area of suspected sapwood was located towards the
pith or bark side of the boards in question. The frottages are shown in Appendix B.

Where sapwood is clearly visible, it is noted in the text. Note that sapwood may be
present in a board but not detectable from the present set of data.

4.1.2  Analysis of the color development

The analysis of the color development is based on knowledge of wood surface reactions
to precipitation and solar radiation as described in Chapter 2. The emphasis is on the
effect of precipitation in the form of rain, since the color grey that originates from the
water-induced biological processes is easy to identity with the naked human eye. The
distinct identification of the effects of solar radiation requires a type of data that is not
available in this work.The brown color development could be interpreted as the result
of solar induced chemical processes or extractives emerging on the surface. For the
analysis of the color development, the scanned images are displayed in groups of the
individual surfaces.

The directional, spherical and surface weather maps are used to establish a prob-
able connection between weather exposure and the color development of the sur-
faces. One directional and one spherical weather map are shown for each of the in-
dividual surfaces in a cladding. A horizontal section of the cladding, with an indication
of the specific surface, is shown together with each of the maps. The horizontal
sections are rotated to a position corresponding to their orientation at the Voll research
field. In the weather maps, areas that correspond to the angle openings of the indi-
vidual surfaces are illustrated with a white background color, whereas areas of the
sector that is outside the angular opening are masked with a transparent color. This
visual display allows for an intuitively easy identification of the weather in the sectors
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corresponding to the individual surfaces, as well as illustrating weather that is not
likely to affect the surfaces. A surface weather map is modeled for all surface types in

the claddings.

4.1.3 Deviations from the color pattern repeat

Some of the samples have developed deviations from the dominant color pattern repeat.
In order to understand the origin of colors that are not readily explainable, causes are
looked for in the experimental design. It is clearly recognized that the plywood protec-
tive frame has played a role in the color development on some of the samples. This
aspect 1s discussed where relevant in relation to the analysis of the samples.

As mentioned above, a number of boards contain sapwood. This had already become
clear during production of the claddings, when the surfaces were planed. Upon expo-
sure to water the sapwood tissue became clearly distinguishable from the heartwood
since, due to the low concentrations of extractives, sapwood develops grey color at a
significantly faster rate than to heartwood. The consequence in terms of weathering is
that a number of samples appear distinctly two-toned grey. Had the samples been made
of heartwood only, as was intended, the visual appearance of the grey colored surfaces
would have been more uniform.

During the experimental period and prior to the color registration of the clad-
dings, a problem occurred with the east-west facing experimental supporting frame.
The prevailing western winds at the Voll research field had caused this frame to bend
approximately 7° towards the east. Fig. 4.1 shows a photo of the inclined frame pri-
or to restoration to vertical and the location of the claddings that were possibly af-
fected. The bending was primarily at the southern end of the frame, potentially af-
fecting samples 1W, 2W, 3W and 1E, 2E and 3E. The problem most likely occurred
during the thaw in the spring of 2007, and was detected and repaired on July 7%,
2007.The possible eftects of this bending on the claddings could be exposure to
higher or lower amounts of WDR and solar radiation on the west and east facing
claddings respectively than would have been the case if the claddings had been ex-
posed in the intended vertical position. With the prevailing weather conditions to-
wards these two experimental directions, the west-facing claddings could have de-
veloped darker grey whereas the east-facing claddings could have developed lighter
grey than would have been the case had the claddings been exposed in the intended
vertical position.

The four samples of Cladding 7 were removed from the experiment. It is suspected
that these may have been mistakenly mixed up during inspection of the samples, pos-
sibly with 7W being placed at the location of 7E and vice versa. Removing the samples
fully mitigates the risk of incorrect conclusions being drawn as a result of experimental
error.

4.1.4 Display of the scanned images

The scanned images are displayed in a small and a large scale version. The small scale
images are assembled as the pattern repeat as well as in groups of the individual board
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Figure 4.1 Left. Photo showing the tilted east-west facing supporting frame leaning
approximately 7° towards east. Photo © Majbrit Hirche.

Right. The samples that were possibly affected by the change in exposure conditions due to the
tilted supporting frame are shown in the red circle.
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types. The small scale display shows the main tendencies in the color development and
facilitates the color comparison of the four samples of a cladding type. The large scale
version facilitates the study of details in the color development. The individual surfaces
of all samples are individually numbered and the numbers are used as a reference
throughout the text.

4.1.5 Photos taken after five years of exposure

Photos taken after five years of weather exposure are included in this material and shown
in Fig. 4.60.The photos give valuable information on the color development at a late
stage of weathering. The information was particularly useful when analyzing surfaces
of which the color development was difficult to interpret due to slow-developing col-
ors. In addition, the photos were used to understand the influence of the plywood frame
on the color development. Note that the photos were taken on location at Voll with
the samples mounted on the supporting frames and under the prevailing daylight con-
ditions, moisture content and shade generated by the geometry of the claddings. This
prevents direct comparison of the colors in the photos with the samples and the scanned
images. Still, the photos clearly show the main tendencies in the color development
after five years of exposure.

4.2 Characterization of weather towards the four experimental supporting
frames at Voll research fields

The directional and spherical WDR maps Fig. 4.2 show the weather impacting the four
experimental supporting frames at the Voll research fields. The claddings mounted on
the four frames are exposed to weather from four different 180° sectors as illustrated in
the maps. The white area of the maps illustrates weather in a 180° sector opposing the
frames, whereas the 180° sector masked with a transparent layer illustrates weather in-
cident on the rear side of the frames. The weather from the 180° sector opposing a
supporting frame contributes to weathering of the claddings mounted on the frame,
whereas weather behind the frame does not contribute.

The four 180° sectors corresponding to the four directions of the experimental sup-
porting frames have the following angular ranges on the horizon:

264°-84° for the north-facing frame
84°-264° for the south-facing frame
344°-164° for the west-facing frame
164°-344° for the east-facing frame

The maps demonstrate that there are significant differences in the weather incident on
each of the four experimental frames in terms of the amount of WDR, UV and sun
hours. The main WDR direction at Voll research fields is located in a sector from ap-
proximately 180°-270° at the horizon with the highest amounts at around 220° azimuth.

The west-facing and south-facing frames are oriented towards the main WDR direction
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Figure 4.2 The directional and spherical weather maps showing the weather incident on the
four supporting frames at the Voll research fields.
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at Voll, whereas the north-facing and east-facing frames are oriented towards areas of
the horizon outside the main WDR direction. The amounts of UV and sun hours in
the Northern Hemisphere are highest towards the south, and lowest towards the north.
The amounts of UV and sun hours towards the west-facing and east-facing frames
would have been identical had this frame been orientated directly towards the cardinal
compass directions. However, due to the 16° offset of the frame towards the west, the
amounts of UV and sun hours are slightly higher on the west-facing frame than on the
east-facing frame. The amounts of UV and sun hours incident on the west-facing and
the east-facing frames are roughly half of the amounts incident on the south-facing
frame.

The distribution of WDR on the sky as illustrated by the spherical weather maps
suggests that the highest amounts of WDR comes from an area of the sky located at
approximately 190°-250° azimuth and 45°-75° height angle (the red, orange, yellow
and green colored areas).Very low amounts of WDR falling at high angles are found in
the eastern sector from approximately 340°-160° azimuth angle.

A series of photos Fig. 4.3 of all samples were taken at the Voll research fields on a
winter’s day, January 17*, 2007, when the samples were covered in snow. The snow
deposits in the photos illustrate the main tendencies in the wind direction and conse-
quently also the main tendencies in the distribution of wind-driven rain at Voll.

The north-facing samples have little snow on them. Small amounts of snow have
piled up in the left corner of samples 5N, 6N, 7N and 8N. Note that the snow to the
left of Sample 4N is piled up on the plywood frame of the neighboring Sample 3N.
The small pile of snow in the left corners of the horizontal claddings shows the wind
direction towards the north-facing frame.

The south facing samples, except for Sample 1S have snow on them. On samples 4S,
58S, 6S, 7S and 8S the snow has piled up in the right side corners. This demonstrates the
direction of the wind towards the south-facing frame.

The west-facing samples are covered in large amounts of snow, except for Sample
1'W, which is covered in ice. These samples are facing the main wind direction at Voll.

The east-facing samples have little snow on them. These samples are facing a direc-
tion with little wind.
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North facing frame at Voll

.

164°

West facing frame at Voll

164°

East facing frame at Voll 1E 2E 3E

Figure 4.3  Photos demonstrating the main tendencies in the differences in precipitation
incident on the four supportive frames. Photos were taken on January 17® 2007.
Photo © Majbrit Hirche.
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4.3 Cladding 1

Fig. 4.4 shows an overview of the color development of the four samples of Cladding
1. For details of the color development please refer to Figs. 4.8-4.11. Figs. 4.5-4.7 show
the weather maps for Cladding 1.

4.3.1 Weathering color pattern
1W 1s darkest grey, followed by 1S, 1N and 1E as judged by the heartwood part of the
boards. All samples of Cladding 1 contain sapwood, which makes the weathering pattern
appear two-toned.

Sapwood is present in board numbers 1N1, 1N3, 1N5, 1N9, 1N13+ 1S1, 1S3, 1S5,
187,159 +1W1, 1W3, 1W5, 1W9 + 1E1, 1E3 and 1E7.

4.3.2  Analysis of the color development
Cladding 1 has a non-shaded type of geometry which allows for uniform weather
exposure over the total surface area. The directional and spherical weather maps Figs.
4.6 and 4.7 show that the four samples of Cladding 1 were exposed to weather from
180° sectors identical to the sectors opposing the experimental frames.

1W developed darkest grey of the four samples. The surface weather maps, Fig. 4.5,
suggest that, of the four samples, 1W was exposed to the highest amounts of WDR,
which may explain the fastest dark grey color development of 1W. Due to the tilting
of the frame as noted in Section 4.1.3, Sample 1W has possibly been exposed to even
higher amounts of WDR thus further accelerating the development of grey color on
Sample 1W.

1S developed a lighter grey nuance compared to 1W.The surface weather maps, Fig.
4.5, suggest that 1S was exposed to lower amounts of WDR compared to 1W.This
likely caused 1S to develop a lighter grey compared to 1W. In addition 1S was exposed
to very high amounts of UV and sun hours. This could dry out the surface of 1S at a
faster rate compared 1W, resulting in a shorter time with favorable conditions for dark
walled fungal growth on 1S compared to 1W.Thus the difference in exposure to UV
and sun hours most likely played a part in the grey color differences between 1S and
1W.

1N developed a lighter grey nuance compared to 1S.The surface weather maps, Fig.
4.5, suggest that 1N was exposed to a combination of low amounts of WDR, UV and
sun hours. The WDR exposure is significantly lower on 1N compared to 1S yet the
grey color of 1N is only slightly lighter than that of 1S. Exposure to low amounts of
UV and sun hours slow down the drying process and keeps the moisture content at
favorable conditions for fungal growth for longer periods of time compared to sun-
exposed surfaces. This condition is typical for north-facing surfaces and known as Time
of Wetness (TOW). Hence, very low amounts of UV and sun hours can explain why
1N developed a grey color, despite exposure to very low amounts of WDR.

1E developed a very light grey to brownish color. The surface weather maps, Fig. 4.5,
suggest that 1E was exposed to a combination of very low amounts of WDR and high
amounts of UV and sun hours. 1E developed a grey color nuance considerably lighter
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than the remaining samples. Only the sapwood part of the surface has developed a
clearly recognizable grey color tone, as seen on the right side of 1E1. It is possible, that
the light greyish nuance that developed after 20 months of exposure is caused by bleach-
ing of the extractives in the heartwood.The combination of low amounts of WDR and
high amounts of UV and sun hours kept the surface moisture content very low and
retarded the grey color development significantly compared to the other samples. 1E
could have been exposed to lower amounts of WDR due to the tilted frame as noted
in Section 4.1.3.

4.3.3 Edge effects

Cladding 1 was possibly affected by edge effect from the plywood protective frame.The
dark grey color on particularly Sample 1N on the lower part of boards 1N1, and the
upper and lower parts of 1N3 and 1N5 is not readily explainable by the presence of
sapwood in these boards. This color development could stem from exposure to an in-
direct water source possibly originating from water run off from the plywood roof.
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WDR mm/y UV hrs/y Sunhrsl/y

Sample 1N

Sample 1S

Sample 1W

Sample 1E

344°

-
~

164°

Normalized Intensity. Logarithmic scale

Figure 4.5 Cladding 1. Surface Weather Maps.

Figure 4.4 Cladding 1. Weathering colors of the four samples after 20 months of exposure to
weather at Voll research fields in Trondheim.
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Figure 4.6  Cladding 1.
Directional Weather Maps.
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Figure 4.7 Cladding 1.
Spherical Weather Maps.
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1N1 1N3 1NS 1N7 1N9 1N11 1N13

i
A
\\\\ | Color of the newly planed wood surface.

]

Figure 4.8  Sample 1N. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway.
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Figure 4.9  Sample 1S. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway. Note that in the middle section of board 1513 a
small part of the surface was not covered in the scanning process.
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W1 1TW3 1W5 w7 iweo  1w11 1W13

Color of the newly planed wood surface.

Figure 4.10  Sample 1W. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway.
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1E1 1E3 1ES 1E7 1E9 1E11 1E13

Figure 4.11  Sample 1E. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway.
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4.4 Cladding 2

Fig. 4.12 shows an overview of the color development of the four samples of Cladding
2 displayed in groups of the individual surfaces and as the pattern repeat. For details of
the color development please refer to Figs. 4.16-4.19. Figs. 4.13-4.15 show the surface,
directional and spherical weather maps for Cladding 2.

4.4.1 Weathering color pattern
2N has developed a color pattern of light grey on Face 1, light brownish to light grey
on Face 2, darker grey on Face 3 and a light brownish to light grey on Face 4 that re-
sembles the color of Face 2. End grain grey is present on Faces 2 and 4, and is most
pronounced on boards 2N6E+2N6W, 2NSE+2N8W and 2N10E+2N10W.

2S has developed a two-colored pattern on Face 1 characterized by brown extractive
deposits on the left edge and grey color on the right side. Faces 2 and 3 are dark grey.
Face 4 is brown with longitudinal streaks of extractives and a repeated pattern of end
grain grey.

2W has developed a pattern of grey color on all surfaces with variations in the grey
color nuances between the faces. In order of darkest to lightest grey: Face 3 is darkest
grey followed by Face 1, the grey color nuance of Faces 2 and 4 appear similar.

2E has developed a pattern of light grey to brownish on Face 1. Face 2 appears brown
with a fuzzy pattern of extractives. Face 3 has distinct color differences between early
and late wood which appear grey and brown respectively. Face 4 appears slightly dark-
er brown than Face 2.

4.4.2  Analysis of the color development
The surface weather maps, Fig. 4.13 suggest that the four surfaces of each of the four
samples were exposed to different amounts of WDR, UV and sun hours.

The directional and spherical weather maps, Figs. 4.14 and 4.15 demonstrate how
the four surfaces of this cladding type face different areas of the horizon. Due to the
directional differences in the distribution of weather atVoll, the individual surfaces face
areas of the horizon with significant differences in the amount of WDR, UV and sun
hours.

Face 3

Face 3 of Cladding 2, the foremost surface, has developed darker grey compared to the
other faces in the respective samples. Face 3 is a non-shaded surface. The exposure
conditions for Face 3 of the four samples of Cladding 2 can be compared to the expo-
sure conditions of corresponding samples of Cladding 1.The clearly darker grey colored
Face 3 surfaces are sapwood.

Sapwood is present in boards 2N6+2N8, 252+256+2S8, 2W2, 2W4 2W8 and
2E2+2E8.The surfaces of Face 3 have distinct color differences between early- and late
wood in the heartwood. The low density early wood has developed grey whereas the
higher density late wood is still brown. The visually distinct color diftferences between
early- and late wood of Face 3 is due to the tangential cutting pattern that creates
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broader bands of the annual rings making the color differences visually more pro-
nounced. On the radial cut surfaces, the color differences between early- and late wood
appear less pronounced to the eye.

Assessed by the grey color nuance of the early wood, Face 3 of 2W is darkest grey,
2N and 2S appear rather similar in both the grey color nuance of the early wood as
well as the brown color of the late wood. 2E is very light grey in the early wood and
still brown in the late wood.

The dark grey color of 2W agrees well with exposure to the highest amounts of
WDR facilitating favorable conditions for the growth of surface fungi. By contrast,
exposure to a combination of high amounts of UV and sun hours and low amounts of
WDR kept the surfaces of 2E Face 3 very dry which resulted in slow growth of surface
fungi. Faces 3 of 2N and 2E seem to be developing grey at the same rate. As proposed
in the analysis of 1S and 1N, these surfaces developed grey due to exposure to large
amounts of WDR 1in the case of 1S, and in the case of 1N it was argued that long TOW
due to low amounts of UV and sun hours facilitated the surface fungal growth. Face 3
of Samples 2S and 2N are exposed to similar weather conditions and the same explana-
tion for the grey color development applies for these surfaces. Due to the small surface
area of Face 3, and still clearly visible color differences between early- and late wood
in the tangentially cut surfaces, it is less easy to infer a definitive correlation between
the weather exposure and the color development of these surfaces.

Faces 2 and 4

Faces 2 and 4 of Cladding 2, the right and left side surfaces, are facing opposite direc-
tions of a 180° sector as demonstrated in the surface and spherical weather maps Figs.
4.14 and 4.15. Faces 2 and 4 are shaded by the geometry that creates differentiated
exposure conditions characterized by higher exposure on the outermost areas, which
gradually decreases towards the rear areas of the surfaces as illustrated in the surface
weather maps, Fig. 4.13.

A dark grey color developed on 2S Face 2 and 2W Faces 2 and 4. The surface
weather maps, Fig. 4.13 suggest that 2S Face 2 and 2W Face 4 were exposed to high
amounts of WDR. The directional and spherical weather maps show that these sur-
faces were facing the main WDR  direction at Voll. The dark grey color development
of these surfaces agrees well with exposure to high amounts of WDR which creates
favorable conditions for fast growth of dark walled fungi. The surface weather maps,
Fig. 4.13 suggest that Face 2 of 2W was exposed to significantly lower amounts of WDR
than 2W Face 4, yet the grey color nuances are similar. The directional weather maps,
Fig. 4.14 show that 2W Face 2 was facing a sector with significantly lower amounts of
WDR than 2W Face 4. The similarly fast grey color development of 2W Face 2 can
be explained by exposure to significantly lower amounts of UV and sun hours compared
to 2W Face 4. Exposure to low amounts of UV and sun hours could have kept 2W
Face 2 at favorable moisture content levels for longer periods of time, resulting in
longer periods of favorable growth conditions for dark walled fungi. Another possible
explanation for the fast dark grey color development of 2W Face 2 could be raindrop
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splash from 2W Faces 1 and 4 deflecting onto Face 2 and resulting in surface moisture
conditions similar to those of 2W Face 4.

A light brown to grey color developed on 2N Faces 2 and 4, and on 2E Face 4.
These surfaces developed grey at a significantly slower rate compared to the dark grey
surfaces discussed above. The photos taken after five years of exposure, Fig. 4.60 show
that these surfaces did develop grey over time, however a distinct grey color had not
developed after 20 months of exposure. The surface weather maps suggest that 2N
Faces 2 and 4 and 2E Face 4 were exposed to a combination of low amounts of WDR,
UV and sun hours. The directional weather maps, Fig. 4.14 show that these surfaces
were facing north and were turned away from the main WDR direction at Voll. The
slow rate of grey color development can be explained by exposure to very low amounts
of WDR. These surfaces were also exposed to low amounts of UV and sun hours
which 1s known to prolong the TOW that favor the growth of dark walled fungi. Still,
growth conditions for dark walled fungi were significantly less favorable on these
north-facing surfaces than on the surfaces which had been exposed to high amounts
of WDR.

A brown color with extractive deposits developed on 2S Face 4 and 2E Face 2.The
brown color of 2S Face 4 appears darker, and the extractive deposits more pronounced
than those on 2E Face 2.The surface weather maps, Fig. 4.13 suggest that these sur-
faces were exposed to a combination of very low amounts of WDR and high amounts
of UV and sun hours. The directional weather maps, Fig. 4.14 show that these surfaces
were turned away from the main WDR direction atVoll. The combination of very low
amounts of WDR and high amounts of UV and sun hours created surface moisture
levels that were too low for visually recognizable colonization of dark walled-fungi. The
extractive deposits on these surfaces could have developed during periodic wetting of
the surfaces or wetting from rain drop splash. The emergence of extractive deposits on
these dry surfaces could also have been influenced by interaction with the WDR -ex-
posed opposite side of the boards, i.e. Face 2 of 2S and Face 4 of 2E. Extractives could
have migrated with water from the wet to the dry surface of the protruding boards. In
the case of 2S Face 4, the exposure to high amounts of WDR on the opposite Face 2
could explain the fast-developing extractive deposits compared to 2E Face 2. A similar
process could have occurred, but at a slower rate in the case of exposure to low amounts
of WDR and slower rate of extractive development on the dry side as seen on 2E Face
2.The end grain grey clearly visible on 2S Face 4 can be explained by exposure to high
amounts of WDR on 2S Face 2. Some of the moisture may have been taken up by the
end grain, resulting in elevated amounts of moisture on the lower part of the otherwise
dry Face 4.

Face 1

Face 1 of Cladding 2 is oriented in the same compass direction as Face 3, but the pro-
truding vertical boards narrow down the angle opening towards the horizon as illus-
trated in the directional weather maps, Fig. 4.14. The surface weather maps, Fig. 4.13
show that Face 1 of the four samples was exposed to significantly different amounts of
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WDR_, UV and sun hours.

A dark grey color developed on 2W Face 1.The fast dark grey color development
can be explained by the surface direction towards the main WDR direction at Voll as
shown on the directional and spherical maps, Figs. 4.14 and 4.15.The surface weather
maps, Fig. 4.13 suggest that 2W Face 1 was exposed to significantly higher amounts of
WDR compared to Face 1 of the remaining samples. Exposure to high amounts of
water facilitated fast growth of dark walled fungi as was the case with 2S Face 2 and
2W Face 4.

A clearly lighter grey to brown color developed on Face 1 of 2S, 2N and 2E. Face 1
of 25 also developed extractive deposits along its left edge.

Sapwood seems to be present on the right hand side edge of these surfaces. On
2N and 2E, the sapwood shows as a darker brown color, except for board 2N7, on
which it shows as a dark grey edge. On 28, the sapwood shows as a dark grey right
side hand edge. The sapwood tissue appears on corresponding locations of the sam-
ples. Sapwood is typically clearly distinguishable from the heartwood when colonized
by dark walled fungi. This appears to be the case on the right hand side grey edges
of 2S Face 1.The surface weather maps, Fig. 4.13 suggest that 2N and 2E Face 1 were
exposed to low amounts of WDR, yet the sapwood did not develop grey coloring,
except for 2N7.The color variations on Face 1 of 2N and 2E can be explained by
bleaching of extractives in the left hand side heartwood part of the boards, which
would visually distinguish the heartwood from the sapwood. The darker grey right
side edge of 2N7 1s a color deviation from the pattern repeat as are the locally dark
grey areas of the lower parts of boards 2N5, 2N7, 2N9 and 2N11. Similar color de-
viations are found on corresponding surfaces of 2S. It is suspected that these parts of
Samples 2N and 2S were exposed to elevated amounts of water coming from the
roof of the plywood case. The late stage photos, Fig. 4.60 show that over time the
roof developed a downward sloping curve, which could have directed water from the
roof to the lower parts of the centrally located surfaces of 2N and 2S.The grey color
development of the right hand side area of 2S Face 1 can be explained by exposure
to high amounts of WDR,, as suggested by the surface weather maps, Fig. 4.13. The
surface weather maps also suggest that the left hand side of 2S Face 1 was exposed
very low amounts of WDR and high amounts of UV and sun hours. The extractive
deposits on the left hand side of this surface can be explained by the migration of
extractives from the WDR -exposed right hand side to the drier left hand side area,
where they deposited.

The light grey color development of 2N Face 1 can be explained by exposure to
low amounts of WDR. It might also, as suggested above, be explained by exposure to
light which caused the extractives in the heartwood to bleach and appear greyish. The
surface weather maps, Fig. 4.13 suggest that the left hand side of 2N Face 1 was exposed
to a combination of low amounts of WDR and sun hours. This could have caused
bleaching of extractives as well as some surface fungal growth.

The still very brown appearance of 2E Face 1 can be explained by exposure to very
low amounts of WDR in combination with high amounts of UV and sun hours, as

107



CHAPTER 4: RESULTS AND DISCUSSION

suggested by the surface weather maps, Fig. 4.13. These surfaces faced sectors that were
oriented away from the main WDR direction at Voll. Weather towards 2E Face 1 was
very dry and colonization of dark walled fungi occurred at a slow rate. The photos
taken after five years of exposure, Fig 4.60 show that 2E Face 1 did indeed develop grey,
however it was still lighter than Face 1 of the other samples.

4.4.3 Edge effects

The uppermost areas were shaded from direct exposure to precipitation by the ply-
wood roof. The shading effect of the roof is visible on the uppermost areas of the
modeled surfaces in the WDR surface weather maps Fig. 4.13. The brown color on
the upper most areas can be explained by the absence of exposure to WDR, hence
the absence of colonization by dark walled fungi. It is also likely that extractives mi-
grate from the WDR -exposed lower areas to drier areas right below the plywood roof,
where they deposit on the surface. The brown color under the plywood roof is
clearly distinguishable, whereas the adjacent lower area surface color is grey. This ap-
plies to 2N Face 1, 2S Faces 1 and 2,2W Faces 1, 2 and 4. Where the surface color is
predominantly brown, a clearly distinguishable effect from the shading of the roof'is
not readily observable. This applies to 2N Faces 2 and 4, 2S Face 4 and 2E Faces 1,2
and 4.

The spherical weather maps, Fig. 4.15 show that precipitation is characterized by low
amounts falling at high angles in the sectors corresponding to 2N and 2E. By contrast,
precipitation corresponding to 2W and 2S, except for 2S Face 4, is characterized by
high amounts of WDR falling at low angles. The roof of the plywood frame may have
influenced the access of WDR to the surfaces, particularly of 2N and 2E where the
shading effect from the roof is more pronounced when rain falls at high angles. The
shading effect of the roof may be less pronounced towards the surfaces of 2W and 2S
due to WDR falling at low angles.
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Cross-section showing location of the surfaces
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Figure 4.12  Cladding 2. Weathering colors of the four samples after 20 months of exposure
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to weather at the Voll research fields in Trondheim. The surfaces are displayed in groups of the
individual surfaces and as pattern repeat.
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Cross-section showing location of the surfaces.
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Figure 4.14  Cladding 2. Directional weather maps for the individual surfaces of Cladding 2.
The white areas indicate sectors corresponding to the angle openings of the surfaces.
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2N11 2N2E 2N4E 2N6E 2N8E 2N10E
Face 1 Face 2

Figure 4.16  Sample 2N. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway. From left to right face 1,2, 3 and 4.
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2S11 2S2W 2S4W  2S6W 2S8W 2S10W
Face 1 Face 2

Figure 4.17 Sample 2S. Color development after 20 months of exposure to weather at the Voll
research fields in Trondheim, Norway. From left to right face 1,2, 3 and 4.
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2W11 2W2N 2W4N 2W6N 2W8N 2W10N
Face 1 Face 2

Figure 4.18  Sample 2W. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway. From left to right face 1, 2,3 and 4.
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2E1 2E3 2E11 2E2S 2E4S 2E6S 2E8S 2E10S
Face 1 Face 2

Figure 4.19 Sample 2E. Color development after 20 months of exposure to weather at the Voll
research fields in Trondheim, Norway. From left to right face 1, 2, 3 and 4.

120



2E10 2E2N 2E4N 2E6N 2E8N 2ETON

Face 3 Face 4

]

Wi
Color of the newly planed wood surface |

121



CHAPTER 4: RESULTS AND DISCUSSION

4.5 Cladding 3

Fig. 4.20 shows an overview of the color development of the four samples of Cladding
3 displayed in groups of the individual surfaces and as pattern repeat. For details of the
color development please refer to Figs. 4.24-4.27. Figs. 4.21, 4.22 and 4.23 show the
weather map modeling for Cladding 3.

4.5.1 Weathering color pattern

Cladding 3 shares geometrical features with Cladding 2 except that Cladding 3 was
designed with protruding vertical boards that were twice the depth of those of Cladding
2. Comparing the surfaces of Cladding 3, Fig. 4.20 with corresponding surfaces of
Cladding 2, Fig. 4.12 shows that the color development of Cladding 3 follows the same
pattern as that of Cladding 2.

4.5.2  Analysis of the color development

The most distinct differences appear in the rate of grey color development of 3S Faces
1 and 2 and 3W Faces 1, 2 and 4. The grey color nuance is lighter on these surfaces of
Cladding 3 compared to corresponding surfaces of Cladding 2.

The directional and spherical weather maps for Cladding 3, Figs. 4.22 and 4.23
compared to corresponding maps for Cladding 2, Figs. 4.14 and 4.15 demonstrate how
the angle openings towards weather for Faces 1, 2 and 4 narrows as the relief deepens.
The angle openings towards weather for Face 3 of Claddings 3 and 2 are identical.

The amount of WDR, UV and sun hours are all lower for Face 1 of Cladding 3 than
for the corresponding Face of Cladding 2 as modeled in the surface weather maps, Figs.
4.21 and 4.13.This is the result of the shade created by the extended length of the
protruding vertical boards.

The surface weather maps for Faces 2 and 4 of Cladding 3, Fig. 4.21 compared to
Faces 2 and 4 of Cladding 2, Fig. 4.13 show that the weather exposure of the outermost
half of these surfaces is identical.

The surface weather maps modeled for the rear half Faces 2 and 4 of Cladding 3
show a gradual decrease in the amount of WDR, UV and sun hours. The surface
weather maps for Face 3 of Claddings 3 and 2 are identical, since these surfaces have
identical locations in the respective samples.

Face 3

Face 3 of Claddings 3 and 2 share the same weather exposure conditions, and weathered
in a similar manner. Sapwood is present in Face 3 of Cladding 3 in Boards
3N2+3N4+3N10, 3S4+3S6+3S10, and 3E4+3E6+3E10. Face 3 of 3W was not
scanned.

Faces 2 and 4

Faces 2 and 4 of Cladding 3, Fig. 4.20 compared to corresponding surfaces of Clad-
ding 2, Fig. 4.12 show that the surfaces share the same weathering characteristics
on the outermost halves. The outermost halves are exposed to identical weather

122



conditions since the geometry of these parts of the claddings is identical.

Faces 2 and 4 of 3N, Face 4 of 3S, Faces 2 and 4 of 3E are predominantly brown on
the foremost half and the color nuances continue towards the rear of these surfaces.

Sapwood is present in the outermost areas of Faces 2 and 4 where they adjoin Face
3 on boards 3N2E+3N10E, 3N2W+3N10W, 3S4W+3S6W+3S8W+3S10W,
3W2N+3W4N+3WON+3WEN-+3W 10N+ 3W2S+3W4S+3W6S+3W8S+3W 108,
3E4S+3E6S+3E8S+3E10S, 3E4N+3E6N+3E8N, and 3E10NN.

The dark grey color streaks on 3N2E+3N10E, and 3N4W+3N10W originate from
cracks in the upper end grain area of these boards. It is likely that water originating from
the plywood root'is the cause of elevated levels of moisture content that facilitated the
growth of surface fungi locally. The cracks may have developed due to exposure to
water or they may have been present from the beginning of the experiment. In either
case the cracks collected and directed water onto the surfaces, resulting in dark grey
streaks that are visually pronounced on the brown color background of these surfaces.

Face 2 of 3S and Faces 2 and 4 of 3W have developed a gradual transition from grey
on the outermost part to a brown color towards the rear. This feature in the color de-
velopment of the deeper relief cladding type corresponds to the information in the
surface weather maps, Fig. 4.21. The maps show that the amount of WDR exposure
decreases towards the rear. Lower amounts of WDR on the rear half can explain the
decrease in the rate of the surface fungal growth, resulting in a brown color.

Face 1

Face 1 of Cladding 3, Fig. 4.20 compared to Face 1 of Cladding 2, Fig. 4.12 shows the
same tendencies in color development, except that Face 1 of Cladding 3 developed grey
at a slower rate than corresponding faces of Cladding 2.

Sapwood seems to be present on the right hand side edges of Face 1 of Cladding 3 as
was the case for Face 1 of Cladding 2. The sapwood is particularly visible on right hand
side of 3S and 3W as darker grey color compared to the neighboring heartwood tissue.

The surface weather maps suggest that exposure to WDR, UV and sun hours is
lower for Face 1 of Cladding 3 than for corresponding surfaces of Cladding 2. This
decrease in weather exposure on Face 1 is caused by the extended length of the pro-
truding elements that decrease the angle opening towards weather. The slower rate of
grey color development of Face 1 of Cladding 3 can be explained by the narrowing of
the angle opening that reduced WDR access to Face 1.

4.5.3 Edge effects
Extractive deposits and dark grey color are visible on the uppermost areas of 3N Faces
1,2 and 4 which is an indication of exposure to water. Since these areas should have
been protected from direct exposure to water, it is likely that water exposure origi-
nated from the roof of the plywood frame.

Brown color and extractives are visible on the uppermost areas of 3S, 3W and 3E
Faces 1,2 and 4. These deviations have their origins in the shade created by the plywood
roof, as discussed in the analysis of Cladding 2.

123



CHAPTER 4: RESULTS AND DISCUSSION

Cross-section showing location of the surfaces.
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Figure 4.20  Cladding 3. Weathering colors of the four samples after 20 months of exposure
to weather at the Voll research fields in Trondheim. The surfaces are displayed in groups of the
individual surfaces and as pattern repeat.
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Figure 4.23  Cladding 3. Spherical weather maps for the individual surfaces of cladding 3.
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Figure 4.24  Sample 3N. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway.
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Figure 4.25 Sample 3S. Color development after 20 months of exposure to weather at the Voll
research fields in Trondheim, Norway.
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Figure 4.27  Sample 3E. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway.
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4.6 Cladding 4
Fig. 4.28 shows an overview of the color development of the four samples of Cladding
4. For details in the color development please refer to Figs. 4.32-4.35. Figs. 4.29-4.31
show the weather maps modeled for Cladding 4.

The geometry of Cladding 4 is similar to that of Cladding 1 except for the direction
of the boards that are mounted horizontally in cladding 4. The directional, spherical
and surface weather maps modeled for Cladding 4 are identical to the maps modeled

for Cladding 1.

4.6.1 Weathering color pattern
The heartwood parts of Sample 4W appear to be slightly darker grey than those of 4S
followed by 4N and 4E.These samples also contain sapwood which makes the weath-
ering pattern appear two-toned.

Sapwood is clearly wisible in boards 4N5+4N7+4N15+4N17+4N19,
4S5+4S7+4S15+4S517+4519, 4W1+4W5+4W15+4W17+4W19, and 4E17+4E19.

4.6.2  Analysis of the color development

Comparing the overview of the color development for Cladding, 4 Fig. 28 to that of
Cladding 1, Fig. 4.4 shows that 4W appears lighter grey than 1W, and 4E appears to be
darker brown than 1E. Comparing 4S to 1S and 4N to 1N show that the heartwood
color nuance of these samples appear to be of similar grey color tone.

Logically, all samples of Cladding 4 should have developed color similar to corre-
sponding samples of Cladding 1.The differences between 4W+4E and 1W+1E can be
explained by the tilted east-west facing frame as discussed in Section 4.1.3. It is likely
that the weathering color of 4W and 4E represent the weather exposure of vertically
standing claddings whereas 1W and 1E represent the weathering under the tilted con-
ditions.

The lowermost boards of Cladding 4, Boards 21, were unplaned. In all four samples,
Boards 21 appear darker and more homogeneous compared to the other planed sur-
faces in the respective samples. The darker and more homogeneous appearance can be
explained by the roughness of the unplaned surface, which blurs the color differences
between early and late wood. These differences are more distinctive on the planed
surfaces. The darker appearance can also be explained by capillary suction in the numer-
ous strands of end grain in the surfaces created during machining of the wet logs.

4.6.3 Edge effects

Sample 4E was possibly affected by edge effect from the plywood protective frame.
There appears to be a darker grey color on the right hand side of the cladding which
could have originated from water dripping off the plywood roof.
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Figure 4.32  Sample 4N. Color development after 20 months of exposure to weather at
Voll research fields in Trondheim, Norway.
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Figure 4.33  Sample 4S. Color development after 20 months of exposure to weather at the

Voll research fields in Trondheim, Norway.
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Figure 4.35  Sample 4E. Color development after 20 months of exposure to weather at the
Voll research fields in Trondheim, Norway.
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4.7 Cladding 5

Fig. 4.36 shows an overview of the color development of the four samples of Cladding
5 displayed in groups of the individual surfaces and as the pattern repeat. For details in
the color development please refer to Figs. 4.40-4.43. Figs. 4.37, 4.38 and 4.39 show
the weather maps modeled for Cladding 5.

4.7.1 Weathering color pattern
5N has developed a pattern of two-colored Face 1, characterized by a grey colored
streak on the lowermost part of the boards and brown with extractives on the upper
area. Face 2 is dark grey with a light covering of bird droppings. Face 3 is dark grey.
Face 4 is brown and grey with extractives, and a grey edge on the foremost part adjoin-
ing Face 3.

5S has developed a pattern of two-colored Face 1, characterized by dark grey color-
ing of the lower half of the boards, and brown with extractives on the upper part.
Faces 2 and 3 are dark grey. Face 4 is grey-brown with extractives and a grey edge on
the foremost part adjoining Face 3.

5W has developed a pattern of two-colored Face 1, characterized by dark grey color
on the larger part of the surface area, and a streak of brown with extractives on the up-
permost part. Faces 2 and 3 are dark grey. Face 4 has a pattern of grey-brown with
extractives and a grey edge on the foremost part adjoining Face 3.

5E has developed a pattern of two-colored Face 1, characterized by light grey to
brown color on the lowermost half and brown color with some extractives on the up-
permost part. Face 2 is light grey with substantial coverage of bird droppings. Face 3 is
grey on the early wood and brown on the latewood tissue. Face 4 is brown with extrac-
tives and a grey edge on the foremost part adjoining Face 3.

4.7.2  Analysis of the color development
The directional and spherical weather maps for Faces 1 and 2, Figs. 4.38 and 4.39 are
shown as identical maps. For both faces, the angle opening towards weather is illustrated
as a 165° opening calculated from the center of the place where Faces 1 and 2 adjoin.
The horizontal angle opening of Face 1 can change a maximum of 15° in the sideways
horizontal plane, but does not change when changing the point of calculation in a ver-
tical plane. The horizontal angle opening of Face 2 can change a maximum of 15° in
the horizontal plane from its minimum angle opening of 165° at the rear, to a maximum
opening of 180° where face 2 adjoins Face 3. No better solution was found than illus-
trating the horizontal angle openings towards weather in a similar manner for Faces 1
and 2. Face 3 is illustrated with a 180° angle opening, similar to Face 3 of Claddings 2
and 3. Face 4 is fully shaded, which is illustrated as a complete masking of the sector.
The directional and spherical weather maps, Figs. 4.38 and 4.39 demonstrate that the
four surfaces in this cladding type face the same 180° sector, as opposed to the surfaces
of Claddings 2 and 3 that face different parts of the horizon. Cladding 5 has large angle
openings towards the horizon, whereas Claddings 2 and 3 have narrower angle openings.
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The vertical sides of the plywood frame narrow the weather access of Faces 1 and 2.
Without the plywood frame, the angle opening towards the horizon would be a 180°
sector identical to that of Face 3.

The horizontally protruding boards of this cladding type create gradual shade on
Faces 1 and 2. Face 3 is non-shaded and Face 4 is fully shaded. The significant differ-
ences in the surface shade conditions create differences in weather accessibility to the
surfaces, resulting in significant color variations of the surfaces of the cladding type.
Most pronounced is the color contrast between the upward facing Face 2, and down-
ward facing Face 4, that developed grey and brown color respectively. The four samples
of Cladding 5 developed similar characteristic color patterns towards the four directions
atVoll, however distinct differences in the proportion of grey and brown color developed
on Face 1.

Face 1

Face 1 of all samples of Cladding 5 developed a two-colored surface characterized by
grey on the lower, and brown with extractives on the upper parts of the surfaces. 5W
developed the darkest and most grey coverage, followed by 5S, 5N and 5E.

Sapwood seems to be present on the lowermost part of Face 1 of all samples. On 5E
sapwood is only clearly recognizable on 5E1, 5E5 and 5E7.

The directional weather map, Fig. 4.38 shows that 5W and 5S were facing the main
WDR direction atVoll and 5N and 5E were turned away from the main WDR direc-
tion. The spherical WDR weather maps, Fig. 4.39 suggests that WDR falls in high
amounts at low angles directly towards 5W and 5S, whereas low amounts of WDR fall
at high angles towards 5N and 5E.

The surface weather maps, Fig. 4.37 suggest that the WDR exposure pattern for Face
1 1s characterized by the highest exposure towards the lower parts of 5W, followed by
55, 5N and 5E. This WDR exposure pattern agrees well with the color development
of Face 1 of the four samples. Exposure to high amounts of WDR on a large part of
the lower surface area facilitated the fast growth of dark walled fungi on 5W. Exposure
to lower amounts of WDR over a smaller area can explain why 5S Face 1 developed a
smaller area of grey compared to 5W Face 1. In addition, 5S Face 1 was exposed to
high amounts of UV and sun hours which may have shortened the TOW resulting in
shorter periods of favorable moisture conditions for surface fungal growth. Exposure
to low amounts of WDR falling at high angles can explain why 5N Face 1 developed
a small streak of grey on the lowermost edge. Note that sapwood is present in the low-
ermost part of Face 1, which could be the cause of the grey streaks particularly visible
on 5N. Exposure to a combination of very low amounts of WDR_, in combination with
high amounts of UV and sun hours, kept 5E Face 1 very dry, which retarded the growth
of surface fungi significantly compared to 5W/, 5S and 5N.

Extractives developed at the upper border of the grey color of Face 1.The emergence
of extractives can be explained by migration of water containing soluble extractives
from the lower WDR -exposed areas to the upper drier areas of the surfaces where they
deposit.
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Face 2

Face 2 of 5W developed uniform dark grey color whereas Face 2 of 5S, 5N and 5E
developed dark grey on the foremost half, and dark brown on the rear part of the sur-
faces. In addition, bird droppings cover a substantial part of 5E, and to a lesser degree
Face 2 of 5N.The surface weather maps, Fig. 4.37 suggest that Face 2 of 5W was ex-
posed to high amounts of WDR covering the total surface area, which can explain the
dark and uniform grey color development of 5W.The surface weather maps suggest
that Face 2 of 5S was exposed to high amounts of WDR on its foremost part gradu-
ally decreasing to the rear part of the surface. This can explain the brown color to the
rear of Face 2 of 5S.The surface weather maps suggest a similar WDR exposure pattern
of Face 2 of 5N and 5E, with significantly lower amounts of WDR to the front of the
surfaces and a decrease towards the rear. This can explain the grey color in the front and
brown color towards the rear of these surfaces.

Birds seem to have likes using the horizontally protruding boards of Cladding 5 as a
resting place. 5E was heavily covered with bird droppings. There was significantly less
on 5N, and practically none on 5W and 5S. Exposure of 5W and 58S to regular showers
probably washed the droppings off these surfaces, whereas dirt remains on 5E, due to
the low amounts of WDR directed towards these surfaces. Whether dirt was washed
away from 5N by rain, or if the shady, north-facing location is just a less attractive rest-
ing place for birds remains an open question.

Face 3

Face 3 of the four samples of Cladding 5 share the same exposure conditions as Face 3
of Claddings 2 and 3. It appears that these foremost, non-shaded surfaces of Cladding
5 are somewhat darker grey than corresponding surfaces of Claddings 2 and 3.This can
be explained by water running off the slightly downward inclined Face 2, resulting in
elevated amounts of water on Face 3.This favors fast growth of dark walled fungi.

Face 4

Face 4 of 5W and 5S has developed a grey-brown color, whereas 5N and 5E appear
clearly more brown than grey. These surfaces are downward facing and unexposed to
direct weather, yet have still developed weathering colors. The brown color clearly
visible on Face 4 of all samples may have developed from exposure to daylight, heat
and possibly also reflections from sun rays. The grey color particularly visible on 5W
and 5S most likely stems from raindrops splashing from Faces 1 and 2, and being de-
flected onto Face 4. 5W and 5S were facing sectors with large amounts of WDR
falling at low angles, as suggested by the spherical weather maps, Fig. 4.39. This can
explain why Face 4 of these two samples developed a grey-brown color. 5N and 5E
were facing sectors with significantly lower amounts of WDR falling at high angles,
likely resulting in less wetting of Face 4 from deflected raindrop splash. The foremost
edge that adjoins Face 3 has developed dark grey on all samples. This dark grey color
streak most likely originates from the WDR -exposed Face 3 that adjoins Face 4. Wet-
ting of this surface, and water running off Face 3, most likely adds moisture to the
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adjoining area of Face 4. This results in favorable growth conditions for dark walled
fungi.

Extractives also developed on these downward facing surfaces. Extractives may have
developed as a result of migration and deposit caused by moisture from rain-drop splash.
Extractives may also have developed as a result of extractive-containing water migrating
from the WDR -exposed Face 2 to the drier opposite surfaces of Face 4. This extractive
migration pattern was also suggested for Face 4 of 2S and 3S and Face 2 of 2E and 3E.

4.7.3 Edge effects

The color development of the lowermost boards of Face 1, (Boards 17) and Face 4
(Boards 16) is distinguished from that of the remaining surfaces of Faces 1 and 4.This
is particularly visible on 5S and 5W. The geometry of these surfaces differs from the
geometry of the remaining surfaces. These two boards finish the cladding and there are
no horizontally protruding boards below to play a part in the color development of the
above-located surfaces.

The grey color on the left and right sides of Face 1 of all samples covers a larger area
than the central part of the surfaces. It is likely that this particular color development
of Face 1 is an edge effect caused by the vertical sides of the plywood protective frame.
In the event of WDR,, raindrops also hit the plywood side surfaces from where splash
may project onto the left and right sides of Face 1. Capillary action in the end grain
areas of these surfaces also likely contribute to elevated amounts of moisture in the end
grain regions, resulting in more favorable growth conditions for dark walled fungi
compared to the central parts of these surfaces.

Left and right sides of Face 4 of all samples also have distinct color differences be-
tween the end grain regions and the central areas, however less pronounced than those
of Face 1.This detail in the color development could likewise stem from a combination
of edge effects from the vertical plywood sides and capillary actions in the end grain
areas.
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Figure 4.36  Left side. Cladding 5. Weathering colors of the four sam-
ples after 20 months of exposure to weather at the Voll research fields
in Trondheim. Displayed in groups of the individual surfaces and as the
pattern repeat.
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Figure 4.38  Cladding 5. Directional weather maps for the individual surfaces of Cladding 5.
The white areas indicate sectors corrosponding to the angle openings of the surfaces.
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Figure 4.39  Cladding 5. Spherical weather maps for the individual surfaces of Cladding 5.
The white areas indicate sectors corrosponding to the angle openings of the surfaces.
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4.8 Cladding 6

Fig. 4.44 shows an overview of the color development of the four samples of Cladding
6 displayed in groups of the individual surfaces and as the pattern repeat. For details of
the color development please refer to Figs. 4.48-4.51. Figs. 4.45-4.47 show the weath-
er maps modeled for Cladding 6.

4.8.1 Weathering color pattern

Claddings 6 and 5 largely share the same geometrical features, except that Cladding 6
was designed with protruding horizontal boards twice the depth of those of Cladding
5. Comparing the surfaces of Cladding 6, Fig. 4.44 with corresponding surfaces of
Cladding 5, Fig. 4.36 shows that the color development of Cladding 6 is very similar
to that of Cladding 5.

4.8.2  Analysis of the color development

The color difterences between Claddings 6 and 5 are most distinct on Face 1.The grey
color appears lighter and covers a smaller area of the lower part of Face 1 of Cladding
6 compared to that of Face 1 of Cladding 5.

The directional and spherical weather maps, Figs. 4.46 and 4.47 for Faces 1 and 2 of
Cladding 6 compared to corresponding maps for Cladding, 5 Figs. 4.38 and 4.39 dem-
onstrate how the angle openings towards weather narrows as the relief deepens. The
angle openings towards weather for Faces 3 and 4 are identical for Claddings 6 and 5.

The surface weather maps for Cladding 6, Fig. 4.45 compared to the surface weath-
er maps for Cladding 5, Fig. 4.37 show that the amount of WDR, UV and sun hours
modeled for Cladding 6, Faces 1 and 2 is lower than corresponding surfaces of Cladding
5, Faces 1 and 2. This is the result of the shade created by the extended length of the
protruding horizontal boards. It appears that the color development caused by the in-
creased depth of Cladding 6 compared to that of Cladding 5 exhibits the same tenden-
cies as was seen when comparing the color development of Cladding 3 with that of
Cladding 2: the narrowing of the angle openings towards weather caused by the in-
creased depth result in lower amounts of WDR incident on the rear areas of the
deeper relief claddings. Exposure to lower amounts of WDR resulted in slower rate of
grey color development on the rear part of the deeper reliet claddings. In the case of
Cladding 6, a slower rate of grey development was found on Face 1 and the rear part
of Face 2.

4.8.3 Edge effects
The edge effects on Cladding 6 are similar to those seen on Cladding 5.
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4.9 Cladding 7

Cladding 7 was removed from the experiment. There was some suspicion that an ex-
change may have occurred during removal and experimentation with ways to document
cladding coloring; it is thought that 7W may have been unintentionally exchanged with
7E.
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Figure 4.44  Left side. Cladding 6. Weathering colors of the four samples
after 20 months of exposure to weather at the Voll research fields in
Trondheim. Displayed in groups of the individual surfaces and as the
pattern repeat.
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Figure 4.46 Cladding 6. Directional weather maps for the individual surfaces of Cladding 6.
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4.10 Cladding 8

Fig. 4.52 shows an overview of the color development of the weather- and construction
sides of the four samples of Cladding 8. For details of the color development please refer
to Figs. 4.56-4.59. Figs. 4.53-4.55 show the weather maps modeled for Cladding 8.

4.10.1 Weathering color pattern

The weather side surfaces of all four samples of Cladding 8 have developed a similar type

of color pattern characterized by grey on the lower and brown with extractives on the

upper part of the boards. The extent of the grey and brown areas varies on the four samples.
8W has developed the largest grey coverage and a small line of brown with extrac-

tives on the upper edges.

8S has a slightly smaller area of grey and a proportionally larger area of brown with
extractives on the upper part of the boards compared to 8W.

8N and 8E have the smallest grey coverage and appear rather similar. The extractive
deposits cover the upper half and are considerable.

The construction side surfaces of the four samples have also developed similarities
in the color development characterized by a pattern of grey-brown on the lower and
brown on the upper part of the boards. A line of extractives has developed in the bor-
der region between the grey and brown color. 8N and 8E appear very similar in the
color nuances and pattern. Likewise 8S and 8W appear similar in color and pattern. 8S
and 8W are darker grey than 8N and 8E. Board 8S3 is lighter brown than the remain-
ing surfaces of sample 8S.This surface was planed, whereas the remaining construction
side surfaces of the four samples were unplaned.

4.10.2 Analysis of the color development

This cladding type is characterized by inclined boards that overlap. Every overlapping
board creates shade on the uppermost part of the board right below it. The cladding
has a weather side and a construction side. The weather side surfaces are exposed to
higher amounts of WDR, UV and sun hours than vertically positioned surfaces such as
on Claddings 1 and 4, due to the inclined position towards the sky. By contrast, the
construction side surfaces are fully shaded.

Weather side surfaces
The directional weather maps, Fig. 4.54 show that 8W and 8S were facing the main WDR
direction atVoll whereas 8N and 8E were facing areas with low amounts of WDR. The
spherical weather maps, Fig. 4.55 show that WDR falls in high amounts at low angles to-
wards 8W and 8S and by contrast falls in low amounts at high angles towards 8N and 8E.
The surface weather maps, Fig. 4.53 suggest a WDR exposure pattern of the weather side
surfaces characterized by exposure to high amounts of WDR on the lower part of the boards
and significantly lower amounts on the uppermost part of the boards. The amount of WDR
towards 8W and 8S is significantly higher than towards 8N and 8E.This WDR exposure
pattern agrees well with the color development of the four samples of Cladding 8.
Exposure to high amounts of WDR on the majority of the surface area explains the
large coverage of grey color on 8W and 8S. Exposure to lower amounts of WDR on a
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smaller area of the lower part of the boards explains the smaller area of grey color cov-
erage on 8N and S8E.

The extractive deposits developed on the upper areas of the surfaces that were
shaded by boards protruding from above. It appears likely that the extractives migrated
from the lower WDR -exposed part of the surfaces to the drier upper areas where they
were deposited. A similar pattern of grey on the lower, and brown with extractives on
the upper part of the surfaces developed on Face 1 of Claddings 5 and 6, as seen in Figs.
4.36 and 4.44. Likewise, the surface weather maps for Face 1 of Claddings 5 and 6 sug-
gest a WDR exposure pattern that resembles that of Cladding 8.

Construction side surfaces

The construction side surfaces were fully shaded, yet they too developed weathering
colors. The color development of the construction side surfaces resembles that of the
fully shaded Face 4 of Claddings 5 and 6 as seen in Figs. 4.36 and 4.44. In all cases the
west and south facing samples developed more grey color, whereas the north and east
facing samples developed more brown color. The grey color development of the fully
shaded construction side surfaces can be explained by raindrop splash from the weather
side surfaces that project to the above located construction side surface. The clearly more
grey appearance of Samples 8W and 8S can be explained by exposure to higher amounts
of WDR on the weather side surfaces that may cause more raindrop splash onto the
construction side. By contrast the amount of WDR incident on the weather side of 8N
and 8E were significantly lower which can explain why these surfaces appear browner.

The extractives can be explained by migration from the WDR-exposed weather side
surfaces to the opposite drier construction side. It is also possible that wetting caused
by raindrop splash contributed to the development of extractive deposits on the con-
struction side. A similar color pattern developed on the equally fully shaded surfaces on
Face 4 of Claddings 5 and 6.

Board 8S3 on the construction side was planed and appears clearly more brown than
the remaining grey-looking planed surfaces of Sample 8S.This color variation indicates
less favorable growth conditions for dark walled fungi compared to remaining unplaned
surfaces. During the planing process, the surface is slightly compressed, which increas-
es the wood density in the uppermost cell layers. Higher density material requires more
water to reach a moisture content level above the fiber saturation point, which is a
necessary condition for surface fungal growth.

4.10.3 Edge effects

It appears that the vertical plywood sides influenced the color development of the left
and right hand side areas of both the weather and construction side surfaces. The left
and right sides have more grey coverage compared to the central areas of the boards.
This pattern was also present on Faces 1 and 4 of Claddings 5 and 6. Raindrop splash
projecting from the vertical sides of the plywood frame, in combination with capillary
suction in the end grain areas, are most likely the cause of the larger coverage of grey
color on the left and right hand sides of the boards.
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Figure 4.52  Cladding 8. Weathering colors of the four samples after 20 months of exposure to
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Figure 4.57 Cladding 8S. Color development after 20 months of exposure to weather at the
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Figure 4.59 Cladding 8E. Color development after 20 months of exposure to weather at the
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4.11 Summary of the color development of the claddings

4.11.1 Claddings 1 and 4

The geometry of Claddings 1 and 4 is characterized by a plane surface composed of
vertical and horizontal boards respectively. This cladding type is non-shaded and weath-
er has access to the total surface area. The four samples of Claddings 1 and 4 developed
grey color at different rates. The darkest grey color was found on 1W, 4W, 1S and 4S.
The fast dark grey color development agrees with exposure to the highest amounts of
WDR at the experimental site at Voll. A lighter grey color developed on 1N and 4N,
presumably due to exposure to a combination of low amounts of WDR, UV and sun
hours. This provided longer TOW, which favored the surface fungal growth on these
samples. 1E and 4E developed the lightest grey color of the four samples, which agrees
well with exposure to a combination of low amounts of WDR and high amounts of
UV and sun hours. This kept these surfaces very dry, thus retarding the surface fungal
growth. The two-colored appearance of Claddings 1 and 4, and to a lesser extent of
Samples 1W and 4W is the result of the presence of mixed sapwood and heartwood
tissue.

4.11.2 Claddings 2 and 3

The geometry of Claddings 2 and 3 is characterized by vertically protruding boards.
The boards of Cladding 3 have twice the depth of those of Cladding 2. The right and
left hand sides of the protruding boards (Faces 2 and 4) have gradual shade from the
outside to the rear of the surfaces, and create shade on Face 1. Face 3 is non-shaded.
The right and left hand sides of the protruding boards in a cladding with this geometry
face different areas of the horizon as demonstrated in the directional weather maps.This
particular feature of the geometry allows for exposure to different types of weather
incident on Faces 2 and 4.The experiment demonstrated that the cladding type has
several different weathering color pattern potentials. In cases of exposure to WDR on
one side and solar radiation on the other side of the protruding boards, these surfaces
can develop grey on one and brown color on the opposite side. This is seen on Samples
2§, 3S, 2E and 3E.This type of cladding may also develop mono color grey in cases of
exposure to rain on both sides of the protruding boards. This is seen on Sample 2W.
Sample 3W also appeared to be experiencing a process of grey mono color develop-
ment, however this was not clearly visible at the time of documenting the weathering
colors. The weathering color patterns of 2N and 3N were heavily influenced by colors
developed due to exposure to indirect water, which made the color pattern appear less
distinct.

The four samples of Cladding 3 developed a color pattern very similar to correspond-
ing samples of Cladding 2. The extended length of the protruding boards resulted in
narrower angle openings towards weather, as illustrated in the directional weather maps.
This resulted in exposure to lower amounts of weather incident on Face 1 and the rear
halves of Faces 2 and 4. This was particularly visible on WDR-exposed surfaces that
developed lighter grey compared to corresponding samples of Cladding 2.
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The information in the directional weather maps agrees well with the color develop-
ment of Claddings 2 and 3. Surfaces exposed to high amounts of WDR falling at low
angles quickly developed grey color. This was seen on 2W, 3W and 28, 3S Faces 1, 2
and 3. Surfaces exposed to low amounts of WDR falling at high angles developed grey
at a slower rate as seen on 2N, 3N, 2E and 3E Faces 1, 3 and 4. Surfaces exposed to low
amounts of WDR in combination with high amounts of UV and solar radiation devel-
oped brown color as seen on 2S and 3S Face 4 + 2E and 3E Face 2.The latter was only
clearly recognizable in the photos taken after five years of exposure, Fig. 4.60.

4.11.3 Claddings 5 and 6

The geometry of Claddings 5 and 6 is characterized by horizontally protruding boards.
The boards of Cladding 6 have twice the depths as those of Cladding 5.The protruding
boards create significant differences in the shading conditions of the four surfaces of
this cladding type. Faces 1 and 2 had differentiated shade, Face 3 is non-shaded, and
Face 4 is fully shaded. The differences in the shading conditions resulted in significant
color differences of the surfaces.

The four samples of Cladding 5 developed similarities in the color pattern. The color
pattern of the four samples was characterized by a two-colored Face 1 that developed
grey on the lower part and brown with extractives on the upper part, and grey colored
Faces 2 and 3. Face 4 developed a grey to brown color with extractive deposits. The
principal differences in the color development of the four samples of Cladding 5 were
found on the two-colored Face 1, where the proportion of grey and brown vary sig-
nificantly. The largest coverage of grey color was found on 5W and 5S, which agrees
well with exposure to large amounts of WDR falling at low height angles as illustrated
in the spherical weather maps. The smallest coverage of grey color was found on 5N
and 5E, which agrees with exposure to low amounts of WDR falling at high height
angles as illustrated in the spherical weather maps.

The four samples of Cladding 6 developed a color pattern very similar to correspond-
ing samples of Cladding 5. The principal differences between corresponding samples of
Cladding 5 and 6 was found on Face 1 where the grey color on the lower part of the
surfaces was lighter and covered a smaller area on the four samples of Cladding 6 compared
to Cladding 5. Longer protruding horizontal boards of Cladding 6 caused a narrower
access of WDR to Face 1, resulting in a lighter grey color and coverage of a smaller area
of the lower part of Face 1 of Cladding 6 compared to Face 1 of Cladding 5.

4.11.4 Cladding 8

The geometry of Cladding 8 is characterized by horizontally inclined boards that over-
lap. The overlap creates shade on the upper areas of the weather side boards resulting in
a weathering color pattern characterized by grey on the lower part and brown with
extractives above the grey area, right below the overlapping board. This weathering
color pattern was found on all four samples. The proportion of grey and brown varies
with the WDR exposure conditions. In the event of exposure to large amounts of WDR
falling at low height angles, the grey area covered the larger part of the surfaces. In the
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event of exposure to lower amounts of WDR falling at high angles the shading effect
of the protruding boards was higher, resulting in a smaller area of grey and a larger area
of extractive deposits.

4.12 Weathering colors after five years of exposure

Fig. 4.60 shows photos of Claddings 1-6 and 8 taken five years after the beginning of
the experiment. These photos show that the tendencies in the color development after
20 months of exposure are to a large extent also discernible after five years of exposure

4.12.1 Claddings 1 and 4

Claddings 1 and 4 are a mono grey color. The mottled appearance of the surfaces stems
from wasps rasping. It seems that the vertical mounted boards of Cladding 1 are more
attractive to wasps than the horizontal boards of Cladding 4.Vertical rasping is perhaps
the preferred working position for wasps?

4.12.2 Claddings 2 and 3

The color pattern that developed after 20 months of exposure is still clearly visible
after five years of exposure. It is particularly noticeable that Samples 2S and 3S Face 4,
as well as 2E and 3E Face 2 are still clearly brown with extractives.

4.12.3 Claddings 5 and 6

The pattern of the two-colored Face 1 of these claddings is still clearly visible after five
years of exposure. It is noticeable that the extractive deposits on the upper area of Face
1 are clearly more visible on Cladding 5 than on corresponding surfaces of Cladding 6.

4.12.4 Cladding 8

The pattern of two-colored weather side surfaces is also recognizable on the four
samples of Cladding 8. It appears that 8W is a mono grey color whereas 8NN, 8S and 8E
still clearly have streaks of extractives on the upper part of the surfaces.

190



191



CHAPTER 4: RESULTS AND DISCUSSION

2N

Face 1 Face 1 and 4 Face 1and 3

North facing frame at Voll

28

South facing frame at Voll
Face 1 and 4 Face 1and 3

2w 2w

West facing frame at Voll Face 1 Face 1 and 4 Face 1 and 3

2E 2E

Face 1 Face 1 and 4 Face 1and 3

East facing frame at Voll

Figure 4.60  Claddings 1, 2 and 3. Color development after exposure to weather at the Voll
research fields from February 112006 to September 11" 2010. Claddings 4, 5, 6 and 8 are
displayed on the next page. Photo © Majbrit Hirche.
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North facing frame at Voll

South facing frame at Voll

West facing frame at Voll

344°

A

\
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164°

East facing frame at Voll

6N

Face 1 Face 1and 3 Face 1and 3

Face 1 Face 1and 3

Face 1 Face 1and 3 Face 1and 3

5E 6E

Face 1 Face 1and 3 Face 1and 3

Figure 4.60 Continued from previous page. Claddings 4, 5, 6 and 8. Color development after
exposure to weather at the Voll research fields from February 11"2006 to September 11% 2010.

Photo © Majbrit Hirche.
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4.13 Evaluation of the experimental procedures

Methods for the experimental procedures were developed specifically for this work and
used here for the first time, and hence a great deal of experience was gained throughout
the cause of the study. For the sake of future reproduction of this kind of experimental
setup, the following notes were made on ideas for improvement of the procedures.

End grain protection

Protecting the end grain areas of the claddings was considered important and the solu-
tion for doing so was to insert the cladding into a plywood protective frame. This solu-
tion seems to be workable, however details in the construction need to be improved.

The plywood roofs bended downward towards the weather side of some of the clad-
dings, which directed water from the roof onto the claddings. This resulted in deviations
from the pattern repeat. This was particularly visible on 2N and 3N. A solution to this
problem could be constructing the roof with a backward slope allowing for water to
run off behind the claddings.

The protective frames seem to have influenced the color development of particu-
larly the left and right hand sides of the horizontal claddings, possibly due to reflections
from raindrop splash from the vertical sides of the plywood frame. A solution to this
problem could be making the samples larger. This would create a larger area at the
central part of the horizontal claddings that was unaffected by this edge effect.

The protective frame was produced in 150 and 200mm depths due to varying depths
of the claddings. This doesn’t seem to have influenced the color development however,
a single size frame would probably have been preferential.

Distance to the ground

In this experiment all samples were mounted on the supporting frames at a minimum
height of 60cm above ground in order to minimize the effect of exposure to water
splash and snow drift on the lowermost parts of the claddings. One might consider
lowering the samples in future experimentation to more closely simulate real life situ-
ations in which the lower parts of a cladding are typically situated close to the ground.
In a typical situation, the lower parts of particularly vertical claddings would most
likely develop end grain grey coloring due to capillary action.

The size of the samples

The claddings in this experiment measured 600x900mm? including the plywood pro-
tective frame. One might consider increasing the size of the samples. Larger size samples
would facilitate weathering on a larger area, thus minimizing the proportional size of
the edge effects from a protective frame, provided that one is used. Larger size samples
may also be preferable if the samples are mounted at a lower distance to the ground, as
discussed above.
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Scanning procedures

Scanning of the weathered surfaces proved a very interesting method for documentation
of the colors. In order to optimize the procedures, following time-saving improvements
are recommended:

The cladding should be constructed in a way that allows for fast and easy disassembly
and reassembly of the boards. In this project ordinary screws were used. Unscrewing
the fasteners was time-consuming, since the screws had fastened tightly into the wood.
Likewise, reassembling the claddings after scanning took a long time.

The scanning should be performed using equipment with the size of the total length
of the boards. In this project an A3 size flatbed scanner was used. Every board needed
to be handled twice in order to capture the entire surface area. The scanning process,
as well as the post-processing of merging the two halves of a board into a single image,
was very time consuming. In addition, the merging of the scanned images had undesired
esthetic consequences, particularly on the vertical claddings where the middle part of
the surface was omitted.

One might consider scanning all surfaces prior to weather exposure. Photo-docu-
mentation of the initial color would serve as a good baseline reference for effectively
communicating the progression in the color development. In addition, documentation
of the starting point could be useful for some aspects of the subsequent analysis of the
color development. For instance, it might prove invaluable in helping confirm wheth-
er a crack in the wood was present from the beginning of the experiment or developed
at a later stage, as discussed in Section 4.3 regarding the surfaces of 3N2E, 3N10E,
3N4W and 3N10W.

4.14 Evaluation of the weather maps

The directional, spherical and surface weather maps developed for this study is designed
to visualize the main weather factors responsible for weathering of untreated wooden
surfaces, i.e. rain and solar radiation. The information provided by the maps is used to
understand the relationship between local weather conditions at the Voll research fields
and the weathering colors and color patterns that develops on the wooden claddings
in this experiment.

The directional weather map provides an overview of the distribution of WDR, UV
and sun hours from a 360° sector at Voll. With this information, the main characteristics
of weather in the total sector is easily understood and related to the Voll site plan, as
well as to the direction of the samples and that of the individual surfaces. The method
of using horizontal sections of the claddings showing the angle openings towards weath-
er, in combination with the display of the specific areas of the weather maps that cor-
responds to the angle openings, is a useful method for specitying the weather elements
relevant for the analysis of the individual surfaces.

The spherical weather map provides a visualization of WDR as it is distributed in
the sky above the Voll research fields. With this information, it is possible to point out
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the main tendencies in the distribution of WDR in terms of both azimuth and height
angles.

The spherical weather map provides useful information, particularly in the analysis
of the horizontal relief claddings where the height angle of the precipitation is critical
to the exposure of the shaded surface areas.

The surface weather maps provide an image of the distribution of WDR, UV and
sun hours on the individual surfaces of the claddings. With this information, it is pos-
sible to compare the actual weathering colors of the individual surfaces of the claddings
to a modeled image of the exposure conditions. The surface weather maps provide
interesting suggestions for the understanding of the relationship between weather ex-
posure and cladding design.

The surface weather maps only provide information on the weather exposure con-
ditions. Understanding the wood surface reactions to the weather exposure requires
knowledge of the biological and chemical weathering processes.

The WDR surface weather maps provide information on the direct WDR exposure.
Exposure from indirect weather such as raindrop splash is not included in the visualiza-
tions. However, the results suggested that color development due to indirect WDR
exposure played a part in understanding the actual full color development of the sur-
faces.

Despite the simple methods used for calculating WDR, UV and sun hours, the maps
provide convincing information on the weather conditions at the Voll research fields
that is in agreement with the weathering color development of the claddings in this
experiment.



5 Discussion

The experimental setup in this work was designed to lend better understanding to how
untreated wooden claddings with different geometries develop weathering colors when
exposed to different weather conditions. No prior investigation of this kind has been
reported hence little research based information is available for comparison to the results
obtained in this work.

It has been customary to use case studies as the primary source of information about
weathering colors of wooden cladding and consequently conventional guidelines for
the building sector are mainly based on experience derived from built works. How-
ever, some of the results obtained in this work clearly bring into question the veracity
of key aspects of conventional knowledge in the field. The principal areas of discussion
concerns the use of

* Compass direction as a guideline for predicting color development of wooden
cladding

* The cladding geometry as a guideline for predicting weathering colors and color
pattern

In the following, conventional knowledge and guidelines are discussed in relation to
the results obtained from this experiment.

5.1 Compass direction as a guideline for predicting color development
of wooden cladding

North facing wooden facades are commonly associated with fast mono color grey
weathering (Larsen, K.E. and Mattsson, J. 2009). However, the weathering that occurred
under the prevailing weather conditions at the Voll research fields did not comply with
this rule of thumb. The fastest and most uniform grey color development occurred
towards the main WDR_ direction i.e. west and south-west, as shown in the directional
weather map.

South-facing wooden surfaces are associated with brown color development after a
period of grey color in the initial phases of weathering (Larsen, K.E. and Mattsson, J.
2009). The south-facing surfaces in this experiment developed grey. It seems unlikely
that the south-facing surfaces, weathered under the prevailing weather conditions at
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Voll, will, with time, turn brown. The south-facing surfaces are exposed to WDR as
demonstrated in the directional weather map and repeated exposure to moisture is
likely to favor the continuous growth of dark walled fungi, thus keeping these surfaces
grey colored.

In this experiment, the south-facing instances closest to complying with a brown
color development are the brown colored 25+3S Face 4 and 2E+3E Face 2. These
samples were mounted at the south- and east- facing supporting frames respectively.
The brown colored surfaces of these samples were facing east and south respectively as
demonstrated in the directional weather maps Figs. 4.14 and 4.22.The brown color of
these surfaces weathered under conditions characterized by low amounts of WDR in
combination with high amounts of UV and sun hours, which kept the growth condi-
tions for colonization of dark walled fungi at a minimum apart from the lower ends of
the boards. Exposure to this combination of weather is known to cause brown color
development on south facing surfaces in high altitude regions. The UV-intensity in-
creases with the altitude. This experiment was carried out at an altitude of 127m A.S.L.,
and hence the weather conditions under which these surfaces developed brown cannot
readily be compared to conditions in high altitude locations. It appears that the brown
color of these surfaces is primarily the result of extractive deposits rather than UV-
exposure and the accumulation of lignin degradation products on the surfaces.

It is questionable to what extent the use of compass directions is a valid point of
reference for predicting color development of wooden surfaces and cladding. The fast
and uniform grey color development associated with north-facing surfaces may in some
instances apply, whereas in other instances orientation towards the main WDR direction
is the dominant factor in the grey color development. The brown color development
associated with the south-facing surfaces is equally uncertain. In high altitude regions,
where low amounts of WDR in combination with increased levels of UV radiation are
found, the brown colored south-facing wooden surfaces are often seen. Due to the
decrease in the UV-intensity from high to low altitude locations, a general rule of thumb
that associates brown color to the south-facing direction should be used only when it
is certain that the wooden surfaces are to weather in high altitude locations.

Another problem associated with using compass directions as a guideline for weath-
ering color development is that the geometry factor of the wooden cladding is left out.
The weathering colors and color patterns are created through the interaction of geom-
etry and weather, as demonstrated in this work. It is the specific location in the context
of the specific cladding geometry in combination with the specific exposure conditions
of the individual surfaces that determine the color development. The use of compass
direction as a guideline for color development is far too open-meshed for any realistic
evaluation of the color development of wooden claddings.

A final remark on the use of compass directions concerns the problem that current
guidelines only assess the cardinal compass directions: north and south. Building enve-
lopes may face several directions, hence guidelines that consider only two directions are
inadequate for evaluating the potential exposure conditions of the total building enve-
lope.
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Weathering of wooden claddings is a context-dependent phenomenon. The princi-
pal factors to include in an evaluation of the color options of a wooden cladding are
the geometry and the actual exposure options.

Any general statement that relates compass direction to color development of a
wooden surface is uncertain and the risk of misguiding the end users is high. In this
work, methods for modeling and visualization of the in-situ weather 1.e. WDR, UV
and sun hours, were developed. These tools provide far more detailed information on
the weather factors that must be taken into consideration when assessing color options
for untreated wooden claddings than the current use of compass directions. In order to
establish a realistic relationship between compass direction, exposure- and color options
of any given wooden cladding, it is essential to know the specific in-situ weather con-
ditions at the building site. Without accurate knowledge of the actual weather conditions
at a site, any prediction of weathering colors and color pattern of wooden claddings is
guesswork.

5.2 The cladding geometry as a guideline for predicting weathering
colors of wooden cladding

Conventional knowledge of color development of different types of cladding geometries
associate the plane type of cladding geometries with uniform mono color grey weath-
ering, and relief types of claddings with multi-color weathering (SINTEF Byggtorsk
2008). The latter involves extractive deposits however, this aspect of weathering is not
further specified in current literature on weathering of wooden cladding. The results
in this work demonstrate that the plane type of cladding displays the mono color grey
option whereas the relief types display both mono and multi-color options. The mono
color grey option for the relief type of cladding occurred on Cladding 2 Samples 2W
and also at a later phase on the deeper relief Cladding 3 Sample 3W. In addition, 8W
was close to mono color grey except for a minor brown streak on the upper edges.

Accurate prediction of colors based on the geometry seems possible with plane types
of cladding. Plane types of cladding geometries are much simpler compared to the
relief types since there is only one surface type and no shading elements to interact with
the weather exposure. The rate of grey color development of the plane types may vary,
as clearly demonstrated in this work.The mono color brown option did not occur on
the plane type of claddings in this experiment. This color option is typical for high
altitude regions and it remains an open question whether this color option is also avail-
able to plane cladding types located in the lowlands of temperate zones.

Predicting the color development of relief types of claddings requires knowledge of
the color potentials of the specific type of geometry. As demonstrated in this work, one
cladding type may have several color pattern options. Which color pattern ultimately
develops depends on the actual exposure. The phenomenon of several color pattern
options for identical types of claddings was particularly clear on Cladding type 2 and 3
in this work. Only when the color potentials for at specific type of cladding is studied
and documented is it possible to realistically assess and evaluate the color options for
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the cladding in question in relation to the exposure conditions available at a given
building site.

The claddings in this work were made of primarily heartwood of Scots Pine (Pinus
Sylvestris L.). The presence of sapwood in the claddings was not intended. Conclusions
regarding color options related to a specific type of cladding are based on the results
obtained from this experiment, hence limited to one type of wood species, tissue and
surface character only. However, as demonstrated in the framework for design options
Fig. 3.12, a number of variables can be applied to the design which most likely would
add more color options to a cladding.

An idea that emerged during the analysis of the results was to deliberately use sap-
wood to help facilitate grey color development on areas of a cladding that are less
likely to develop grey, for instance due to dry surface conditions caused by shade. One
proposed additional experiment would be to replace Face 1 of Cladding 5+6 with
boards containing mixed sapwood and heartwood. Mounting the boards with the sap-
wood part up at the dry area and the heartwood part on the WDR -exposed area could
perhaps lead to grey color development on areas that would otherwise develop extrac-
tive deposits. This design variable could result in a mono color grey of Face 1 of this
type of cladding, thus adding another color pattern option to the already documented
weathering color patterns of this cladding type. Likewise the use of unplaned surfaces
could add interesting nuances to a color pattern. These examples are but some thoughts
on creative ways to deliberately use the potentials of wood to create interestingly weath-
ered claddings.

Relying on the compass direction and/or the geometry of a cladding for the predic-
tion of weathering colors and color patterns of a wooden cladding is highly uncertain.
The optimal basis for assessing the color potentials of a wooden cladding is knowledge
of the in-situ weather conditions. One way of obtaining information about the in-situ
weather is by means of weather maps generated from local weather data, as illustrated
in this work. With information on the in-situ weather conditions, it is possible to assess
the specific weather at the building site and to evaluate possible exposure- and weath-
ering color options of a wooden cladding and facade.



6 Suggestions for future research

The results obtained in this work point to a number of interesting options for further
development of this field of research in ways that address not just the architectural
profession but also the general public, for whom the use of untreated wood in outdoor
applications may be of interest.

Suggestions for future research focuses on three principal areas:

1. Further experimental research
2. Further development of weather diagrams
3. Publications on wood weathering

Further experimental research

Investigating weathering colors of wooden claddings by means of experimental meth-
ods that resemble conditions in a building context seems like a very good strategy. It
allows for the best possible use of information obtained from an experimental environ-
ment to address problems that arise in real life situations.

The options for designing a cladding are numerous as discussed in Chapter 3. All
options represent design variables for the construction of a wooden cladding and there-
fore also design variables regarding weathering. The framework shown in Fig. 3.12 may
serve as inspiration for future research on specific elements present in a wooden cladding.

Of particular interest for further experimental investigation is to understand more
about

* Weathering of wood species grown in the Nordic region. A growing number of
consumers assess and choose wood material based on environmental, political and
ethical considerations.Very often overseas wood is used as facade material due to
powerful marketing of these products and lack of locally produced alternatives. It
would be of high interest to investigate material grown in the near regions from
the perspectives of weathering as well as durability in the above ground environ-
ment.
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Weathering of wood with different surface characteristics. Although only a limited
number of unplaned surfaces were present in this work, it seems that weathering of
unplaned surfaces differs from that of planed surfaces in ways that are potentially
very interesting for designing with color variations of the wooden surfaces.

Mono color grey weathering, and in particular silver grey weathering, are often
appreciated and requested by the consumer. It would be of high interest to further
investigate options for obtaining specific weathered appearances of wooden clad-
ding and to communicate this information to the consumers. Pre-weathered ma-
terial could be one interesting research activity within this area, as well as investi-
gating options for implementing and controlling surface fungal growth on areas
that are less likely to be exposed to weather conditions that facilitate biological
weathering.

In-situ weather conditions play a vital role in the way that untreated wooden
cladding develops its unique color pattern, as was clearly demonstrated in this
work. It would be of interest to investigate weathering of untreated wooden clad-
ding under different weather conditions such as those prevalent in urban, wood-
land, coastal and mountainous locations.

The presence of extractive deposits as part of the weathering color pattern of a
wooden cladding is often regarded as a negative consequence of weathering. How-
ever, this wood weathering color option has interesting perspectives. It would be
of interest to develop a series of claddings that make deliberate use of extractives
as part of the color design and to communicate this fascinating and unique weath-
ering color option to the consumer.

Sapwood is an interesting type of wood tissue due to its ability to quickly facilitate
colonization of dark walled fungi. Sapwood is also a high quality substrate for
wood decaying fungi and always recommended against due to the risk of rotting
when it is exposed to water. However, if used with care, sapwood could perhaps
replace heartwood in locations that are exposed to only very small amounts of
water. This would facilitate grey color development in these locations. It would
be interesting to carry out experiments where sapwood is studied from the per-
spective of weathering in a predominantly dry outdoor environment.

Wood is available in a large variety of tissue types. Differences in density, toxicity, porosity,
cell type and -organization, as well as the chemical composition of the cell wall matrix and
the extractives are all variables that come into play in the processes of weathering, It would
be of interest to carry out experiments on a variety of tissue types to understand more
about the details of weathering with regard to color nuances and surface materiality. More
understanding of the details of the weathering of different types of wood tissue would
further enlarge the register of refined wood weathering design options.



* Claddings may be grouped into typologies according to the geometric features.
In this work, two types were defined: plane and relief types. Relief types can be
further sub-grouped and the surface shade characteristics of the types described
by means of diftuse light simulations, as was demonstrated in this work.The clad-
ding types can be tested experimentally, in a manner similar to what was done in
this work, and the weathering color options related to the specific cladding type
documented and analyzed. A study like this could form the basis for a catalogue
of basic cladding types and their related color pattern options under different
weather conditions. The catalogue could be expanded as more knowledge 1s ac-
cumulated on details in color variations between tissue types, surface character and
other factors of interest.

* Weathering is a process that develops over time.The time factor is included in the
weathering equation: wood + design + weather + time = weathering. However
in this work, the time factor was only discussed to a limited extent. Knowledge of
the visual appearance of a wooden cladding as the process develops is of interest
to further understand and document. This knowledge can be used to inform and
prepare the client for the different stages of weathering and the related visual ap-
pearance of the cladding, thus creating realistic expectations of the color develop-
ment in all stages of weathering.

* The color description of the weathered wood turned out to be a challenging task
as discussed in Section 4.1.1. It would be of interest to further study this particu-
lar aspect of wood weathering in order to communicate effectively the broad range
of color nuances of weathered wood surfaces.

Further development of weather diagrams

The three types of diagrams proved very useful for understanding the relationship be-
tween the in-situ weather at the Voll research fields and the weathering colors of the
claddings in the experiment. But the diagrams have wide-ranging perspectives for use
in the architectural profession, as well as to consumers in general.

The directional weather map, complemented by the WDR spherical map, can be
used to gain a fast overview of the dominant weather conditions at a given site. The
directional weather map can supplement site plans, terrain- and plantation maps and
other materials that provide the architect with information about the building site. The
information provided by this type of map can be used as inspiration for designing ar-
chitecture that is specifically adapted to the in-situ weather conditions in an effort to
achieve a predictable outcome. For instance, information on the directional distribution
of WDR can be implemented in the overall design scheme for the building and its
relation to the location, as well as the choice of materials and detailing according to the
main exposure conditions at the site.

Surface weather maps can be used to simulate the distribution of WDR, UV and sun
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hours on the surfaces, as demonstrated in this work. The weather exposure can be
simulated at any given time in the design process and provide the architect with useful
information about what to expect in terms of surface weather exposure. The design can
be evaluated and modified according to the simulated weather exposure and the inten-
tions of the architectural ideas, for instance in relation to the design of construction
details and the choice of materials.

In the design of wooden envelopes, and in particular when untreated wood is used,
the possibility of simulating weather has very interesting perspectives. Information on
weather and in particular WDR on the wood surface area can be used as a guideline
for choosing wood quality. With reference to the results obtained in this work, the
weather conditions simulated for the west and east facing surfaces represented wet and
dry surface weather conditions respectively. This kind of information, should it be read-
ily available in the design process, can open up very interesting design options. For
instance, wood species and qualities that today are recommended against may actually
be used on areas of the envelope where dry surface conditions are to be expected. A
more detailed knowledge of weather exposure conditions allows for a much more dif-
ferentiated approach to the use of wood material than is currently practiced. At best,
realistic expectations of what surface weather, and hence what coloring results to expect,
could inspire creative exploration of the limitless options available for designing with
wood as facade material.

Of particular interest for further research activities related to the weather diagrams are:

» Validate the applicability of the three types of weather diagrams. One research
activity would be to carry out experimental as well as field studies, where weath-
ered wooden claddings are compared to the information in weather diagrams
based on data from nearby weather stations. In order to understand more about
the possibilities and limitations of the surtace weather maps, it would be of inter-
est to compare a WDR exposure pattern as calculated by Computational Fluid
Dynamics modeling (CFD) to the WDR exposure pattern as calculated by the
surface weather maps.

* Develop software that can translate information on WDR and solar radiation to
weathering colors of the modeled wood surfaces and claddings. R enderings that
illustrate the weathering color and color pattern would be a very useful tool, used
to create realistic images of the color potentials of a given surface and cladding.

e Put up for debate present day standards for recommendations for the use of un-
treated wood in above ground outdoor applications with regard to durability.
Although this work focuses on wood weathering, it also provides knowledge on
aspects of in-situ weather with particular regard to WDR that can be applied to
the field of durability of untreated wood.
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* The diffuse light simulations developed for this project and discussed in Section
3.1.4 allows for the study of shade pattern created by the geometry of a cladding.
It would be of interest to further develop the method of diffuse light simulations
for studies on how different types of surface shade and shade patterns relate to
different types of color development.

Publications on wood weathering

Publications available on weathering of untreated wooden claddings can roughly be
grouped into four categories: scientific articles, building guidelines typically published
by building research institutes, architectural publications and commercial sales promo-
tional material.

Scientific articles on wood weathering typically have little relevance in practical
architectural design. Understanding the content requires an expert’s knowledge. The
language is highly technical and the topics concern narrow aspects of wood and wood
weathering.

Building guidelines typically combine science based knowledge with experience from
built works. Publications address the general public and the information relates to actual
problems in building contexts. Unfortunately, more often than not, the authors advocate
for certain types of outcome of the weathering processes. The concealed esthetical agen-
da is promoted through biased language and stressed with photos that favor one type of
color development and discourage others. It is a problematic mixture of personal prefer-
ences and scientific publishing that inevitably influences consumers’ choices.

Architectural publications on wood architecture predominantly focus on the archi-
tecture and not specifically on the weathering aspects of the facade and the cladding.
New constructions are published as soon as the work is finished and off course at this
stage of development the wooden cladding always appears in the mono color of the
fresh wood. Aspects of weathering of untreated wooden claddings are rarely mentioned.

Commercial sales promotional material typically claims that information is based on
scientific knowledge, and may even be recommended by experts. Commercial promo-
tional material, by its very nature to support the sale of a particular product must be
regarded as highly biased.

In the opinion of the author, publications on weathering that target the end user,
must combine solid science based knowledge with objective information that can inspire
and encourage the reader to further pursue constructing with untreated wood in out-
door applications.

This would include publications that:
* Describe the multiplicity of options for creating interestingly weathered wooden

claddings and facades, and provide guidelines on how to achieve a particular
weathered look of the cladding and the facade.
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CHAPTER 6: SUGGESTIONS FOR FUTURE RESEARCH

e Describe the natural wood weathering processes in a way that combines the tech-
nical aspects of weathering with visually inspirational photos that demonstrate the
multitude of options with regard to color and materiality of the weathered wood-
en surface. The author would like to specifically recognize the beautifully designed
work on wood anatomy by Rudi Wagenfithr (Wagenfiihr, R. 1999) as a source of

inspiration.

The suggestions presented here for future activities in this particular branch of wood
weathering research represent but a limited selection of ideas on how to develop the
field. The suggestions all relate to practical use in building design. As stressed through-
out this work, the options for combining wood, design and weather to create interest-
ingly weathered wooden claddings and facades are infinite. Equally infinite are the
options for research activities that can produce new knowledge which one can hope
will inspire and encourage the use of untreated wood as facade material.
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APPENDIX A. FROTTAGES OF SAMPLE 2N, 2S,2W AND 2E
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APPENDIX B. DRAWINGS OF THE CLADDINGS IN THE EXPERIMENT

Claddings mounted in a 150mm deep plywood protective frame

Plywood frame Cladding 1 Cladding 2 Cladding 4 Cladding 5

Claddings mounted in a 200mm deep plywood protective frame

Plywood frame Cladding 3 Cladding 5 Cladding 7 Cladding 8

f“fen
900
&
— 25
75
VA
22

All measures are derived from a standard size unadjusted board of Scots Pine measuring
1"x3” or 25x75mm. Upon planing the surface is cut 3mm. The protective frames are made of
18mm plywood boards from spruce. All measures are in mm.
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APPENDIX C. METHODS AND MODELS APPLIED IN THE CONSTRUCTION OF THE WEATHER MAPS

Weather Maps

Steen Aagaard S¢rensen

May 2, 2014

Abstract

This minute summarizes the methods and models applied in the con-
struction of weather maps and surface weather exposure visualizations.

1 Data and Model Basis

The data basis for all diagrams is a set of weather time series data obtained
in the period 1999 - 2006 from an automatic weather station (type ” Vaisela”)
placed at the experimental site. With the identification number 68860 (WMO
01257), the applied station is part of the weather station network operated by
the Norwegian Institute of Meteorology (MET Norway).

The following elements are used :

218

RR: Accumulated amount of precipitation in the data point observation
period (i.c. one hour) in units of mm (equivalent to liter/m?). The
amount of precipitation is determined by weighing. This implies that
precipitation in other forms than liquid water (e.g. snow or hail) is
accounted for as the amount of water after melting. Occasionally, the
element is denoted RR_1 to emphasize the collection period of one hour.

RT: Number of minutes with precipitation during the period of collec-
tion.

DM: Average wind direction during the data point observation period
(i.c. one hour) measured 10 meters above terrain. The average direction
is reported in degrees measured clock-wise from true North.

FM: Average wind speed during the data point observation period (i.c.
one hour) measured 10 meters above terrain. The average wind speed is
reported in units of m/s.

TA: Average air temperature during the data point observation period
(i.c. one hour). Reported in degrees centigrades.



The time resolution of one hour is the highest resolution obtainable from acces-
sible data archives. Due to irregularities in the operation of the precipitation
and wind speed gauges during 2007 - 2009, the time series has been trimmed
down to cover 1999 - 2006 only.

1.1 Wind Driven Rain

The amount of wind driven rain (WDR) (i.e. the amount of rain driven by
wind onto a vertical surface) is estimated by the Lacy WDR expression':
FM

RRwpr ~ 0,222 _RR 1
o (£E60min /h)0:123 (1)

The expression estimates the amount of water, RRw pr, collected on a verti-
cal surface directly facing the wind direction (surface normal parallel to wind
direction) in a data point observation period. RR denotes the amount of rain
falling on a horizontal surface during RT minutes and with the wind speed
FM. Lacy’s expression is derived from the flux consideration:

RRwpr = " RR
Uy
with v, and v, denoting the horizontal and vertical speed of rain drops, re-
spectively. During the fall of a raindrop in the atmosphere, a steady-state will
form with v, equal to the local wind speed: If the horizontal speed of the
drop exceeds the horizontal speed of the surrounding air mass, the drop will
be slowed down by the air resistance. Conversely, if the horizontal speed of
the drops is lower than the horizontal speed of the surrounding air, the drop
will be accelerated by the air drag. Hence, vy, can be directly replaced by F M.
The terminal value of the vertical speed of the drop depends upon the size of
the drop as it is determined by a balance between gravity and buoyancy on
one side and air resistance on the other. Lacy’s WDR model uses the empir-
ical values of the terminal vertical speed established by Gunn and Kinzer?.
With this basis, the ratio Z—’Z (known as the catch ratio) may be estimated for
a given rain drop size. A rain shower consists of a continues distribution of
drop sizes depending on the intensity of the shower. From empirical studies,
Best? has established a relation between shower intensity expressed as mm rain
falling on a horizontal surface per hour and the drop size distribution. For a

!B. Blocken, J. Carmeliet: J. Wind Engineering and Industrial Aerodynamics, 92 (2004)
1079-1130

2R. Gunn, G. D. Kinzer: J. Meteorology, 6 (1949) 243-248

3A. C. Best: Quarterly J. Roy. Met. Soc. 76 (1950) 16-36
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one-hour based observation point, the average shower intensity is estimated by

then ratio: r
Now combining this with the Best size distribution and the terminal speed

measurements of Gunn and Kinzer gives the average catch ratio estimate:

—0,123
< Z—: >n 0,222 (g—?GOmin/h)
As mentioned, the Lacy expression (1) estimates the amount of WDR falling
on a vertical surface facing the wind direction. If we have a fixed surface
and a number of rain events with different wind directions, the total amount
of WDR on the surface is calculated as the sum of contributions from the
individual events weighted by cosine of the angle between wind direction and
surface normal, i.e.:

FM;

RR ~ 0,222 . ‘
WDR Z (1;%?1 60min/h)0,123

)

RR; cos(DM; — ) (2)

with the sum including observations with wind direction in the interval £90°
around the surface normal direction, 6.

When dealing with WDR in the framework of the Lacy model, the following
reservations are to be observed:

e The Lacy expression in the forms (1) and (2) estimates the amount of
WDR assuming an unperturbed wind field. No attempts have been made
to take into account the effects of buildings, vegetation, terrain or any
other sources of wind field perturbation. The standard document ISO
15927-3 introduces a number of corrections for the Lacy expression: The
topography factor, T', the terrain factor, R, the obstruction factor, O and
the wall factor, W. These corrections represent crude average treatments
of the various effects and they have not been considered relevant for the
present treatment of weathering induced color changes. A more detailed
treatment of the distribution of WDR on building surfaces involves a
computational fluid dynamics (CFD) modeling of both the wind field
and the motion of rain drops in this field. Such calculations have been
done for a very limited set of archetype building geometries 4 but the cal-
culations are highly involved and require high quality data for wind and
precipitation with a time resolution of at least 10 minutes. No attempts
have been made to conduct CFD modeling in the present work.

4B. Blocken, J Carmeliet, J. Wind Engineering and Industrial Aerodynamics, 94 (2006)
101-127
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e All precipitation events (i.e. observations with RR > 0) are treated as
rain. When it comes to air dragging, snow behaves very differently from
water, and one may consider excluding all observations with the average
air temperature element, T'A less than 2 centigrades.

e When using (2) to sum the WDR contributions from rain events, the
events are weighted with the cosine of the angle between surface normal
and wind direction. Although this weighting is part of the standard ap-
proach put forth by ISO 15927-3, the validity of the cosine weighting in a
building context has been seriously questioned on the basis of CFD mod-
eling®. The problem is partly addressed by ISO 15927-3 by a limitation
of the summation to the interval £80° around the surface normal.

e In both the expressions (1) and (2) the wind speed appears as the obser-
vation element F'M, i.e. the average wind speed as measured 10 meters
above terrain. To account for the reduction of wind speed closer to the
ground, a power law type wind speed profile has been applied with an
exponent value of 0.15 corresponding to a 3 cm terrain roughness consis-
tent with a vegetation of short grass. Hence, the wind speed at height A
above terrain has been estimated as:

ho\015
Uh)=FM | —
(h) (10m)
In the treatment of the weathering experiments, the height of the exper-
iment surfaces has been set to 2 meters.

e In cases where the available meteorological data is not collected in imme-
diate vicinity of the experimental site or building site, it must be decided
from the local topographical conditions if data from a nearby placed
weather station is applicable. The problem is treated at a general level
in ISO 15927-3 and it is discussed in further details by Rydock®.

1.2 UV radiation

The exposure of the experimental wood material to ultra violet (UV) radiation
has been estimated by a calculation of the Sun’s daily motion on the sky’ and
a homogenous atmospheric model®. The horizontal coordinates (height and

°B. Blocken, J. Carmeliet: Building and Environment 41 (2006), 1182-1189

3. P. Rydock: Building and Environment 42 (2007) 1229 - 1235

"P. Duffett-Smith: Practical Asstronomy with your Calculator, 2nd Ed., Cambridge Uni-
versity Press, 1981

®Diaz et al.: Phys. Stat. Sol. (a) 139 (1993) 549-554
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azimuth) of the Sun are calculated for the experimental site during a full year
with 4 minutes interval. For each calculation point, the UV extinction of the
Farth atmosphere is calculated using the Lambert-Beer law:

I(\) = Iy(\)e—eXmio (3)

with I(A) and Io(\) denoting the radiation intensity at wave length A\ at the
surface of the Earth and outside the Earth atmosphere, respectively. a(\) de-
notes the extinction coefficient at wave length A, [y denotes the scale height of
the atmospheric model and m denotes the air mass passed by the radiation.

In a homogeneous atmospheric model, the air mass, m is calculated from a
simple geometric consideration:

2
m:\/(ﬁcosz) —|—2§—|—1—§cosz (4)

lo lo lo

with R denoting the Earth radius and z denoting the Solar Zenith distance
(i.e. the angle complementary to the Solar height). The atmospheric scale
height, [y is set to 11km and the value of the extinction coefficient (aly) has
been chosen as 1.1 corresponding to the average of values given by Diaz et al.
9 at wave length 312nm. In relation to the calculation of UV exposure, the
following points are to be observed:

e The homogeneous atmospheric model applied should be considered a very
crude first approximation to the UV extinction. A better alternative is
a layered model, e.g. DISORT'Y.

e No account has been made for the variation in the cloud coverage of the
sky.

e No account has been made for the variation of atmospheric UV absorption
due to varying atmospheric content of UV absorbing constituents (e.g.
ozone and aerosols) or varying temperature.

e No account has been made for the variation in Solar emission or variation
in the Earth-Sun distance.

2 Bar Charts

The exposure of a vertical surface (a plain wall) to the weathering factors
WDR and UV radiation has been visualized as simple bar charts for the four

“Diaz et al., loc. cit.
19K. Stamnes et al.: Applied Optics 27 (1988) 2502 - 2509
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main surface normal directions (74°, 174°, 254° and 354°). For WDR, the
height of a bar is directly calculated from (2) with summing over the full
azimuth angle interval £90° around the surface normal direction. The UV
exposure of a surface has been calculated from horizontal Solar coordinates
calculated with 4 minutes interval for a full year. For each of these calculation
points with Solar azimuth in the interval £90° around the surface normal and
the Sun above the horizon, an UV exposure contribution is calculated as the
atmospheric extinction factor according to (3) multiplied by cosine of the angle
between surface normal and the direction to the Sun, 1.e.

cos hcos(Az — 6)

with h denoting the Solar height, Az denoting Solar azimuth and 6 denoting
the surface normal bearing.

3 Directional Weather Map

The Directional Weather Map visualizes the angular distribution of the three
weathering factors WDR, UV radiation and wind in a single polar histogram.

3.1 The Wind Histogram

When constructing the wind histogram (wind rose), the horizon is divided into
36 angular sections each spanning 10°. The center azimuth value for a section
is given by:

5°+1ix10%0<i <35

Hence, the center azimuth value of the first section (i = 0) is 5° and 355° of
the last section (i = 35). Correspondingly, the wind speed interval [0 — 15m/s]
is divided into 15 subintervals of width 1m/s. Hence, the wind speed center
value of the subintervals are:

0,6m/s+j x Im/s;0 < j <14

For each observation point, the associated azimuth section is determined from
the element DM and the wind speed subinterval is determined from the ele-
ment F'M. With all observations thus classified in one of the 36 x 15 = 440
combinations of azimuth section and wind speed subinterval, the number of ob-
servations in each combination is counted. Since each observation represents a
period of observation of one hour, a count represents the number of hours in the
full period of the data time series where the wind has (on average) been blowing
with speed in the associated subinterval and direction in the associated azimuth
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section. By dividing each count with the ratio between the total number of
data points in the time series, Nops and the number of nominal observations
per year (365,25d/y x 24h/d x 10bservation/h = 87660bservations/y), i.e.
dividing by the ratio
Nows
87660bservations/y

the resulting quotients represent the average annual number of hours with wind
speed in a given subinterval and wind direction in a given azimuth section. In
the following, this quotient will be denoted specific wind frequency. The unit
of this property is h/y/10°/(m/s). By summing the specific wind frequencies
within each azimuth section - i.e. summing over the 15 wind speed subintervals
- the wind frequency is formed with the unit of h/y/10°.

The specific wind frequencies are plotted in a polar diagram with the polar
angle representing azimuth and the radial coordinate representing wind fre-
quencies. In each of the 36 azimuth sections, the 15 associated specific wind
frequencies are plotted according to subinterval center wind speed as wedge
shaped sections with a radial extension according to the specific wind fre-
quency. The sections are color coded according to the associated center wind
speed value.

3.2 The WDR Histogram

To visualize the angular distribution of WDR, the amount of WDR is estimated
for each time series data point according to the Lacy expression (1). As for
the wind observations, the horizon is divided into 36 azimuth sections each
covering 10°. The azimuth section of each data point is identified from the
element DM and the amount of estimated WDR, RRw pr is accumulated for
each section giving the total amount of WDR on a surface facing the wind
direction accumulated in each section during the full period of the data time
series. By normalizing these amounts as above, i.e. dividing each accumulated

amount by Nobs _ , an estimate of the average annual WDR in each
s7660bservations/y

azimuth section is obtained. In the following these estimated annual average
amounts are designated WDR frequencies with the unit of mm/y/10°. The 36
WDR frequencies are plotted in the same polar diagram as the wind histogram:
Fach of the 36 WDR frequencies are shown as a point with azimuth angle as
the center azimuth value of the azimuth section and the WDR frequency value
as radial coordinate. The resulting 36 points are connected with straight lines.
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3.3 UV Histograms

The angular distribution of the UV radiation is visualized analogously to the
WDR visualization: Again, the horizon is divided into 36 sections each span-
ning 10° of azimuth angle. The results of a calculation of horizontal Solar
coordinates and atmospheric extinction in 4 minutes intervals during a full
year are accumulated in each section to give the relative annual UV exposure
for Solar azimuth in each interval. For each interval, this accumulated relative
exposure is plotted as radial coordinate and the center azimuth value of the
interval as the polar coordinate. The resulting 36 points are connected with
straight lines to form an exposure curve.

4 Surface Weather Maps

In order to visualize the WDR and Solar radiation (UV and visible light) ex-
posure of specific surfaces of specific cladding geometries, WDR, and radiation
exposure have been visualized on surface maps. A surface is covered by a
Immx1mm grid. To calculate the WDR exposure in a grid point, it is deter-
mined for each rain event, if the WDR direction estimated from the catch ratio
according to the Lazy expression (1) allows the WDR to access the grid point.
If the grid point is accessible for the rain event, the associated WDR amount
weighted by the cosine of the angle between surface normal and estimated di-
rection of incidence is added to the accummulated WDR, exposure of the grid
point. With WDR contributions of all rain events thus accumulated for all
accessible grid points, a surface map plot is generated simply by applying a
grey scale or color scale (Rainbow scale is typically used) to the accumulated
contributions. Likewise for the surface maps for Solar exposure: For each cal-
culated 4 minutes interval Solar position during a year, it is determined for
each point of the grid if the point is accessible for the Solar radiation and in
case it is, the cosine - and in case of UV exposure the atmospheric extinction -
weighted contribution is added to an accumulated exposure for the grid point.
After processing all Solar positions and all grid points, a surface map plot is
formed as in the WDR case described above.
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