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Abstract

This thesis describes the development of techigigalance on timber facade design.
The study involved a state-of-the-art review; apasure trial of external cladding
made from Sitka sprucé’icea sitchensisand the production of construction details
and associated information. It was undertaken lscdimber is an increasingly
common cladding material in the UK, being usedam-tise residential buildings and
for medium-rise and non-domestic buildings. Th&sibave, therefore, increased but
this is not reflected in published guidance. Sitaruce was used due to its
availability in the UK and its similarity to Norwagpruce P. abie$ which is widely
used for cladding in Scandinavia.

The exposure trial indicated that the moisture eointange in timber facades is wider
than accepted. The minimum moisture content of raddl0% appears to be similar
for all types of timber cladding and all speciehieTmaximum appears to vary
between species according to their fibre saturapoimt and is influenced by

construction detailing and workmanship. A prelinminenodel of these interactions is

proposed.

From a theoretical standpoint, the moisture coodgiobserved in the trial mean that
the (commonly quoted) mean moisture content igatl irrelevant. The mode is a
more representative statistic as in most casesldlee are skewed towards the fibre
saturation point for the species concerned. Mogtildteg combinations had a

moisture content near to the fibre saturation ptiirdughout the winter. Sitka spruce

is, therefore, only suitable as external claddmthe UK if preservative treated.

Around 40 construction details were produced. Tihesgrate, for the first time, all of
the performance requirements applicable to low- medium-rise timber facades in
the UK. The work's key benefit is that the guidanagsing from this study
rationalises and improves facade design. Furtheeareh is, however, needed to
validate the moisture content model and extenal d@thher timber species.



Declaration

This thesis is submitted to Edinburgh Napier Ursitgrfor the Degree of Doctor of
Philosophy. The work described in this thesis waasied out under the supervision of
Prof. Charles Fairfield and Mr Alistair Stupart. ellwork was undertaken in The
School Engineering and the Built Environment, Edigh Napier University,
Edinburgh. In accordance with the Regulations ofnBargh Napier University
governing the requirements for the Degree of DoctoPhilosophy, the candidate
submits that the work presented in this thesisrigiral unless otherwise referenced
within the text. The following publications werertked from the work in this thesis:

Davies, I., Stupart, A. & Choo, B.S., (2004). Timlotadding on the coastal fringe of
North-west Europe. InProc. 8" World Conf. on Timber Engndiahti, Finland. 14 —
17 June 2004.

Davies, I., (2008). Evidence-based design of timlaerdes. InProc. 13" World
Conf. on Timber EngndMiyazaki, Japan. 2 — 5 June 2008.

Davies, I. & Wood, J., (2010). Exterior timber dafwp: design, installation and
performance. Edinburgh: arcamedia, ISBN 978-1-90432-3.

Davies, I., Fairfield, C., Stupart, A. & Wilson, Rloisture conditions in timber
cladding: field trial data. (Under review Byoc. ICE,Construction Materials

Davies, I., Fairfield, C., Stupart, A. & Wood, XtErnal timber cladding: design and
performance. (Under review Byhe Structural Enginegr

Ivor Phillip Davies BA(Hons) PgDip 24 June 2011

i



Acknowledgement

The author is particularly indebted to Prof. Chaffairfield and Alastair Stupart for

their supervision and encouragement throughoutdhese of this research.

Thanks are due to project steering group membarsiridla Sheridon and Colin Hird

(Scottish Building Standards), Derek Nelson andyAhditch (Forestry Commission

Scotland), Cedric Wilkins (Scottish Enterprise),bBStubbs (Highlands and Islands
Enterprise and Scottish Forestry Trust), Dr DaviooR (Scottish Forestry Trust),

Francis Wilbur (James Jones and Sons Ltd), Johxaaler (BSW Timber plc), Julie

Barrett, Gordon Summers and David Roberts (The ldighCouncil). The group was

chaired by ClIr lan Ross.

The facilities and support provided by EdinburghpMa University are gratefully
acknowledged. Thanks are due to: Joanne Astbugn Blrber, Dr Sandra Bonellie,
Peter Condon, David Crawford, Alan Davidson, RosbBaonju, Dr Robert Harstans,
Prof. Callum Hill, Ron Hunter, Prof. Abdy Kermanilliam Laing, Stefan Lehneke,
Richard Mackenzie, Prof. Robin Mackenzie, Dr Johonok&, Dr AnnieNyander,

Victoria Sharratt, Prof. Sean Smith, lan Stewant,0onyang Sun, and Prof. Philip

Turner. Particular thanks are due to John Wood prRpared many of the figures.

Thanks are also due to Dr David Mathews, Lestend&a, and the staff of Forest
Landscape Services for their help constructingetkgosure trial. Access to test sites
was kindly provided by Forest Enterprise and InesenCollege. The Meteorological
Office is thanked for provision of climate data. Dennis Jones (BRE) and Mr
Thomas Mugrauer (Scanntronik Mugrauer GmbH) helpaith data capture and
calibration. Thanks are also due to BRE and Bygdfoior permission to use

illustrations (the latter under licence number 4¥920).

Advice and comment on particular chapters was vedefrom Dr Julia Bregulla
(BRE), Dr Chris Coggins (Wood Protection Associa}joDr Sarah Colwell (BRE),

il



Andrew Hughes (Arch Timber Products Ltd), Dr Tomnhen (BRE), and Peter

Wilson (arcamedia).

Additional information was provided by: Stuart Biaée (Zurich Risk Management),
Claudia Bolling, Eric Bridge (Tenmat Ltd), Rob DafUKTFA), Jim McGonigal

(Scottish Building Standards), Paddy Hislop (TRADAchnology Ltd), Dr Markku

Karjalainen (Finnish Modern Wooden Town Projecohd Park (Canada Wood UK),
Dr James Pendlebury (Forest Research), John RufRekswood Ltd), Paul
Sharphouse (TRADA Technology Ltd), Siamark Sowa(ttle of Man Government),
Goeffrey Stell (RCAHMS), Dr Ed Suttie (BRE), Dr Belime (Byggforsk), Chris

Thompson (Tenmat Ltd) and Roy Williams (Abbott Gogs Specialists Ltd).

This research would not have been possible witeopport from thdexternal Timber
Cladding in Maritime Conditionsproject. The project was funded through the
European Union’s Northern Periphery INTERREG Illoframme and by the
following national co-funders in Scotland: Scotti8uilding Standards, Forestry
Commission Scotland, Scottish Enterprise, Highlaamt$ Islands Enterprise, Scottish
Forestry Trust, James Jones and Sons Ltd and B&WEFiplc.

Finally but by no means least, the author thanks Wee for her support and

forbearance throughout the course of this research.

v



Contents

Abstract
Declaration
Acknowledgement
Contents

List of Figures

List of Tables

Notation

CHAPTER 1 Introduction

1.1  Background

1.2  Defining the gap

1.3  Objectives and scope of this PhD
1.4  Research questions

1.5 Thesis structure

1.6  Contribution to knowledge

References

CHAPTER 2  Moisture

2.1  Cool-temperate oceanic and island climates

2.2  Boundary layer climates

2.2.1 Wind

2.2.2 Wind-driven rain

2.2.3 Predicting WDR on walls
224 Heat and mass flow

2.3 Moisture infiltration into the building envelep

Xiii
Xix

XXii

10
11

13

14
15
16
18
21
24
25



2.4

2.5

2.6
2.7

2.3.1 Moisture penetration

2.3.2 Controlling rainwater penetration

2.3.3 Types of screened and drained building epes
Moisture exfiltration through the building ethyee

241 Controlling interstitial condensation

2.4.2 Approaches in the UK

Cavity drainage and ventilation

251 Vented or ventilated?

2.5.2 Research into cavity moisture conditions

Moisture conditions in timber rainscreens
Summary

References

CHAPTER 3 Market

3.1

3.2
3.3
3.4
3.5

3.6
3.7
3.8
3.9

A rapidly growing market

3.1.1 Market research
3.1.2 Performance benefits of timber facades
3.1.3 Relationship with timber-frame construction

Incomplete scientific and engineering knowledge
Rapid technical change

Inadequate technical guidance and regulation
Poor standards of design and workmanship
3.5.1 Method

3.5.2 Results

3.5.3 Discussion

Enquiries and expert witness cases

Complex supply chain

Industry inaction and complacency

Summary

References

vi

25
26
28
30
30
30
31
31
32
34
35
36

39

40
40
41
43
44
44
45
46
46
46
47
48
49
50
50
51



CHAPTER 4 Performance

4.1
4.2
4.3

4.4
4.5

British and European standards for timber dlagld

Building regulations

Service life
431 Predictive models
432 Service life of timber facades

The need for performance guidance on timbexdes
Summary

References

CHAPTER S5  Timber

5.1

5.2

5.3

5.4

Non-uniformity
51.1 Heterogeneity
5.1.1.1 Heartwood and sapwood

5.1.1.2 Knots and other features

5.1.2 Anisotropy

The cell wall

5.2.1 Cell wall composition

5.2.2 Wood density

5.2.3 Natural durability

Moisture sensitivity

53.1 Moisture content

53.2 Fibre saturation point

5.3.3 Equilibrium moisture content
5.34 Sorption

Fungal decay and insect attack

54.1 Fungal decay

54.2 Insect attack

5.4.3 Effects of climate

544 Assessing biodegradation risks in use class 3
545 Decay indexes

5.45.1 The Scheffer index

vii

54

55
56
60
61
62
63
64
65

70

75
75

75
76

77
78
78
82
82
83
85
85
86
86

90
95
96
99
99

90

99



5.5

5.6

5.7

5.8

Weathering

5.5.1
5.5.2
5.5.3

5.5.4

5.4.5.2 The European Climate Index
5.4.5.3 The Timber Life index

Main weathering processes on wood
Other weathering effects

Factors influencing weathering
5.5.3.1 Building location and design

5.5.3.2 Timber, modification and preservatives

Anticipating or responding to weathering

Dimensional change

5.6.1
5.6.2
Corrosion
5.7.1
5.7.2

5.7.3
5.7.4
5.7.5
5.7.6

Shrinkage

Movement

Corrosion of metals by wood

Corrosion mechanisms

5.7.2.1 Naturally occurring acids
5.7.2.2 Corrosive additives

5.7.2.3 Acidity of different wood species
5.7.2.4 Effect of moisture content
Susceptibility of different metals
Degradation of wood by metal

Corrosion testing

Resisting corrosion

Structural robustness

5.8.1

5.8.2

Structural concerns

5.8.1.1 Wind

5.8.1.2 Differential movement

5.8.1.3 Service classes

Robustness

5.8.2.1 Dowel type fasteners

5.8.2.2 Hidden fasteners

5.8.2.3 Strength grading and batten sizes

viil

100
100
106
107
112
114
114
114
115
117
118
119
121
122
122
123
124
125
127
127
128
128
128
128
129
129
131
131
134
134
138
138



5.9

5.10

5.11

Combustibility

5.9.1 The fire triangle
5.9.1.1 Fuel
5.9.1.2 Oxygen
5.9.1.3 Heat

5.9.2 Burning of wood

5.9.2.1 Decomposition
5.9.2.2 Charring
5.9.3 Compartment Fires
594 Reaction to fire and fire resistance
5.9.4.1 Reaction to fire performance of timber
5.9.4.2 Fire resistance of timber
5.9.5 Flame retardants
5.9.5.1 Types of FR treatment
5.9.5.2  Susceptibility to weathering
5.9.5.3 Effect on fungal decay
Acoustic performance
5.10.1 Sound waves from other sources
5.10.2 Verifying acoustic performance of buildings
Summary

References

CHAPTER 6  Experimental

6.1

6.2

Background

6.1.1 Sitka spruce

6.1.2 Construction detailing and workmanship
6.1.3 Generalising the results

Methodology

6.2.1 Time series analysis

6.2.2 Experimental design

6.2.3 Sites

6.2.4 Timber selection and processing

ix

139
139
139
140
141
141
141
142
142
144
145
148
148
148
149
150
151
151
152
152
154

164

164
165
167
167
168
168
169
171
175



6.3

6.4

6.5

6.2.5 Panel design

6.2.6 Data collection

6.2.7 Weather data

6.2.8 Data processing

6.2.9 Statistics

6.2.10 Subsidiary exposure trial
Results

6.3.1 Timber quality

6.3.2 Main exposure trial

6.3.2.1 Descriptive statistics

6.3.2.2 Missing data

6.3.2.3 Ranking using the descriptive data
6.3.2.4 Time series modelling

6.3.2.5 Prediction of maximum moisture content

6.3.2.6 Signal extraction

Discussion

6.4.1 Uncertainties in the data

6.4.2 Timber

6.4.3 Moisture load

6.4.4 The inferential statistics

6.4.5 Follow up inspection

6.4.6 Scope for generalising the results
Conclusions

References

CHAPTER 7  Implications

7.1
7.2

7.3
7.4

Structure

Fire safety

7.2.1 Techniques for limiting fire spread
7.2.2 Fire testing in the UK

Acoustics

Durability and workmanship

177
180
181
181
183
185
186
186
187
187
190
192
199
205
206
213
213
215
216
218
218
222
224
226

229

230
231
231
236
239
240



7.4.1
71.4.2
7.4.3
7.4.4

Fungal decay and insect attack
Weathering
Dimensional change

Corrosion

7.5  Decision sequence

7.5.1 Preliminary design
7.5.2 Define performance requirements and use clas
7.5.3 Select wood species or modification product
754 Determine natural durability
7.5.5 Is the durability adequate?
7.5.6 Is wood preservation more suitable?
7.5.7 Select preservative specification
7.5.8 Assess treatability
7.5.9 Select preservative
7.5.10 Assess compliance
7.5.11 If all else fails start again
7.5.12 Final design
7.6 Summary
References
CHAPTER 8 Detailing
8.1 Scope

8.2  Objective

8.3 Construction details

Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8

Eaves and parapets

Separating or intermediate floor

Ground level or abutments with roofs and decks
External corners

Internal corners

In line junction
Windows and doors

Junctions between boards

x1

241
244
245
246
247

247
247
250

252
252

252

256

256

256

256

257
257
257
258

261

262
263
263
266
267
268
269
270
273
274
279



Group 9  Junctions between heavy and lightweight cladding 228

8.4  Summary 283
References 284
CHAPTER 9 Conclusions 285
9.1 Key findings 285
9.2 Recommendations for future work 289
References 291
Appendix 1 Publications 292
Appendix 2 Defects 319

Appendix 3 Data 316

xii



Figures

CHAPTER 1

Figure 1.1  Late 1®century timber cladding in Trondheim, Norway

CHAPTER 2

Figure 2.1 The cool-temperate oceanic and island climate zone
Figure 2.2 Wind tunnel simulation of airflow arouaduilding
Figure 2.3  Seasonal wind-driven rain’(sit) for Britain

Figure 2.4  WDR and temperature for three Scotiigs s

Figure 2.5 WDR and temperature for four Norwegdes

Figure 2.6  WDR exposure zones for masonry walBR262
Figure 2.7  Relationship between eaves width anelepe failures
Figure 2.8  Canadian exposure categories for tirfdmades

Figure 2.9  The forces acting to drive water throaghopening
Figure 2.10 Rain control strategies for building envelopes

Figure 2.11 Components of a typical timber—clad rainscreen walhe UK

CHAPTER 3

There are no figures in Chapter 3

CHAPTER 4

There are no figures in Chapter 4

CHAPTER 5

Figure 5.1 European larch log showing change inwoc&nd properties
Figure 5.2 Transverse, radial, and tangential segan wood

Figure 5.3 Distribution of cellulose, hemicellulesand lignin

xiil

14
17
19
20
20
22
23
23
25
27
29

76
78
80



Figure 5.4 Diagram of the cell wall structure inago 81

Figure 5.5 Scanning electron microscope imagesuabfean larch 81
Figure 5.6 Moisture effects in oak clad building 84
Figure 5.7 Sorption isotherms for wood 87
Figure 5.8 The five types of adsorption isotherm 88
Figure 5.9 Constant and variable sorption isotherms 89

Figure 5.10 Idealised environmental parameterfuiogal decay in wood 92

Figure 5.11  Triangular plot of fungal decay stragsg 94
Figure 5.12  Thin cladding timbers in Japan 98
Figure 5.13  Thick cladding timbers in Finland 98
Figure 5.14 Decay of non-preservative treated ggdaivertical boards 105
Figure 5.15 Design of vertical board test 105
Figure 5.16 Decay of non-preservative treated ggacsing L-joint test 105
Figure 5.17 Example of variable weathering on dakiaing 109
Figure 5.18 Timber fibres exposed on weathering 110
Figure 5.19 Microscope image of grey staining ooHa 110
Figure 5.20 Microscope image of weathering on Dasidjr board 110
Figure 5.21  Uniform staining on sheltered oak ciagd 111
Figure 5.22 Example of variable weathering on wested cedar 111
Figure 5.23  Microscope image of weathering beloatiog 111
Figure 5.24 Wasp harvesting photo-degraded timber 13 1
Figure 5.25 Lichen growth on larch gate 113
Figure 5.26  Shrinkage at specific moisture contents 118
Figure5.27 Iron-tannate staining from corrosion of ferrousrigs 123
Figure 5.28 Corrosion of aluminium foil wrapping fcavity barrier 125
Figure 5.29  Effect of wind suction on inadequafelstened cladding 130
Figure 5.30 Differential movement between claddings 132
Figure 5.31  Strength and stiffness: relationshighwwioisture content 133
Figure 5.32  Nail failure modes in axial loading 134
Figure 5.33 Nail spacings and distances 136

Figure 5.34 Installation assembly and fixings fertical timber cladding 137
Figure 5.35 The fire triangle 139

Xiv



Figure 5.36  Time-temperature curve for a typicahpartment fire 143
Figure 5.37  Fire growth rate in wood-based panatipcts 146
Figure 5.38  Fire growth rate in solid wood panejland cladding 146
Figure 5.39  Fire growth rate in free standing timdteips 146
CHAPTER 6

Figure 6.1 Sawing pattern for a softwood sawlog 166
Figure 6.2 Codes, factors and treatment levelgefirpanels 170
Figure 6.3 Location of the Balloch test site neserness 173
Figure 6.4  Arial view of the Balloch site 173
Figure 6.5 Location of the Leanachan test site near Spearg8rid 174
Figure 6.6 Arial view of the Leanachan site 174
Figure 6.7 Board profiles used in the trial 176
Figure 6.8 Design of a test panel 177
Figure 6.9 Leanachan exposure site during congtruct 178
Figure 6.10 Datalogger and node 178
Figure 6.11 Design of a moisture sensor 179
Figure 6.12 Moisture sensor positions 180
Figure 6.13 Calibration curve used in experiment 218
Figure 6.14  Front view of subsidiary exposure trial 185
Figure 6.15 Intergrown knot with central detachedipn forming peg 186
Figure 6.16 Two intergrown knots, centre broken 186
Figure 6.17 Moisture curves for wettest and dipestels — sheltered site 187
Figure 6.18 Three-year moisture graphs for exposed site 188
Figure 6.19 Three-year moisture graphs for sheltered site 189
Figure 6.20 Moisture content frequencies — exposed site 196
Figure 6.21 Moisture content frequencies — sheltered site 197
Figure 6.22 Cumulative frequency for mean MC in boards; Sumg@€6 202
Figure 6.23 Cumulative frequency for mean MC in boards; wir2@06-07 203
Figure 6.24 Association of maximum moisture content and FSP 205
Figure 6.25 Moisture content fluctuations - exposed site; 202067 206
Figure 6.26 Moisture content fluctuations in one panel ovee¢hyears 207

XV



Figure 6.27
Figure 6.28
Figure 6.29
Figure 6.30
Figure 6.31
Figure 6.32
Figure 6.33
Figure 6.34
Figure 6.35
Figure 6.36
Figure 6.37
Figure 6.38

Moisture content compared to relative humidity
Moisture content compared to rainfall and tempeeatu
Maximum rates of drying and wetting during theltria
Frequency spectrum for one panel; winter 2006-07
Frequency spectrum for one panel; summer 2007
Comparison of air drying rates in Sitka sprucelstac
Typical moisture profiles

Weathering of uncoated timber: staining

Weathering of uncoated timber: stripes caused lspwa
Weathering of coated timber: algal growth
Comparison of algal growth on panels

Surface staining on uncoated panels

CHAPTER 7

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11
Figure 7.12
Figure 7.13

Fire scenarios affecting facades
Horizontal flame deflectors on timber clad block
Cauvity barrier guidance - BRE Digest 262
Plan section through test facade
Isometric view of test facade
Fire test — after flashover
Fire test — cladding
Aftermath of fire test
Direct and flanking sound transmission
Recommended window detail - Norway
Recommended flashing details for window sills - Way
Cladding failure due to movement

Decision sequence to aid design for durability

CHAPTER 8

Figure 8.1
Figure 8.2
Figure 8.3

Vertical cladding without counter battens
Horizontal cladding

Horizontal cladding on I-beam structure

xXvi

208
209
210

121
212
213
217
219
219
219
221
221

231
523
235
237
237
238
238
238
239
243
243
245
248

264
264
264



Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Figure 8.10
Figure 8.11
Figure 8.12
Figure 8.13
Figure 8.14
Figure 8.15
Figure 8.16
Figure 8.17
Figure 8.18
Figure 8.19
Figure 8.20
Figure 8.21
Figure 8.22
Figure 8.23
Figure 8.24
Figure 8.25
Figure 8.26
Figure 8.27
Figure 8.28
Figure 8.29
Figure 8.30
Figure 8.31
Figure 8.32
Figure 8.33
Figure 8.34
Figure 8.35

Over-cladding a masonry wall with timber
Nine groups of construction details
Junction with normal to deep eaves
Junction with a parapet
Junction with a separating floor
Ground level junctions
Junction without splash zone
External corner with horizontal boards
External corner with vertical boards
Plan view of staggered wall — framesafal depth
Plan view of staggered wall - steppeernal wall
Plan view of staggered wall - avoidstgpped internal wall
Plan view of staggered wall - highlgulated
Horizontal cladding with flat rear face
Horizontal cladding with uneven rear face
Vertical cladding with uneven rear face
Junction between a separating wall and separdbiog f
In-line junction with horizontal boards having atftear face
In-line junction to horizontal boardshauneven rear face
In-line junction with vertical board on board claaigl
Sill detail showing metal sub-sill flashing
Horizontal cladding at a window showing supportéras
Elevation and section of horizontal cladding atiadew
Vertical cladding at a window showing support bragte
Elevation and section of vertical cladding at adaw
End junction between horizontal boards
End junction with vertical boards
Board installation with single fixing
Board installation with double fixings
Profiles and fixings for horizontal closed jointelddding

Profiles and fixings for vertical closed jointecGdtling

264
265
266
266
267
268
268
269
269
270
270
270
270
271
271
271
272
273
273
273
274
275
276
277
278
279
279
280
280
281
281

Horizontal flashed junction between brick and timbladding 282

xvii



Figure 8.36 Cantilevered junction between brick and timber dlagd 282

Figure 8.37 Vertical junction between brick and timber cladding 282

CHAPTER 9

There are no figures in Chapter 9

APPENDIX 1

There are no figures in Appendix 1

APPENDIX 2 Defects

A21 Poor window installation 320
A.2.2 Poor window installation 320
A.2.3 Poor window installation 321
A.2.4 Butt joints 321
A.2.5 Overdriven nails 322
A.2.6 Duct cover 322
A.2.7 Access ramp 323
A.2.8 No movement allowance 323
A.2.9 No eaves vent 324
A.2.10 Splashzone 324
A.2.11 Cavity barrier 325
A.2.12 Cavity barrier 325
A.2.13 Fixings 326
A.2.14 Sapwood 326
A.2.15 Flashing 327
A.2.16 Differential movement allowance 327
A.2.17 Structural timber 328
A.2.18 Routed lines 328
APPENDIX 3

There are no figures in Appendix 3

xXviii



Tables

CHAPTER 1

There are no tables in Chapter 1

16

a7

57
58
60
63

72
73
74
83
93
95
7 9
101
106

CHAPTER 2

Table 2.1  The Davenport-Wieringa terrain roughretsssification
CHAPTER 3

Table 3.1 Frequency of occurrence of each typeriddr facade defect
CHAPTER 4

Table 4.1  Technical characteristics for CE Markafigimber cladding
Table 4.2  Timber characteristics for cladding

Table 4.3 Building regulation criteria for claddiimgthe UK

Table 4.4  Working life assumptions in EOTA Guidabmeument
CHAPTER 5

Table 5.1  Organic and inorganic compounds

Table 5.2 Spontaneity of a chemical or biological process

Table 5.3  Material issues affecting facade desigernperate climates
Table 5.4  European classification of durabilityiagafungal decay
Table 5.5  Types of wood destroying fungi

Table 5.6  Insects seen in external cladding ifike

Table 5.7  Use classes for wood products in Europe

Table 5.8  Durability classes against fungi

Table 5.9  Service life estimates in UK and Ausairalguidance

Table 5.10 Moisture content of solid timber in engce climates (Europe) 119

Table 5.11

Movement classes of timber

X1X

120



Table 5.12 Acidities of various external claddimgliers 125
Table 5.13  Susceptibility of metals to attack bgtacacid in wood 127
Table 5.14 Differential movement between heavylagidweight cladding 132
Table 5.15 Services classes for timber in Euro&ode 133
Table 5.16 Nail spacings and distances in Euroéode 136
Table 5.17 Stages of a typical compartment fire 143
Table 5.18 Reaction to fire classes for wall liring 147
CHAPTER 6

Table 6.1  Physical properties of Sitka and Norwayise 166
Table 6.2  The four factors and their two levelsreatment 169
Table 6.3  Four letter test panel code describiegttnent combination 170
Table 6.4  Site locations and climate 171
Table 6.5  Typical flora and fauna at the two tésiss 172
Table 6.6  Location of two Met Office weather staso 181
Table 6.7 Design matrix used in trial 184
Table 6.8 Interpolation method where at least dranel is complete 191
Table 6.9  Worked example 191
Table 6.10 Percentage of time over 22% MC — paatedxposed site 193
Table 6.11 Percentage of time over 22% MC - paatetheltered site 193
Table 6.12 Percentage of time over 25% MC - paste¢xposed site 194
Table 6.13 Percentage of time over 25% MC - paatetheltered site 194
Table 6.14 Percentage of time over 22% MC — alkfsgan 195
Table 6.15 Percentage of time over 25% MC — alkfsgan 195
Table 6.16 Moisture contents 198
Table 6.17 Moisture content frequencies — exposed site; sun20@é 200
Table 6.18 Chi squared test for exposed site (summer 2006) 200
Table 6.19 Moisture content frequencies — sheltered site; sen06 201
Table 6.20 Chi squared test for sheltered site (summer 2006) 01 2
Table 6.21 Effects and interactions in panels at 22% MC; sum2006 202
Table 6.22 Effects and interactions in panels at 22% MC; wi@06-07 203
Table 6.23 Ranking of factors and interactions; summer 2006 4 20

XX



Table 6.24

Ranking of factors and interactions; winter 2006-07

Table 6.25 Mini exposure trial: FSP and maximum moisture conte
Table 6.26 Cladding parameter for each panel type

Table 6.27 Predicted maximum moisture content

CHAPTER 7

Table 7.1  Main options for ensuring robustness

Table 7.2  Main options for controlling wood destroying orgsmis
Table 7.3  Main options for controlling weathering

Table 7.4  Main options for estimating dimensional changeladding
Table 7.5 Main options for controlling corrosion

Table 7.6  Timber selection for service life performance

Table 7.7
Table 7.8
Table 7.9
Table 7.10

CHAPTER 8

Table 8.1

CHAPTER 9
There are no tables in Chapter 9

Selecting a natural durability or wood protecti@p@ach
Resistance against fungal decay
Service life of timber in different use classesha UK

Durability requirements for timber components

Descriptions of the nine groups of cartdion details

APPENDIX 1

There are no tables in Appendix 1

APPENDIX 2

There are no tables in Appendix 3

APPENDIX 3

There are no tables in Appendix 3

xXx1

204
205
223
223

230
241
244
245
246
249
251
253
254
255

265



Notation

Unless otherwise stated in the text, the symboéd us this document are listed

below. Roman characters are given first followed3vgek characters. Acronyms are

given after the list of symbols. The units usedhis thesis are Sl, or derived, units

where possible.

Roman characters

hy
h,

kclimate

Kg1
Kgo

Component quality

Coefficient of variability due to variation in mai&s, environments and
measurement

Design level

Total shrinkage

Workmanship

Days with at least 0.25 mm precipitation
Indoor environment

Shank diameter of a dowel type fixing
Edge distance of nail with no applied load
End distance of nail with no applied load
Initial dimension

Outdoor environment

Fibre saturation point

In-use conditions

Maintenance

Thickness at moisture contesy
Thickness at moisture contems
Coefficient of sound absorption

Climate parameter

Geometry parameter

Contact parameter

Position parameter
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Smean
Stan
U(y)

U* ABL

Contacted material parameter
Orientation parameter
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Timber parameter
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Change in dimension

Moisture content

Final moisture content
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Initial mass of a timber sample
Initial moisture content

Mass after oven drying
Probability

Probability of component failure
Pearson’s rank correlation coefficient
Thermal resistance

Electrical resistance

Coefficient of determination
Mean value oR

Load

Shrinkage or swelling

Nail spacing perpendicular to the grain
Nail spacing parallel to the grain
Standard deviation

Mean value o6

Tangential shrinkage or swelling coefficient
Mean wind speed at height

Friction velocity

xx1il



Wy Initial moisture content

W, Final moisture content

X Mean service life of test stakes divided by metndf reference samples
Yq Change in moisture content

Yo Upwind surface roughness variable

Greek characters

S Coefficient of swelling or shrinkage
AH, Heat of combustion
K Von Karman constant

Acladding ~ Cladding parameter

Asp Species parameter
N Chi squared statistic
Acronyms
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ASTM ASTM International (formerly known as the Anwan Society for

Testing And Materials)

BRE Formerly known as the Building Research Esshbtient
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CMHC Canada Mortgage and Housing Corporation
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Chapter 1

Introduction

During most of the 2B century timber facades in the UK were mainly ietd to low-
rise and often low-status construction, such asiasdwoousing, occasional rural
dwellings, and agricultural and forestry buildingis has now changed. During the
past 15 years timber facades have become incréasamgnmon on mainstream
housing, larger buildings and for demanding non-éstic applications such as schools,
visitor centres and the like. The burgeoning irdere timber as a facade material has

several implications. This thesis addresses three:

. the associated risks, such as fire spread, haveased;
- the underlying science and technology lag behinbi@ctural practice;

- there is a growing interest in UK grown timber, bupply is fragmented.

1.1 Background

In 2001 the Scottish Executive commissioned thbé@uio lead on the development of
a policy discussion document titldldmber Cladding in Scotlanfll]. Although little

more than a well illustrated literature review, {hablication attracted a lot of interest
and is credited with being a key influence in tlewelopment of timber facades in the

UK. One architectural practice, for example, comtaén2]:



‘... more and more of the design we are now doing Du@chas is moving away
from the white rendefsic) slate building to using timber and tin. This waad®a
easier for us when the Scottish Executive broughtgublication called Timber
Cladding in Scotland, which demonstrates the hystafrtimber-clad buildings in
Scotland... (and) promotes the use of well detailed timber buildingxur
immediate response was to send a copy to our [daaher ...

The publication highlighted a number of issues aportunities, of which the potential
for using UK grown spruce as external cladding wasicularly noteworthy. This led
to the author being commissioned to raise the fupébr, and then establish, a research
project to address this topic and its wider contéxits final form the project spanned
Scotland, western Norway, the Faroe Islands andridethe title wagxternal Timber
Cladding in Maritime Condition$ETC)[3]. Two thirds of the project budget, of almost
one million euro, came from the European Union’sthern Periphery Programme [4]
with the remainder from government and industrye Tésearch tasks were put out to
tender under the supervision of a project steegraup comprising the national co-

funders.

In 2003 the author joined Edinburgh Napier Uniuygtsinewly established Centre for
Timber Engineering and secured a £125,000 contmach fthe project to run an
exposure trial of timber cladding and, based os, fiioduce a manual for facade design
and construction. Funding was also available tdighitihe manual (see Appendix 1).
Other research contractors included BRE, the Nomame@uilding Research Institute
(NBRI) and Forest Research.

1.2 Defining the gap

During the past decade, facade engineering hasgeoheas a specialism; it can be
defined as: the art of resolving aesthetic, environmental aridictural issues to
achieve the enclosure of habitable spaff. Unfortunately, facade engineers have
tended to ignore timber in favour of more convemioengineering materials like
concrete, steel and glass. Timber exteriors ardlyndssigned by architects and timber
specialists working outwith the discipline of faeadengineering. This split is
understandable given that timber facades were tetintly mostly restricted to low

rise, and often low-status, buildings. Nonethelesshas resulted in two parallel



specialisms: external timber cladding design is ceomed with facades made
predominantly of wood, whilst facade engineeringulges on building envelopes of
other materials. Consequently, the main performateedard for facades in the UK [6]
largely ignores timber, whilst the guidance on tamigladding [4] [7] only covers a
limited range of topics. Nowadays, timber is beusgd on all types of facades and so

this separation is unworkable. A new approach eded.

Facades made of timber are more complex to desighcanstruct than those of
equivalent size made of other materials such aalmeimasonry. Yet, when compared
to these other materials, the technical informabontimber facades is very limited.
Timber facades have received surprisingly littleicses research attention, with the
result that much of what is published is, at bestpmplete and at worst wrong. It is,
therefore, not a surprise that timber cladding Has,several years, been TRADA
Technology’s most common continuing professionaletlgpment request as well as
being a frequent source of technical enquiriesexrt witness contracts.

This author has had a similar experience, with emguand consultancy contracts

spanning eight themes:

1. Fungal decay and insect attackMost publications on timber facade technology
review durability issues from their own nationatggective without acknowledging
that other approaches are possible. Timber's eggist to fungal decay is often
presented as an intrinsic characteristic of theenmadtwhereas it is in reality an
extrinsic phenomenon. It is, particularly in outgybund-contact conditions,
affected by the standard of design, constructioth mraintenance as well as the
ambient climate. Thus, for example, although woadrdists in Norway discuss the
service life of timber cladding largely in terms design-for-durability and
maintenance, their equivalents in the UK tend wufon decay resistance whilst
virtually ignoring environmental control mechanism$e relevant British Standard
[8] is similarly restricted. It states that the\gee life of low durability timber in
out-of-ground-contact conditions is around 15 yaarthe UK {.e. it implies that
decay resistance is an intrinsic material attripbtg fails to acknowledge that low
durability timber can, in some circumstances, havionger service life due to

extrinsic factors such as design and maintenance.



. Weathering. The recent fashion for uncoated timber claddisgdsulting in a
growing number of disputes where the facade haswesthered as expected.
Surface coatings are one way of addressing thiblgmo but they too have their
problems as manufacturers and suppliers tend tcstate their effectiveness. Two
current challenges are the growing use of so cadledlogical paints’ in external
conditions, and the trend towards using surfacdirmgsm as a way of preventing
flame retardants being leached out. The relevanbfaan Standard [9], and
guidance documents supporting the UK'’s buildingutagions [1( - 12], all fail to

acknowledge leaching risks with exterior flame resats.

. Dimensional change The most widely referenced publications on timiaeades in
the UK [7] [13] [14] underestimate the dimensioohlnge that occurs in external
timber or give incorrect guidance on how it is anoaodated. This leads to frequent
— and expensive — cladding failures. The problenpagly due to the guidance
mainly focusing on the movement that occurs in ordoonditions where the
moisture content of timber is only fluctuating witha narrow part of its

hygroscopic region; bulk wetting is usually ignored

. Corrosion. Although the corrosion of metals by wood is welldarstood, this
knowledge is not readily available with the resbét much of the industry guidance
on timber cladding is incomplete or incorrect ois thubject. This is a growing
problem as the corrosion risks are tending to emeedue to the recent introduction
of relatively corrosive cladding products such Bsse made from Accoya™, or
impregnated with alternatives to chromated-coppsersate (CCA) wood

preservatives.

. Structural robustness Structural engineers have recently been madeomsgie

for certifying that timber cladding complies witlt@tish Building Regulations; this
is highlighting that some timber cladding on meditse buildings is not robust.
This problem is compounded by a lack of knowledggarding the moisture content
conditions within the facade assembly; this haslitapons for the strength and

stiffness of cladding support battens and the wahal capacity of fixings.

. Fire safety. The fire performance of timber facades is nayfuhderstood. This is
being addressed in several countries, includingtl&uw, and new knowledge is
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emerging. However, several issues remain unresalvede widely misunderstood.
Those of most relevance to this thesis concern tycabarrier design, the
combustibility requirements for cladding near toubdaries between dwellings,
eaves detailing, open jointed cladding and theiseriife of flame retardants in
external conditions. All of these topics affect, ane affected by, the moisture

conditions in timber facades.

7. Noise In terraced and other multi-occupancy dwellintge facade is subject to
acoustic performance requirements wherever theredtbuilding envelope meets a
separating wall or floor. Although the design oégk junctions is well understood
on masonry clad facades there is less knowledgkowf acoustic separation is
achieved in timber clad buildings. One risk is tdatailing taken from masonry

facades results in water entrapment when usedtimitier cladding.

8. Grading. Several sets of grading rules exist to guide éindelection for external
cladding; the most commonly used in the UK is givenBS 1186-3 [14]. The
criteria are typically derived from those for imal joinery €.g. knot size and
frequency) and do not adequately address duralaifity other fitness-for-purpose
issues relevant to external cladding. In any caseytades are often ignored.

So long as timber facades were uncommon in the tbis, lack of reliable technical
knowledge was of little importance. The UK market fimber cladding has, however,
grown by at least 10 %er annunfor over a decade and now encompasses medium-rise
and non-domestic buildings as well as low-rise hm¢see Chapter 3). The associated

risks have, therefore, increased and so improvewvlatge is urgently needed.

This problem is exacerbated by the move from pieisee to performance-based
standards and regulations. Many norms now giveopadnce criteria for building
components but no indication of how these can ligeted. In theory this role should
be filled by industry codes of practice, but, altgb these have been published for most
facade materials, none has been issued for tinibés.omission may be understandable

in view of the confused state of some current lngdegulation guidance on this topic.

Timber facades have to meet three main performaeggirements in building
regulations: life safety, noise reduction and dilitgbThe building regulation guidance
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for timber facades in the UK has prioritised tHe Bafety issues related to fire whilst
giving less consideration to noise or durabilithdéed, the guidance contains a
recurrent conflict between these requirements, Whth result that moisture related

issues are often overlooked.

The resultant gap can be summarised as follows:

. There is insufficient knowledge of the moisture dibions in timber facades;

. There is a lack of integration between research the life safety, acoustics and
durability of timber facades;

. There is a lack of adequate, integrated and praotieated technical guidance.

This gap appears to be causing a growing numbeladtling failures. It may result in

designers abandoning timber in favour of more ptedlie facade materials.

1.3 Objectives and scope of this PhD

The gap outlined above is a particular challenged&signers and manufacturers who
want to use UK grown timber as external claddinige UK does not produce enough
relatively durable timber to support a major insean supply, especially now that
much UK larch seems likely to be decimated by Riwtophthora ramorunepidemic
spreading from southwest England [15]. Accordingpyyer durability timbers, such as
spruce Piceaspp), appear to be the main option for growth,ibig unclear how they
should be used. In most of Scandinavia, Norway cpr@icea abiey is the main
external cladding timber (Figure 1.1); it is useithaut preservative treatment, except
for a narrow coastal zone in western Norway andhenFaroe Islands. Scandinavians
argue that the timber is suitable for this appi@adue to its refractory natured. pits

in the cell wall close during initial drying, thdng acting to limit the depth of
subsequent preservative impregnation). Sitka spiiircesitchensis is an equally
refractory species. If this characteristic is alsseful for limiting water uptake in
external cladding then could one of the timber’simmiamitations be turned into a

benefit?



Figure 1.1 Late 19" century timber cladding in Trondheim, Norway. $amfacades
are found in most towns in western Norway; theyewsonstructed using untreated
European whitewood and redwood (Picea abies andifsylvestris) These facades
illustrate that durability class 3 to 5 timber ilmmbination with elaborate detailing can
achieve a long service life providing it is desidn®r durability and regularly
maintained. Key measures include metal flashingsalbrinorizontal projections, the
avoidance of water traps, an opaque surface coatitg fungicidal protection and the

rapid replacement of any component that fails.



Not all timber facade designers and suppliers arerested in UK timber. However,
they do all need improved technical guidance. Thgatives of this thesis are,
therefore, to:

1. Investigate the extent to which UK grown Sitka ggrican be used as a facade

material;

2. Generalise these results to provide new knowledgieo moisture conditions in

timber cladding and their implications for constran detailing;

3. Help reconcile the conflicting performance requiegns in the guidance to building
regulations and thereby lay the foundation for a ttifle of practice for external

timber cladding.

Although focused on external timber cladding, thests is applicable all timber on the
outside of buildings in the UK, this includes swlirrainscreen cladding, shingles and
similar roof coverings, and large-section timbeushs as log buildings and exposed
structural frames. Many of the findings are alsms$ferable to other temperate oceanic
climates such as: western Norway, Ireland, the &-#slands, coastal British Columbia,

southern Chile, the Falklands, and southern p&ffasmania and New Zealand.

1.4 Research questions

The research questions are deliberately practiesied. They have four themes:

1. What performance requirements are relevant to timbe facades? How do
different types and designs of timber facade perfagainst these requirements? Do

these characteristics differ from those of othentle materials?

2. How wet does it getAWhat is known about moisture conditions in timfzerades?
What is the intensity and duration of wetting witsitka spruce is used on a facade?

What interaction of factors influences this? Cassthdata be generalised?

3. What implications does this have®an Sitka spruce be used as external cladding
in the UK without preservative treatment? What @8ewill the predicted moisture
8



conditions have upon performance? How are thessctsffcontrolled? How can

these controls be integrated with design for fakey and noise reduction?

4. What does this mean for facade design and construoh? What evidence-based

construction details can be currently developed?

1.5 Thesis structure

Chapter 2: reviews current knowledge of moisture conditionfacades of buildings in

temperate oceanic climates.

Chapter 3: outlines the market context for this researclcoltsiders the market size
and key drivers, the move to performance-basedydesid investigates workmanship
standards.

Chapter 4. defines the performance requirements relevatitrtioer facades in the UK.

Chapter 5: discusses the nature and behaviour of timberfasaale material.

Chapter 6: reports on an exposure trial to investigate theeraction of factors

influencing moisture conditions in external timiogadding.

Chapter 7: synthesises the findings of previous chapters ptoduce outline

specifications and a decision support tool to gtiltider facade design.

Chapter 8 develops a suite of construction details for #mkladding on low- and

medium-rise buildings in the UK.

Chapter 9: gives the conclusions and recommendations fohéuamwork.

Appendix 1: gives details of publications derived from thigdgis.

Appendix 2: gives examples of common cladding defects.

Appendix 3: includes a compact disc of the exposure site data



1.6 Contribution to knowledge

Cross-disciplinary in nature, and practical in mfethe thesis is original in the sense
that it:

1. Undertakes the first-large scale exposure trialhef construction detailing factors
affecting moisture conditions in external timbeadding;

2. Develops a preliminary predictive model of moistaonditions in external timber

cladding;

3. Synthesises these results with existing knowledgthe fire safety and acoustic

performance of timber facades;
4. Uses this synthesis to inform the development aflence-based construction
details for timber clad facades that reconcile rtheonflicting performance

requirements;

5. Provides much of the technical background from WwhacUK code of practice for
external timber cladding can be drafted.
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Chapter 2

Moisture

A web search on ‘leaky condo’ in early 2010 revedadeer 140,000 pages, many by
angry North Americans looking for someone to sueocAdominium — condo for short
—is an American term for a flat in an apartmewick| and the leaks in question are in
the external walls of condos; they have been appgaince the mid 1980s, in and
around Vancouver and Seattle, both west coastkaitith temperate coastal climates.
The leaks were most common with acrylic rendemfeat stucco in North America),

but also appeared in plastic, metal, masonry anbletiralad buildings [1].

The leaky condo debacle stimulated extensive reBeer Canada and elsewhere,
highlighting a number of contributory factors, wglbbor moisture management within
the building envelope appearing as a common théme result, much attention has
been focused upon the outer layers of the buildimgelope, particularly the moisture
conditions in the cladding and cavity [2]. The layestion being how should facades

be designed to minimise the risks of moisture eglategradation?
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2.1 Cool-temperate oceanic and island climates

This thesis is most applicable to the four regiohthe world sharing a cool-temperate
oceanic and island climate (Figure 2.1). Althoulgh ¢xact boundaries vary depending

upon the indicators used to define it, this climatne is usually taken to comprise:

the north west coastal fringe of Europe from Bnitaip to the Lofoten Islands,

the Pacific Northwest from the Olympic peninsulatagouthern Alaska;
Southern Chile and the Falkland Islands;

Tasmania, southern Victoria and southern New Z@alan

In this zone, cool summers and relatively mild wistare the norm, rainfall occurs in
every month, and the weather is changeable andywhhohe of these characteristics is
unique to the zone but, taken together, they craalestinct set of conditions found

nowhere else.

| Prime Meoridian

Figure 2.1 The cool-temperate oceanic and island climate zone

14



The climatic characteristics of relevance to thissis are [3]:

* West coasts around 40° to 70° latitudethis zone is subject to regular storm

fronts moving east along the paths of the circumpgelssteams.

* Oceanic climates the ocean has a warming effect on all four ardas North
Atlantic Current (gulf stream) has a particular aopas it pushes the temperate
oceanic zone further north in Europe than woulcentise be the case. There is

also a marked contrast with continental climateth&r inland.

* Relatively high precipitation; annual precipitation on the west coasts of these
regions reaches over 2400 mm in many areas ana Z@O0D mm in a few. Rainfall

occurs throughout the year, but peaks in wintetetlines away from the coast.

* Wind-driven rain ; the combination of wind and rain is termed windn rain

(WDR). The zone is exposed to frequent WDR duringmaf the year.

This zone does not exactly correspond to any puddisclimate classification. The
author would, however, argue that it is a justigabategory because it reflects an
absolute division in timber facade technology. Temkacades in these four areas are
dominated by the effects of moisture related desjrad whereas those in adjacent
areas are not. A survey of historic log buildingSBritish Columbia [4], for example,
highlighted that they occurred in dry interior betprovince east of the Bridge River
and were absent in coastal conditions — this caexpéained by log walls having a
poor resistance to moisture. Similarly, leaky cadocurred near the coast but were
absent in the dry interior.

2.2 Boundary layer climates

Building envelopes are a type of boundary layemate. All such climates are
dominated by energy and mass transfer processeatiogeon timescales of less than
one day and driven by diurnal solar radiation. Ehitgxes also vary over an annual
cycle and are influenced by storms. The effect®iecsmaller and of shorter duration

the closer one gets to the earth’s surface [5].
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2.2.1 Wind

The atmosphere below 2 km is characterised by mixdnd convection, and by
frictional drag as the fluid atmosphere moves atbe rigid earth. The bottom 10 to
50 m of the atmosphere experience intense smadé-deabulence, wind speeds
decrease still further and many effects only laitva seconds. Closer still, there is a
laminar boundary layer a few millimetres thick ¢neg a buffer between the surface
and the freer fluid motion above. Meteorologistsdelowind flow in the boundary

layer over a large level surface using a logarithianv [5]:

U(y) = “*/?BL Ln(y-'- VOJ (2.1)

Yo

where U(y) is mean windspeed at heigit u*ag. is friction velocity, x the Von
Karman constant (0.42) ang is a variable reflecting upwind surface roughness.
Surface roughness is often categorised using theeripert-Wieringa classification
(Table 2.1) although this is necessarily approxavaid is only valid if the surface is

uniform for at least 10 km upwind.

Table 2.1 The Davenport-Wieringa terrain roughness clasatimn [5]

Yo (M) Landscape description

1 0.0002 Open sea or lake, featureless land surface witheafétch of several
Sea kilometres €.g.tidal flat, desert)

2 0.005 Featureless land surface with little vegetatieng(beach, fallow
Smooth open country)
0.03 Level country with low vegetation and few obstroo8 €.g.grazing
Open land without windbreaks, moorland, airfield runwpays
0.10 Cultivated land and open country with occasionastatles €.9.
Roughly open  farmland with low hedges and single rows of trees)
0.25 Recently developed cultivated landscape with higlops and
Rough scattered obstacles..dense shelterbelts, vineyards)
0.50 Old cultivated landscape with many large obstrunsiseparated by
Very rough open spacee(g farms, orchards, young forests)
1.0 Landscape totally covered with similar sized oldstad.g. mature
Closed forests, homogeneous villages and towns)
>2.0 Centres of large towns with a mix of low- and higge buildings,
Chaotic also irregular mature forests with clearings.
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When a moving air mass encounters an impermeadileotbfed building set normal to
the airflow, it is deflected over the top, arour tsides and down the front. This
creates high pressures over the windward sideeobthlding particularly around the
upper middle part of the wall where the wind is edinstopped (Figure 2.2). Pressure
decreases from this point outwards. Acceleratiog fhear the edges of the wall can
create suction particularly at sharp corners wltleeeair flow can become separated
from the building’s surface. The sides, roof anel fi@ce of a building thus experience
the most pronounced suction effects. Other buildthgpes and orientations create
variations on this pattern. Engineers have tendezhlculate wind loads on buildings

using a power law [5]:

vy (v )
U (yrefJ (22)

ref

where U (y) is a reference wind speed at height, and  is a power law exponent

expressing terrain roughness. Whilst equation 28 & physical background and
theoretical derivation, equation 2.2 is empirictde exponent being derived from

measurement. The log-law and power-law do not éxaoincide. The calculation of

wind loads on buildings is described in the relévarms.

Figure 2.2 Wind tunnel
simulation of airflow
around a building.
(image courtesy of
BRE [5])
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2.2.2 Wind-driven rain

In addition to causing structural loads, wind dsiv&in into the building envelope
affecting water penetration and weathering. Raipdteposition on a facade is greatest
at the upper and outer edg€xnntrary to most people’s perception, WDR variaiion
the UK is not simply north-south but instead ineesafrom southeast to northwest [6].
Areas such as Cornwall, the Lake District or westeotland experience much higher

WDR loads than London, Newcastle or Inverness.

Discussions are ongoing to develop a European WH2iRx, although progress has
stalled due to a lack of methodological consenghs.first wind-driven rain map was
produced in Norway [7], and this is in the procekbeing updated [8]. A wind-driven
rain index has also been published for the UK if9)ses two calculation methods. The
spell index expresses total WDR load during a camtiis storm event and is, in effect,
a measure of the likelihood of rain penetratiorotigh masonry. The average annual
index represents short duration WDR events andffecterely a measure of the

moisture content of masonry.

Because a Europe-wide WDR map was not availabéeEC project commissioned
Sellers and Hale [10] to make a preliminary congmaribetween Scotland, Norway,

the Faroes and Iceland. Their conclusions werd18)]:

Iceland has both the lowest wind speeds and trst fgracipitation of the four
countries, and therefore the lowest values of WBEnérally below 1 ms?,
except in the south in the winter months). TheoBdslands had low WDR (less
than 1 ni s%) for the three stations which recorded both piieation and wind
speed. However, these values may exceed 8™nin inland areas where the
precipitation is higher... In Norway... WDR, varies gtlg across the country,
with low values in the north and east, and highueal in the south-west,
especially in the mountainous coastal area arowerdd®. Scotland experiences
higher wind speeds than Norway, but the peak pitatign is similar, occurring
on the west coast... WDR values in both ScotlandNwoidvay diminish greatly
away from the west coasts.

The authors developed WDR maps of Britain (Figu® 2alculated from long-term
meteorological records as the product of mean nipntind speed (m$) and total
monthly precipitation (m). Their method is simikar the UK annual index described
above, except that WDR is calculated monthly. WMés done to enable the index to

be integrated with monthly temperature. The priacidegradation mechanism in
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timber is fungal decay and it is known that thiasms if the timber is frozen and it is
suppressed below around 5 °C. Therefore, the riskntber degradation due to

moisture may be partly offset by the effect of leanter temperatures. The approach
appeared promising and so monthly WDR and temperajtaphs were produced for
several sites in Scotland, Norway, the Faroes aptand (Figures 2.4 and 2.5 give
some examples). If the 5 °C threshold is valid tthesse figures suggest that WDR is
of most concern in the Scottish Highlands betweprnlAand October.

a52° 356" 0° as2" ase” Q"

*

December

asz" 358" a°

Figure 2.3 Seasonal wind-driven rain ns?) for Britain

(after Sellers and Hale [10])
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Figure 2.4 Annual variation
in WDR (solid line) and
temperature (dashed line)
for three sites going west to
east across the Scottish

Highlands.

1: 57°19'N, 5°19' W
2: 57°36'N, 4°50' W
3: 58°925'N, 4°3'W

(After
[10])

Sellers and Hale

Figure 2.5 Annual variation

in WDR (solid line) and
temperature (dashed line)
for four sites in Norway.
The dotted lines show likely

variation in the data.

1: 60° 23'N, 5° 20' E
2: 69°28' N, 25°30' E
3: 59°56' N, 10°43'E
4: 63°25'N, 10° 26' E
(After Sellers and Hale
[10])
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2.2.3 Predicting WDR on walls

The UK index in BS 8104 [9] has been used in BREeSt 262 [11] to define WDR
exposure zones for different types of masonry walistruction (Figure 2.6). It also
includes masonry cladding onto a timber-framed cétine. However, because the
method originated with masonry-based constructiors ilikely that it would need
recalibration before it could be applied to cladgor insulation made from timber.

Canadian research following the leaky-condo episquevides an alternative
approach. A survey of building envelope failurescmastal British Columbia [12]
found a correlation between the frequency of moestelated problems and eaves
width (Figure 2.7). The main guidance document peed in response to the failures
[2] proposed a nomograph (Figure 2.8) which usasl tbrrelation in combination
with a simplified version of the Davenport-Wieringassification. The overhang ratio
is calculated from the horizontal width of the emyer other projection) and its height
above the lowest timber component on the facadewits BR 262, the Canadian
guidance gives recommendations for which typeslafiding are suitable in each
exposure category. This includes timber-based ¢igddThe Canadian guidance
appears to be an advance on BR 262 although tbgaed remain unresolved:

* Evidence the guidance cautions that some of the wall abBemit discusses

have not been fully tested.

» Correlation or causation; the relationship in Figure 2.7 may not be due to
causation. This author has observed that many eftithber-clad buildings in
British Columbia with large eaves date from thelye@26™ century and appear to
be well built in contrast to the condos dating frdm 1980s and 90s which have

poor workmanship standards. This suggests thatmamkhip may be a co-factor.
» Limitations of the classifications as already outlined, terrain roughness

classifications only give general information onndiflow; they cannot model

local effects such as wind channelling betweendmugis.
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Walis Rain penetration through cavity and solid walls

Exposure Approximate wind driven rain *
zones [litres/m? per spell] #
D 1 Less than 33

4
B - 33 to less than 56.5 povick

3 56.5 to less than 100
4 100 or more

Determining the suitability of proposed
® wall constructions
o D

\

Key to map

® Determine the national exposure zone
from the map on this page and apply it
to Table 1 opposite. Where necessary
modify the zone to allow for the features
given below, or local knowledge and
practice.

® Add one to the map zone where
conditions accentuate wind effects such
as on open hillsides or in valleys where
the wind is funnelled onto the wall.

¢ £ freeen @ Subtract one from the map zone where
- wallls are well protected by trees or
buildings or do not face the prevailing
wind.

Locations of the two exposure

sites in Chapter 6

.
York
en Bridge

® Doncaster Grimsby
Lincoln®

, Skegness

Note:
The wall spell index can
be more accurately
calculated from the large
scale maps and
correction factors given
in BS 8104, then
interpreted using the
values in the key to the
map above and Table 1
opposite.

Nottingham

® Peterborough

® Northampton ¢ Cambridge

Colchester,
Welwyn Garden City

.Lsndon

Dover
* Maximum wall spell
index derived from

Figure 1 in BS 8104.

Figure 2.6 WDR exposure zones for masonry walls in BR(86% courtesy of
BRE [11])

22



100

90

80

70

60

50

40

Percent of walls with proble

30

20

10

1-300

Width of overhang above wall (mm)

300 - 600

> 600

Figure 2.7 Relationship between eaves width and occurrenckudfling envelope
failures(after CMHC [2])

Overhang
Ratio

0

0.1 4

0.2 4

0.3—+¢-"

0.4 5

0.5

Exposure
Category

HIGH

MEDIUM
¥
1
LY

LOW

NONE

Terrain

Building located within 1 km of direct
waterfront exposure or,

Small or few surrounding obstructions or,
Located on a hill or cliff overlooking
adjacent buildings

Rural areas, moderately treed or with
buildings mostly less than 4 stories,
which are within a distance of 5 building
heights

Many large buildings which are within a
distance of 2 building heights

Adjacent buildings of equal or greater
height located within one building
height in all directions

Figure 2.8 Canadian exposure categories for timber faca@@gure courtesy of

CMHC [2])
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2.2.4 Heat and mass flow

The interaction between external building enveloped the atmospheric boundary
layer is mostly confined to the flow of energy oatter due to molecular exchange.
Interestingly, the same basic flow relationshifoisnd in many different materials and
it applies irrespective of whether one is concermeth gaseous or liquid flow,

moisture diffusion, thermal or electrical conduityiv Heat, for example, will flow

from areas of high to low temperature, the flowerddeing proportional to the
temperature difference and the rate of moleculdiismns. In its most general form

this flux-gradient relationship is expressed as [5]

X

Fluxof ~_  Ability to Gradient of the 2.3)
anentity ~— transfer relevant property '

where flux is the rate of flower unit cross-sectional area; gradient is the pressur
differenceper unit length causing the flow; and transfer abiigya constant dependent
upon the type of flow involved, for example, diffois, permeability or conductivity.
This relationship was arrived at independently @ioiferent types of flow. Thus,
thermal conductivity is modelled using Fourier'svJaiffusion by Fick’s first law, and
permeability (fluid flow through porous media) byaidy’'s law. They all express the
same general relationship, although their exach$ovary depending upon the material
and transport process involved. In the case aiididlow, Darcy’s law is expressed
[13] as:

= QP

= 2.4
AAP P 24)

where k is permeability,Qis the flow rate,APis the pressure differentialdis the

cross sectional area of the specimen ans the specimen length in the direction of

flow.

Heat and mass transfer through the building eneet@n occur from the atmosphere
inwards and outwards from an air mass within thigding. In cool-temperate oceanic
and island climates the most important considenaisousually moisture infiltration
(e.g.water entrapment and leaks) due to wind and Tdiase risks are expressed — and

managed — in different ways to moisture exfiltratio
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2.3 Moisture infiltration into the building envelope

Moisture can be driven into a building envelopéh@itthrough openings between

components, through components themselves or byndioation of these.

2.3.1 Moisture penetration

Discussion of moisture flow into building envelopesds to be conditioned by the
type of envelope material involved. Brookes [14{yigical when describing the forces
acting to drive rainwater through cladding (Fig@®), but, in common with most
other authors, discussion is based solely uponnteghguidance published by the

sheet metal industry.

Gravity aunt® 1 4

4 Kinetic

energy
Surface Capillarity
tension
. R 4 S b\, 4
4y un a4y at

Air Pressure
current: differences

Figure 2.9 The forces acting to drive water through an opgriisfter: Brookes [14])
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Whilst the processes outlined in Figure 2.9 applwalt types of facade material, they
fail to acknowledge the importance of flow througlorous materials and are,
therefore, of limited relevance to timber. Contblrain water penetration into timber
facades has to take account of moisture flow thmotige material itself as well as

through joints.

2.3.2 Controlling rainwater penetration

Straube and Burnett [15] offer a more comprehendigseussion. They characterised
the means by which moisture penetration into bogdenvelopes from external

sources can be controlled. They note that rain silggbon a wall or roof can either be:
» Drained; carried down the exterior surface by gravity;
« Stored; absorbed by capillarity or held by surface tengpooling can also occur);

* Transmitted; be carried further into the building envelope &gy of several
mechanisms including pressure differences, splgsbhuk flow or diffusion.

On this basis they group building envelopes intedtbroad categories (Figure 2.10):

* Moisture storage the oldest strategy is to ensure the buildingetope has
sufficient storage mass to absorb all water notindch by the outer surface.
Examples include solid masonry or log walls. Tipgrformance depends on several
factors including the ratio of storage capacityréanwater load, the material’'s
resistance to moisture related degradation, andusiee of eaves and weathering

courses to deflect rainwater away from the wall.

» Face sealed the availability of so-called ‘modern’ materiaBnd processing
methods €.g rolled sheet metal, plastics, plate glass an@masistant adhesives)
has stimulated interest in building envelopes wradteainwater is stopped by a
watertight layer near the outer face. Acrylic rendm rigid insulation is a

contemporary instance, although structural glasngobably the best example.

» Screened and drained in this approach it is assumed that some rainwartk
always penetrate the outer surface — the screemd-thas has to be removed by

drainage and ventilation before it can damage oefrate deeper into the wall.
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Some building envelopes use a hybrid approach. kod&f roofs, for example,
combine a large moisture storage capacity withaatf water-tight layer. This thesis
IS mainly concerned with the screened and drainpdroach. This offers a
considerable degree of redundancy to cope with pmokmanship, whereas the face
sealed approach is less robust. Where workmanstppar, face sealed envelopes are

vulnerable to moisture penetration: a leaky-conderaiting as it were.

In the massive wall approach
most rainwater drains down the
outer surface but some
penetrates the wall where it has
to be stored (without damage to
the wall) until it can move back

to the exterior.

In the face sealed approach a
watertight outer layer is used to
stop rainwater penetrating the

wall.

In the screened and drained

approach any rainwater that

lllllll>

gets through the outer layer is
allowed to drain and evaporate
away before it can cause
damage or penetrate deeper

into the wall.

Figure 2.10 Rain control strategies for building envelopes €AftStraube and

Burnet [15])
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2.3.3 Types of screened and drained building envelopes

Although the idea of a screen for the rain has mennd for centuries, the scientific
basis of this form of construction was first invgated in Norway and Canada from
the late 1940s onwards [16] [17]; much literatuas Bince accumulated although most
of it is only focused on screening mechanisms e#eto non-porous materials. There

are, broadly speaking, three types of screenediemded wall:

» Siding; the longest established type involves fixing diad directly to the
structural frame or other substrate. A similar apgh is used where roof shingles
are fixed to sarking boards without an intervercagity. Any moisture penetrating
the cladding is removed by evaporation to the lngd interior. The approach was
common on timber-clad housing in the UK until thel+B0th century and is still
used on non-insulated buildings. Siding remainsuge for housing in warm

climates, but does not work where drying to thernior is prevented by insulation.

» Rainscreen if cladding is prevented from drying to the inter then a more
complex layered construction is required. The dlagldis separated from the
substrate by a drained and, in some cases, veqdtitavity that enables drying and
provides a capillarity break stopping water frongrating deeper into the wall. As a
further precaution, the rear face of cavity is mafl@ moisture resistant material.
The cavity has to be at least 6 mm wide as thisvise the distance that can be
spanned by a water droplet. In practice, the casitysually at least 10 mm wide to

allow for constructional and dimensional toleranard other factors.

» Pressure equalised rainscreerof the joint leakage forces illustrated in Figars,
pressure differences between the two sides of théding are often the most
important. In recognition of this, rainscreen clexddesigns have been developed
that attempt to reduce the pressure differencey Tiheolve compartmentalised
cavities in combination with sheltered joint drajeaand ventilation routes sized to

suit the cavity volume, and a rigid air barriethe rear of the cavity.

Formulae have been developed [18] purporting towalthe effective vent size for
pressure equalisation to be calculated. Howevesetltan be questioned because even

the most advanced systems, such as metal and g@lessn walls, achieve less than
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25% pressure equalisation during field tests. ®®a(il9] attributes this poor

performance to the near impossibility of balandhg pressure differences occurring
during short duration gusts; while he observed grassure moderation of over 90%
can occur under constant wind conditions, nonehef designs tested performed
satisfactorily during gusts of a few seconds. Hghier noted that water will permeate
porous walls even when perfect pressure equalis&iachieved. These walls require
full provision for cavity drying irrespective ofijt design or cavity compartmentation.

Pressure equalised rainscreens are therefore nadinglue where the cladding is non-
porous and the cavity can be divided into relagiveinall compartments. Straube
recommends the compartment size be no more thah This is only practical with

folded sheet materials, castings and mouldingsprictice, therefore, rainscreen
cladding is the only viable approach for timberaides over insulated walls. Figure
2.11 illustrates the components of a typical timksnscreen in the UK. The wall
build-up or terminology may differ slightly in otheareas. In Scandinavia, for

example, the sheathing board may be replaced woiktore resistant plasterboard.

1. Cladding
2. Support battens and cavity

3. Breather membrane

A\ . Sheathing board
‘ : 5. Timber f
\ % 5 . Timber frame
§ 6. Insulation
& 3 7. Plasterboard
~
N f\} VB A. Drainage
NN B. Ventilation
N T
~
~

Figure 2.11 Components of a typical timber—

clad rainscreen wall in the UK
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2.4 Moisture exfiltration through the building envelope

At any given temperature, air can hold a specifitmant of moisture as water vapour;
the warmer the air the more water vapour it caal.héhen a given air volume carries
the maximum possible amount of water at a giverperature, it is described as being
saturated. For any combination of air moisture armdume there will be a

corresponding temperature at which the air becosatgrated to the point that that a
drop in temperature could result in condensatidns Temperature is termed the dew
point. Condensation that occurs within the wall riabis known as interstitial

condensation; it can cause considerable problete iincontrolled [20].

2.4.1 Controlling interstitial condensation

Vapour pressure describes the partial pressurdeekby water vapour molecules in
the air. In cool-temperate oceanic and island di®mahe vapour pressure inside a
building is usually higher than that outside. Tkesds to drive moisture outwards
through the building envelope. In these circumstanthe risk of interstitial

condensation can be minimised using one or motieofollowing techniques [21]:

» achieving low vapour pressure inside the buildimg for example, room ventilation

or minimising moisture emissions;
* using materials with a low vapour transmissibihigar the warm side of the wall;
« using materials of high vapour transmissibility néee colder side of the wall;

* using materials with a low thermal conductivity tve colder side of the wall.

2.4.2 Approaches in the UK

The most common approach in the UK involves enguthmat the wall surface in
contact with the exterior air is at least five tsrraore permeable to water vapour than
the layer at or near the inner face of the wallnormal timber-framed wall has a
relatively impermeable structural sheathing layashsas oriented strand board (OSB)
at the rear face of the cavity and so this needsai@ a continuous vapour control
layer (VCL) near the inner leaf of the wall to main the 5:1 permeability ratio. The
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masonry cladding is ignored for the purpose of tlaisulation as it is the permeability
of the layer behind the cavity that is at issuee MCL is normally formed of foil-
backed plasterboard or 135 (500 gauge) polythene.

This is not the only viable wall build-up and ihrfexample, the sheathing board is
moved to near the inside face of the wall, thenldlger facing onto the external cavity
can be a relatively permeable material such abaaitl insulation. In this case a thick
sheathing board, such as 15 mm OSB, can act dfi@esu vapour check to maintain
the 5:1 ratio and so there may not be a requireffoerast VCL near the inner leaf of the
wall. This type of timber frame wall build-up is &wn as a reverse wall and is
becoming increasingly common. It is sometimes, @adingly, called a breathing wall;
in reality this term has little meaning and is besbided. Not all sheathing boards will
offer sufficient air tightness to act as a vapdueak, in which case a VCL will still be

required.

2.5 Cavity drainage and ventilation

In a rainscreen wall, rainwater penetrating theldilag and water vapour diffusing
outwards through the wall will normally both be dsjted in the cavity from where
they must be able to escape. Cavity drying is,efloee, a crucial component of

rainscreen cladding design.

2.5.1 Vented or ventilated?

All cavities exposed to rainwater penetration ngetle drained to the exterior, many
are also detailed to ensure air movement to pronestaporative drying. The
requirements for cavity ventilation vary betweep thK'’s building regulations, with
those in Scotland and Northern Ireland being dyghmore demanding. These
differences only apply to masonry construction, begr. Where timber or timber-
based materials are used for any part of the algddiupport assembly or structural
frame, then all of the UK’s building regulation dance documents recommend that
the cavity should be ‘ventilated’ as opposed tatee’. These two terms are defined
in BS 5250 [21]:
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* Vented cavity, openings to the outside air placed so as to alldwnited, but not

necessarily through, movement of air;

* Ventilated cavity; openings to the outside air placed so as to prortioteugh

movement of air.

The minimum requirement for a ventilated cavitgigen in BS EN ISO 6946 [22]. It
defines a slightly ventilated cavity as one whdre gap for through ventilation is

greater than 500 mfmper m length {.e. equivalent to a 5 mm unobstructed gap).

It is known that the thermal resistance of a vatgil cavity is lower than if the cavity
is unventilated or vented. This can impact on therall heat transfer coefficient (U-
value) of the wall. The U-value describes the witleat transfer through an element
of construction, over a given area, under standamflitions. It is the inverse of
thermal resistancd@ hese effects are not fully understood, however.ex@mple, BS
EN ISO 6946 makes highly simplified assumptions ubthe effective thermal
resistance of cavities depending on their ventitatconditions. It states that the
thermal resistance of slightly ventilated cavitisshalved relative to those with no
through ventilation and that the thermal benefitslaw-transmissibility breather
membranes are eliminated by cavity ventilation. SEh@assumptions have not been
validated by measurements in occupied buildingdedd, there is surprisingly little
data available about the ventilation conditiongha external wall cavities of actual
houseg23].

2.5.2 Research into cavity moisture conditions

Some Scandinavian and North American research stgytjeat wet timber-clad walls
dry faster when ventilated, whereas ventilation liile benefit if the walls are dry. A

study by the Norwegian Building Research Institutedertaken as part of the ETC
project, looked at the effects of omitting the ganal two cavity ventilation gaps: 4 mm
and 23 mm. The study [24] found that providing ar¥in air gap was ensured,
increasing the gap to 23 mm had no additional effEis gap size is 20% smaller
than the 5 mm minimum given in BS EN ISO 6946. Shely also found that, in the
absence of rain impacting on the wall, the moistcoatent of ventilated timber
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cladding was determined largely by the relative ity of the surrounding air,
whereas during rain events the moisture contentisarabove the hygroscopic region
(i.e. the moisture content is determined by a surfdoe df water and not by relative
humidity).

In a brick-clad timber-framed wall, the cavity been the cladding and sheathing is
usually about 50 mm deep whereas, in the caseniifeti cladding, the cavity depth
varies according to the type of support assembdyizdntal timber cladding is usually
supported on simple vertical battens around 20 reepdwhilst vertical cladding is
usually fixed to 50 mm deep horizontal battens sufgl on thinner vertical counter-
battens; the full cavity depth in this latter caseften around 70 mm. Although the
cavity extends over the full height and width oé tivall, documents supporting the
UK'’s building regulations require that fire bargebe fitted to interrupt the cavity at

specified locations.

Sanders [23lsed a range of hygrothermal software programs ddemthe risks of
interstitial condensation and the drying of conwamdl timber-framed walls in UK
conditions. Other wall build-ups such as the revewsll were not investigated. The
research found that when cavity ventilation waseased from zero up to a maximum

(a level beyond which there is no further change):

If the VCL is absent, ventilating the cavity willbohreduce the risk of severe

interstitial condensation.

« If the VCL is incomplete, cavity ventilation behind brick affaly reduces the
amount of condensation, but makes little differemitiee cladding is timber.

« |If the VCL is complete, there will be no intersiticondensation whether the

cavity is ventilated or not.

* Wet sheathing boards behind brick cladding will daster if the cavity is

ventilated; cavity ventilation does not have tHie& behind timber cladding.
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» If there is no wetting of the wall by rain, the rsimire content of cladding is mainly
determined by relative humidity; ventilating thevitg has little effect in these

conditions.

» Cladding that has been wetted by rainfall will dagter if the cavity is ventilated
although the difference is not great.

The study concluded that, with timber-framed arldd-avalls, ventilation at the base
alone will be adequate in areas not exposed to legéls of driving rain, but that
ventilators should be provided at the top and otio highly exposed areas. What
constitutes a ‘high’ level was left undefined, hae The only published definition of
relevance is that in BR 262 (see Figure 2.6) aljhowas already indicated, this may

not be fully applicable to timber facades.

2.6 Moisture conditions in timber rainscreens

Few studies have been published in the UK givinggltermin situ data on moisture

conditions in external timber cladding. Even wheraisture contents are stated, there
has been little attempt to explore how they flutguaver time or the factors that drive
these changes. It is therefore difficult to acaelsapredict the moisture take-up and
loss that will occur when a particular timber spscis used as external cladding in
specific climate conditions. As a result, the agsed moisture effects such as fungal

decay or dimensional change are similarly poorifreel.

Accuratein situ moisture content measurement has become incréastagible since
suitable data-loggers became available in the @880s. Before this, moisture content
was usually recorded in the form of single measerds made with hand-held
moisture meters or through gravimetric testing. Wasf the published moisture
contents for timber cladding are, therefore, likéty be derived from short-term
measurements unrepresentative of the full rangén-aervice conditions. Typical
estimates are maximum moisture contents of arol¥ 2n north facing facades
during the winter, down to a minimum of around 10#ten exposed to summer sun.
The average moisture content for timber claddingften quoted [25] as being around
16%.
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2.7 Summary

This study is relevant to the four regions of tharlel sharing a cool-temperate oceanic
and island climate. Timber facades in these foeasmare dominated by the effects of
moisture related deterioration whereas those iacadit areas are not. Wind and wind-
driven rain are key factors. Western Scotland egpees more intense WDR than

most of western Norway.

The control of moisture in building envelopes netdsonsider flow from internal and
external sources. The latter is usually the maimcem with timber facades in areas
exposed to WDR. Most discussions of the moistundopmance of facades fail to

consider timber related issues.
In areas subject to WDR, timber facades are besigoed as a rainscreen with a
drained and ventilated cavity behind the claddintjle research has been done into

moisture conditions in timber cladding or ventithtavities.

Datalogged exposure trails of timber cladding ae=ded, these should examine

interactions between key variables.

35



References

10

11

Brock, L. (2005). Designing the exterior wallr-achitectural guide to the

vertical envelope. Hoboken, New Jersey: John W&leSons.

Canada Mortgage and Housing Corporation (198®pd-frame envelopes in
the coastal climate of British Columbia. Vancouv@kMHC.

Barry, R.G. & Chorley, J. (2003). Atmosphereather and climate."8edn.

London: Routledge.

Clemson, D. (1974). Living with logs: British [Dmbia’s log buildings and
rail fences. Vancouver: Hancock House.

Oke, T.R. (1987). Boundary layer climate¥ elition. London: Routledge.

The Meteorological Office, (1989). The climate ab8and - some facts and
figures. London: HMSO.

Hoppestad, S. (1955). Slagregn i Norge [Driviaig in Norway, in
Norwegian]. Report 13. Oslo: Norwegian Building Baxh Institute. [Quoted
in] Nore, K., (2004). Performance based design @bden claddings — a
literature review of wooden cladding design. NBlt&l61. Oslo: Norges

Byggforskningsinstitutt.

Rydock, J.P., Lisg, K.R., Fgrland, E.J., Noreakd Thue, J.V. (2005). A
driving rain exposure index for Norwagldng and Env40(ii): 1450-1458.

BS 8104:1992. Code of practice for assessingsxpe of walls to wind-driven
rain. London: BSI, 1992.

Sellers, H. and Hale, S. (2004). External timbadding in maritime
conditions — climatic comparisons between Norwaytland, Faroe Islands
and IcelandUnpublished report by Forest Research. Available:
<http://'www.northernperiphery.net/managers/LibrBrgject/Publications/Exte
rnal/Timber/Cladding/External/Timber/Cladding/NPRka@atic/Comparison.do
c> [Accessed 1 December 2010.]

Stirling, C. (2002). Thermal insulation: aveigirisks. BRE Report 262.
Watford, UK: BRE Press.

36



12

13

14

15

16

17

18

19

20

21

22

23

24

Canada Mortgage and Housing Corporation (1996 eunf building
envelope failures in the coastal climate of Britdblumbia. Vancouver:
CMHC.

Dinwoodie, J.M. (2000). Timber: its nature dsdhaviour. 2 edition. London:
E & FN Spon.

Brookes, A. (1998). Cladding of building&! &ln. London: E & FN Spon.

Straube, J. and Burnett, F.B, (1999). A rewiéwain control and design
strategiesJ. Thermal Insulation & Bldng Envelopehily 1999: 41-56.

Birkeland, O. (1962). Curtain walls. handbook 1@0Blo: Norwegian Building

Research Institute.

Garden, G.K. (1963). Rain penetration andatgrol. Canadian Building
Digest 40. Ottawa: National Research Council ofacin

Rousseau, M. Z., Poiner, G.F. and Brown, W1898). Pressure equalisation

in rainscreen wall systems. Ottawa: Inst. for Resea Construction. pp. 4-5.

Straube, J. (2001). Pressure moderation anghesietration controlProc: Int.
Conf. Pressure Equalised Rainscreens: Design amtbPeance.21. Ottawa,

Canada.

McMullan, R. (2007). Environmental science uilding. 6" edition.,

Basingstoke, UK: Palgrave Macmillan.

BS 5250: 2005. Code of practice for contrat@idensation in buildings.
London: BSI, 2005.

BS EN ISO 6946:2007. Building components anttimg elements. Thermal

resistance and thermal transmittance. Calculatiethad. London: BSI, 2008.

Sanders, C.H. (2005).Ventilation of the casitretimber framed walls.
Research report. Edinburgh: Scottish Building Ssadsl Agency, 2005.
Available:<http://www.sbsa.gov.uk/archive/pdf/Wee¥sion/of/Cavity/ventilat
ion_Report_20_121.pdf > [Accessed 28 June 2010.]

Nore, K., Thue, J.V., Time, B. and Rognvik(#05). Ventilated wooden
claddings - a field investigatiofroc: 7" Symp. Bldng Phys in the Nordic
Countries Reykjavik, Iceland. pp. 61624.

37



25

Hislop, P. (2007). External timber claddin® &dition. High Wycombe, UK:
TRADA Technology.

38



Chapter 3
Market

The leaky condo debacle discussed earlier is areragt example. Nonetheless, it
highlights what can happen when a rapidly growiegter of the building industry

embraces new or untested technology accompaniethdgquate training and technical
support. Could a similar problem be developing withber facades in the UK? The

similarities are certainly striking and include:

* A construction sector emerging from nowhere indithore than a decade;
* Knowledge gaps in the underlying science and ereging;

» Rapid technical change with a consequent lag indiegelopment;

» Technology being transferred into the UK with n@ck on its suitability;

* Questionable standards of detailing and workmanship

« Inadequate technical guidance and regulation;

* A growing number of technical enquiries and expethess cases;

e A complex supply chain;

* Industry inaction and complacency.

This chapter addresses each of these points in fluoombines a review of existing
knowledge with two pieces of new research: an assest of the rapidly growing
market for timber facades in the UK and a surveydefailing and workmanship

standards. In doing so it sets out the contextimitvhich subsequent chapters develop.
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3.1 A rapidly growing market

The UK market for timber facades is frequently uedémated, poorly understood and
perceived as conflicting with the marketing strgte@the timber frame industry. All of

these issues appear to be related to the secapis growth.

3.1.1 Market research

There is no accurate research published on the dkken for timber cladding. During
the past decade, MBD were the only market reseacchpany that attempted to
quantify the UK cladding sector. Their 2005 study $tates that UK timber cladding
sales during 2004 amounted to only 203,000 This figure has been widely quoted
even though timber cladding suppliers regard iaaonsiderable underestimate The
company have recently updated their research [#]the replacement study appears to

be similarly inaccurate.

Fortunately, it is straightforward to produce admtanarket estimate based on imports.
Canada Wood UK [3] keeps records of the quantitywedtern red cedall (luja plicatg
imported by the UK each year. In 2004 the volumes 88,550 i} of which the
organisation believes 60 to 80% (22,000 to 29,08pwas used as external cladding.
After making allowance for machining losses anceotiastage, this represents an area
of at least 630,000 to 840,00F of cladding.

Discussions with suppliers suggest that importedteva red cedar’s UK market share
was approximately 50% during 2004; in which case ttital area of timber cladding
sold in the UK can be estimated at 1.2 to 1.6 amillirf. The other main timbers being
sold as cladding were also imported and includeidertan larch [arix sibirica,
Douglas fir (Pseudotsuga menziesiand ThermoWood™ (thermally modifideinus
sylvestrisandPicea abiek Preservative treatment is virtually unknown tioe cladding

itself but is used for support battens.

Suppliers estimate that the UK timber cladding reaideew by around 10%er annum
from 2004 to 2007 at which point it was worth apgneoately £30 million [4]. It has

since decreased due to the construction downturnmgl2008-11. Current figures are
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difficult to estimate due to market volatility; aevw large suppliers have been

bankrupted, whilst others report continued growth.

Although the market is dominated by imports, thare sawmills throughout the UK
that supply local timber. The most common UK groaladding timber is larchl(
decidua, L. kaempferand their hybrid.arix x eurolepi¥. Others include European oak
(Quercus roburand Q. petraed, sweet chestnutCastanea satija and western red
cedar plus several lower durability timbers suchU&s grown Douglas fir. Demand
exceeds supply, although there are reservationstbgequality and availability of UK
timber. This will intensify if, as seems likely,elPhytophhtoraramorumepidemic [5]
affecting Japanese larch..(kaempfel in southwest England and Wales spreads

throughout the UK and to all larch species.

The UK market for timber cladding can be split is&veral sectors. The most obvious
division is between low-rise housing (its most commruse) and larger, often non-
domestic, applications. Low-rise housing divides,turn, into private housing and
buildings owned by registered social landlords. ifsirty, the non-domestic sector falls
into several distinct groups such as educationdtlings, visitor centres, officegtc
The facade height and location are also impor@the types of cladding that can be
used are more restricted on walls above 18 m aadpreperty boundaries. The use of
timber facades on medium-rise and non-domesticdirfdcades appears to be growing,

although no figures are currently available.

3.1.2 Performance benefits of timber facades

Part of the growth in popularity of timber facadesiown to architectural fashion and
this will certainly change. Timber facades do, heeare offer a number of tangible
performance benefits that should ensure their ojpyleven when fashion moves on.
Sustainability is probably the most important pareg benefit although this is often

difficult to quantify. The arguments for timber che summarised as [6]:

- Low environmental impact: timber is renewable; it is available from cestifly
legal and sustainable sources; and at the end aeitvice life timber can often be

recycled or used as fuel.
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. Low embodied energy timber consumes less energy to produce than mgsand

can sometimes be locally sourced.

- Low carbon: using timber, that much of the carbon consumednduthe tree’s

growth is locked into the fabric of the buildingrbon is also stored in forest soil.

The issue of local sourcing is, however, complexcdlness is not accepted by the UK
government or European Union as evidencing sudigiitya This is because a localness
criterion could be used as a restrictive practibereby increasing costs and cutting
across foreign aid policies to support emergingneaaes [7]. The topic is discussed
further in a publication by this author for Forgstommission Scotland [8].

While sustainability can apply to all types of tiemlzonstruction, timber facades bring
some further gains. Timber is most often used addithg onto a timber structural

frame, in which case the main performance benafés

« Few problems due to mixing construction materialsWhen the structure and
cladding are both made from timber the problemdlifferential movement are
reduced [9]. Substituting masonry cladding withdencan also help minimise risks
of condensation build-up within the wall, this béhbas mainly been documented

by building conservation specialists [10].

* Cost reductions.The use of timber cladding means the ‘wet tradé$ricklaying
and plastering can be avoided as a joiner can aretiine out the walls. Material
costs may also be reduced. The savings are typitaid 2 % although they have

been considerably higher on some projects [11].

» Suitability for off-site prefabrication. Because timber cladding is relatively thin
and lightweight, it is well suited to off-site padfrication as part of a modern
methods of construction approach. This is of grgwimportance due to several

factors including health and safety, cost and dedi workmanship standards.

Cladding masonry or massive timber walls bringseothdvantages. Although these
walls have thermal mass to buffer diurnal tempeeafluctuations they can be poorly

insulated. Adding external insulation cuts energyndnd without disrupting internal
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finishes. The insulation can then be clad with &mto keep it dry; this approach is long
established with log buildings in Scandinavia asndhcreasingly being used in Finland
and Germany as part of the refurbishment of coadetades on medium-rise housing.

It is uncommon in the UK at present.

3.1.3 Relationship with timber-frame construction

There is much confusion over what constitutes d¢inbuilding. In the UK the term
timber frame describes a construction system whérgertical and lateral loads are
transferred to the foundations through a structtreshework of small section timber
studs sheathed with a wood-based sheet materialagI©SB. The framework is then
clad with a largely non-structural skin, which che made of several materials
including masonry, rendered mesh or timber. In @pie, each of these cladding
materials is interchangeable. Timber frame constmas permitted up to seven storeys
in the UK. Confusingly, the timber frame systenkigwn as light frame construction
in North America where the term timber frame isergsed for the large section timber
structures referred to as post and beam in Eurlmpenost countries timber-framed
buildings are also timber-clad. The UK is unusuathis respect because the popularity
of timber construction is not so readily appar¢intber frame suppliers have tended to
clad their houses in masonry-based materials amlatow people to pretend that they
live in a stone house. The conceit is so good ety people do not realise that it is a
timber structural frame that holds up their roof.

The market share of timber-framed constructiondrasvn throughout Britain in recent
years. During 2009 about 75% of low-rise housin§aotland was built using a timber-
framed structure. The corresponding figure for Bndland Wales [12] stood at around
19%. For comparison, the average market share ifobet-framed construction

throughout the developed world was around 70%.

Many sections of the timber frame industry appeabé¢ resistant to cladding their
buildings with timber. This may be due to a perediwconflict with their marketing
strategy. The difference in timber frame’s markeire between Scotland and the rest of
Britain is often attributed to a 198®/orld in Actiontelevision programme, which
highlighted technical problems with the timber-fieemhomes then being built in the
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UK. The programme was broadcast in England and $Malg not in Scotland. In the
wake of the programme, much of the UK timber frantistry appears to have adopted
a marketing strategy whereby the timber compongtitear buildings is not mentioned.
As timber facades make further inroads into thé&nframe sector then this marketing

strategy may have to change.

3.2 Incomplete scientific and engineering knowledge

There surprisingly little consensus as to how tedgsmance of timber facades should
be defined or evidenced. The main engineering-basettw of external cladding
technology in the UK is a standard [13] publishedtbe Centre for Window and
Cladding Technology (CWCT). Most other technicablpzations in this field tend to
base their conceptual framework upon this norm. QWRainly consider the
performance issues affecting the so called trataliofacade materials such as
aluminium, glass and concrete. Accordingly, degiiadaof timber by moisture is
virtually ignored; so too is corrosion due to ongaacids, the wind resistance of a
facade assembly made of boards and battens, aretakesther topics of central

importance to timber facades.

Some of these topics are poorly understood evemrwihe wood science community.
The most obvious gaps are moisture conditions tereal cladding, service life in
fluctuating moisture conditions and leaching ofnfla retardants. This thesis mainly

addresses the first of these gaps.

3.3 Rapid technical change

Timber facade technology is undergoing a periodapid technical change driven by
several underlying factors. In recent years changé&siropean legislation have resulted
in the virtual withdrawal of CCA-based wood presgives and solvent-based surface
coatings. This in turn has stimulated growth in dach for what are termed wood
modified timbers (these comprise timber productat thave been chemically or
thermally modified to improve their performancevatit the negative effects associated

with traditional approaches such as wood preseawatiEuropean consumers are also
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influential, particularly in the growing demand fvanslucent surface coatings and so-

called ‘ecological’ paints.

These changes are driving availability of many mpeaducts and technological systems:
architects are embracing these with little awarerteat the technology may not be

transferable. Current examples include:

- Some types of German cavity barrier should onlyubed as part of a formal fire
safety engineering approach, yet enquiries receyethis author indicate they are

being used on timber cladding contracts in the Utheut any such precautions.

- Non-preservative treated shingles are being usdigeitK even though it is known
that most of these products will fail in less th2d years in our mild and damp

climate.

- German face sealed cladding is being promotedenJk without any test data on
how it performs in a wet climate. The products m@de of an acrylic render onto a
substrate of rigid insulation board. The lack otavity means that there is no

redundancy to cope with poor detailing and workrhgnsr impact damage in use.

3.4 Inadequate technical guidance and regulation

Statutory guidance supporting building regulatiesisslow to respond to changes in
construction practice. This is unavoidable, asgineance has to be based on published
research, which can take time to prepare. The gulghen has to go through a lengthy
drafting and consultation process before approvdl@ublication. For example, current
fire regulation guidance for cladding in the UK - 16] was mainly written for
masonry based cladding and is not always apprepiaatimber facades. This guidance
assumes that the cladding material is both inoomgand non-biogenic and is, therefore,
of uniform composition, non-combustible and litifected by moisture (See Chapter 5
for a more detailed discussion of this topic). Hesociated test procedures [17] [18]
thus ignore the possibility of the cladding burnthgough, whilst the detailing guidance

creates water traps when used for timber claddsmmilarly, the current guidance for
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acoustic insulation of separating walls and flagrgtions [19] only mentions masonry

cladding.

3.5 Poor standards of design and workmanship

It is often asserted that the standard of detai@ind workmanship is poor but this is
rarely quantified. The completion of Scotland’sfiHousing Expo [20] in August 2010
provided an unusual opportunity to survey the dqualf detailing and construction of
timber cladding on a selection of modern housingth® 51 dwellings in the Expo, 41
have wholly or partially timber clad facades, thtesd timber clad roofs, and one
employed exposed structural timber. The buildingsrevdesigned by 26 different
architectural practices and were erected by smdiof contractors. Most dwellings in
the Expo were detached or semi-detached, there tivexe blocks of flats. Most of the
cladding timber was heartwood of Siberian lartlarix sibirica) or locally grown

European larchl( decidud.

3.5.1 Method

All timber clad walls and roofs were surveyed. Tdefects were listed and recorded
photographically. The detailing or construction wiefined as defective if it did not
comply with either current best practice guidan2d - 23], or the details being
developed for this thesis. Each defect was ontgdi®nceper dwelling no matter how
many times it occurred. That said, infrequent o@noes €.g a single over-driven nail)
were ignored unless the consequences of failure s@nous€.g. poor cavity barriers).

Appendix 2 gives examples of the defects that wecerded.

3.5.2 Results
Every timber building envelope on the site had saefects. There were an average of

seven types of defeqter dwelling. The minimum was three and the maximum te

Table 3.1 ranks each defect by frequency of ocooee
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Table 3.1 Frequency of occurrence of each type of timbeadacdefect

Defect Number of % of
dwellings dwellings
affected affected
Poor window installation 41 100
Butt jointed boards 25 61
Silicone in joints 21 51
Nails driven too deep 21 51
Watertraps or splashzones at ducts or meter boxes 19 46
Inadequate splashzones at access ramp to door 16 39
Poor insect or vermin mesh installation 16 39
Inadequate splashzones generally 9 22
Boards nailed together 9 22
No eaves ventilation 9 22
Decking creates splashzone 8 19
Poor horizontal cavity barrier 8 19
DPC used behind timber cladding 8 19
Poor fixing details 5 12
No endgrain gaps at corners 4 9.8
Poor differential movement allowance 4 9.8
Poorly installed plywood cladding 4 9.8
Sapwood not graded out 3 7.3
Ferrous fixings in timber 3 7.3
Poor vertical cavity barrier 3 7.3
Exposed structural frame with water traps 1 2.4

3.5.3 Discussion

Only 41 dwellings were surveyed and all were paxre rapidly erected development
resulting from a design competition. The sampléahsrefore, of limited size and open

to several uncertainties or sources of bias, inatyd

. The competition may have selected for defect pamségns
- The speed of erection may have produced an unysugh number of defects

- Contractors in Highland Scotland may be unusuadiyrly skilled
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- The same contractors worked on several dwellingssarfaults were repeated
- Most cladding could only be inspected from the m&t&nd at ground level
- Flats were under represented and non-domesticibgsdvere missing

. The long-term impact of the defects was unquatiéa

The last point is particularly important. Althougirere is a broad consensus as to what
constitutes a defect, the consequences can vamy finnor to catastrophic. If a few
boards fail, for example, they can easily be reggdadut if exposed structural timber
starts to rot the costs can be considerable. Véaag [24] note that there has been little
attempt to quantify the relative importance of eliént types of detailing problem on
timber facades or elsewhere in exterior out-of-gbaontact conditions. They state
that such information would be valuable. Accordinglg attempt has been made at this

stage to rank the defects by their severity, ihyctis addressed in Chapter 5.

Although the survey is far from definitive, it dobgyhlight the problems that occur.
These should not be taken to mean that the quaflilesign and workmanship at the
Expo was particularly poor; instead it is likelyaththe standard observed is the norm

throughout the Scottish Highlands and beyond.

3.6 Enquiries and expert witness cases

Staff at TRADA Technology state that timber cladgims their most common
continuing professional development request, asd al frequent source of enquiries
and expert witness contracts. Enquiries and caarstt contracts at Edinburgh Napier
University follow a similar trend. The technical epiions span several areas: fungal
decay, weathering, dimensional change, corrositmgctsiral robustness, fire safety,
detailing, and grading. The most common experteggncontracts concern weathering,
dimensional change and robustness. Scotland clyrrgemerates one or two contracts
per annum suggesting that the UK has ten to 20. Their cpumeeces vary. Some
involve little more than the cost of the expertnegs report and some minor remedial

action. Others can bankrupt the main contractorjainéry subcontractor.
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3.7 Complex supply chain

The supply chain for timber-based facades is moreptex than that for other facade
materials. Although much of this is due to the mateitself, non-material

considerations also arise, including:

e Terminology; people in the supply chain can be confused bipei's complexity —
such as the difference between hardwoods and sodisve and the timber industry
does little to overcome this. Scientists, for exmnpse different terminology to
timber suppliers who, in turn, describe wood prdadwmnd processing in a way that
their customers find confusing. Redwood, for exan a trade term that refers to
different species depending upon whether the tinobiginates in Europe or North
America. Moreover, European RedwooRjnus sylvestrisis known as Scots pine
if grown in the UK. European Standard BS EN 13558 prings some order to this
confusion by allocating standard names to the trsibemmonly used in Europe.

e Avalilability ; species availability changes and new timberscarginuously being
brought to market, particularly from South Ameridédis can be challenging as
authoritative information on their timber propestiakes a while to be published.
Suppliers often exploit this lag by making perforroa claims that cannot be
evidenced. The current promotion of Siberian lafichsibirica) and eastern white

cedar Thuja occidentalisas especially durable cladding timbers are ciaspsint.

e Variability ; cladding timbers are sold with a wide variety grhding, moisture
contents and dimensions. This is compounded by pihlelished standardised
specifications for timber cladding [26] [27] whiamit essential information or
make inaccurate statements. The grading rules iEB 35146, for example, are so
poorly drafted as to be unusable.

Although just about acceptable in the growing cartsion market in the decade up to

2008, this complexity is a considerable disincenfior customers and may become an

increasing problem as the recession continues.
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3.8 Industry inaction and complacency

In 2002 Daviet al[22] highlighted the growing need for a timber dady association

in the UK. Little has changed in the interveninguge Several meetings have been held
and the Timber Decking Association (TDA) [28] hattempted, so far with little
success, to expand into the gap. The main bamershat the sector is still relatively
small and fragmented when compared to those ofr ddeade materials, such as
concrete or profiled steel, and much newer thag kEstablished industries such as lead.
Consequently, there is no single stakeholder windfwad a timber cladding association
and insufficient incentive for a group of companiegointly support such a venture.
Thus the TDA is funded by the wood preservatiorusid;, which has little commercial
incentive to promote timber cladding, as it is hangreservative treated. In any case,
many timber cladding suppliers are not aware ofsitede of technical challenges they
face; nor do they have the time or technical cdapatm address these problems

themselves.

The net result of all of this is that every othesijon cladding material has an industry
group and code of practice whilst timber — whicheishnically more complex than the

others — does not. This urgently needs to change.

3.9 Summary

The science and engineering of timber facades tidully understood. Moreover, the
UK’s burgeoning interest in timber facades is ndeguately reflected in published
market research, nor in technical guidance anditbgu It is, therefore, little surprise
that an industry has emerged in the UK over thd dasade that is designing and
building timber facades of sometimes questionabiaity. This needs to be addressed
through improved technical knowledge and guidanetore the number of timber
cladding failures becomes such that the markeamsatdjed. Such information cannot be
developed in isolation, however, as it has to bmg@mnt with other performance
requirements particularly those for fire safety aogdustics. A formal code of practice

is needed, therefore, needed.
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Chapter 4

Performance

Designers generally have three questions aboytdtfermance of timber facades:

- What performance requirements are relevant?
. How can these criteria be met?

- How is compliance evidenced?

Answering these questions is surprisingly difficllhis can be illustrated by comparing
the European normative framework for structural ieegring with those for other
aspects of building performance. The requiremeantstfuctural engineering are set out
in a suite of European standards known as Eurocdtese norms have been subject to
a lengthy and well resourced development procefis the result that they are now
accepted and are in the process of replacing ratstandards. The norms for non-
structural building components are not as well tiped. Even fire safety — which has
as many life safety concerns as structural engimger is still far from having an
agreed suite of European standards. The standarctldssifying reaction to fire
performance [1], for example, is widely criticisg], whilst the fire tests for cladding
and cavity barriers are still being drafted. Thisreven less progress in areas, such as
the material characteristics of timber claddingjohhdo not directly affect life safety.
Sectoral interests, or even the views of particirdividuals, can hijack the process. It

is thus no surprise that the performance guidaoicember facades is in a mess.
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4.1 British and European standards for timber cladding

BS 1186-3 [3] is the most widely used British st@mbfor timber cladding. It covers a
number of topics including timber durability, movenmt, grading and board profiles.
However, the standard encompasses both internal eatelnal cladding: seperate
microclimates with different performance issuesg( movement and corrosion).
Consequently, the standard has a number of effbes.recommended board profiles,
for example, only suit indoor use as they cannatoamnodate much movement.
Similarly, the grading rules only describe thosatdiees relevant to internal trim; they

give little guidance on how to ensure that timlsditifor-purpose as external cladding.

National standards such as BS 1186-3 usually usscpptive (do this, do that) type
language which is now seen as stifling innovatiod as a barrier to trade. Therefore,
the European Union is in the process of introdugiag-European standards giving

harmonised performance-based guidance.

The performance characteristics currently consaleapplicable to timber facade
products are given in European Standards BS ENGLBY8and BS EN 14915 [5], the
former covers cladding made from board product$ aag plywood, whilst the latter
applies to solid timber. Associated standards - §8]7give timber grading rules and
other criteria for specific types of board profilehe guidance in key European norms
for reaction to fire [1], wood durability [9] [10dnd preservation [11- [13] are also
highlighted. In practice, however, these normsignered in most of Europe because
they are biased, poorly drafted and often irrelejad] - [16]. Two examples will

suffice:

. Softwood grading the softwood grades in BS EN 15146 [6] give sjpecules for
maritime pine Pinus pinaster but lump all other softwood timber species togeth
Maritime pine is mainly produced in southern Franod is rarely used for external
cladding, whereas timbers such as western red ¢€taja plicatg and larch I(arix
spp.) are used for this purpose in large quantitiesughout Europe. It is ludicrous to
issue combined grades for popular but dissimilaadding timbers while
differentiating a minority species only of interestpart of one country. Could the
fact that the committee responsible for draftinig #tandard was chaired by a French

organisation have had something to do with it? IJunet? This author discusses
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some of these issues in a national commentarydaBS EN 975 [18] prepared for

the Forestry Commission.

. Irrelevance; European standards for cladding repeat the e@rrBS 1186-3 whereby
internal and external uses are combined. The na@ines performance criteria for
material characteristice @ permeability and thermal conductivity) that, ascdssed
in Chapter 2, are irrelevant to rainscreen claddiviglst omitting the leach resistance
of flame retardants (Table 4.1). It is thus posgstbl have timber cladding CE marked
as being fit for purpose even though its statedti@ato fire performance will leach
out in less than a decade. The corrosion of fasteme damp timber is also omitted
as is any discussion of board profiles to accomned®vement. Table 4.2 gives a
more complete list of the material characteristedevant to timber facades. These are

discussed further in subsequent chapters.

Because the European standards for timber cladgie little useful guidance — and
much that is wrong — the relevant performance raiteave to be developed from other

sources, beginning with the applicable building tagons.

4.2 Building regulations

The oldest known building regulation comes from Badylonian Code of Hammurabi

[19] a clause from which states:

If a builder has built a house for a man, and hasmade his work sound, and the

house he built has fallen, and caused the deatts @wner, that builder shall be

put to death
Although in hindsight extreme, this clause nonetbglanticipates many of the ideas
underlying a performance-based approach. It isdbaseuser need, is independent of
the materials used, and gives a defined and mdasuoatcome.The regulations in
many countries are becoming performance-based.riibans that designers now have
unprecedented technical freedom. At the same tmaedquirements they need to meet
are becoming ever more complex. Although the rdguia are mandatory, many are
now accompanied by statutory guidance documenisgirecommendations on how
the requirements can be met. Designers can eithlenwf these recommendations or

develop their own solutions based on establishegense and engineering.
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Table 4.1 Technical characteristics for CE Marking of timbzadding

Guidance in EN 14915

Characteristic

Determination

Application to the UK

Reaction to fire

Many cladding products car

be classified without further

testing to Euroclass D-s2, d2.

Other products, or those
requiring higher
classifications, will need
testing to BS EN 13501-1

Some of the product assemblies listed

not employ rainscreen principles (and g
are only suited for internal uses or whe
the wall is non-insulated). Some others

require the rear face of the cavity to be

this assembly is rarely used in the UK.

Pentachloropheng
(PCP) content

[ If PCP based materials are
used €.g some anti sap-stain
treatments) the product shall
be tested to national
requirements. Where the val
exceeds % 10° this should

be declared.

e

UK requirements are given on the Heal

and Safety Executive website.

non-combustible (Euroclass A2-s1, d0);

th

Water vapour

If water vapour permeability

In the UK, external timber cladding is

permeability is required, characteristic normally designed as a ventilated
values are given for various | rainscreen, in which case BS 5250 states
densities of timber; that the cavity should be regarded as
interpolation is possible. being equivalent to the outside air:
vapour permeability is thus irrelevant.
Thermal Thermal conductivity need | The thermal conductivity of timber
conductivity only be determined where it iscladding is irrelevant in the UK for the
relevant. reason discussed under water vapour
permeability.
Natural durability | If the timber species is listed UK guidance is the same as that given jn
in BS EN 350-2, its natural | BS EN 14915.
durability shall be as given
therein. Otherwise it shall be
tested to BS EN 350-1.
Preservative Products shall be defined in | The Wood Protection Association gives
treatment accordance with: standard specifications that are intended

BS EN 335-1 (use classes);
BS EN 599-2 (preservative);
BS EN 351-1 (preservative

to be suitable for preservative treating
most timber products to UK

requirements. Cladding is described in

penetration & retention).

specification C6.
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Table 4.2 Timber characteristics for cladding

Characteristic

Comment

Density™®

Dense timbers (> 550 kgfirare preferred where vandalism is a concern

Natural durability®

Classes 1, 2 or 3 are recommended

Tangential shrinkagd

Should be considered if unseasoned timber is tasbd

Movement clas®

A low or medium movement class is recommended

Treatability®

If preservatives or flame retardants are usedygmshould be treatable

Workability®

Machining and nailing characteristics must shit ¢ladding profile.

pH(7)

All damp timber is corrosive although the rateiesibetween species

Reaction to fir&

Low density timbers (< 400 kgfnhave a low reaction to fire class

Joinery gradé3

Some cladding profiles require relatively kno&fteénber

Moisture content

The moisture content at the tifneamdover should be stated

Weathering

The appearance of different timberseganihen exposed out of doors

Fibre saturation poift’

Defined as the moisture content at which free mateves the cell cavity

Notes:

1) Mean density (kg/fy at a moisture content of 12%

2) Resistance to fungal decay as classified in BS 5B

3) From green (freshly felled) to 12% moisture et

4) Dimensional change when dry timber is subjedhuctuations in atmospheric moisture.

5) Resistance to preservative treatment (4 = exhedifficult to treat)

6) Some timbers are prone to splitting and shoelgitedrilled if fixing within 150 mm of board ends.

Timber with a density over 550 kg?rehould always be predrilled.

7) Ferrous metals are at risk of corrosion by dampdmbdhe pH is less than 4.0, timber impregna

with copper based wood preservatives are also Siwe0

8) Timbers with densities below 400 kg/rave a poor reaction to fire classification

9) The joinery grades are those in BS 1186-3

10) The fibre saturation point is important as fieets the maximum moisture content that cladd

achieves in service

[

ted

ing
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It is sometimes claimed that national building dejons are becoming — or should
become — the same throughout Europe. This is motcdse, as each country will
continue to set its own requirements in responskdal conditions such as climate,
building practices or social conditions. The Eumpé&onstruction Products Directive
(CPD) [20] and its associated harmonised standdod®t impose specific performance
requirements but merely set out a framework forfquerance specification and a
common methodology for testing and verification. TB®D gives six essential
requirements that buildings have to fulfil to bdesand fit for purpose. These are

supported by a further requirement for durability.

The UK does not have a single set of building ragoihs. Instead, England and Wales
are covered by one set of regulations [21] whilsbtand and Northern Ireland each
have their own [22] [23], as do the offshore CroRrotectorates of the Isle of Man
[24], and the Bailiwicks of Jersey [25] and Guesng#5]. (Building regulation may be
devolved to the Welsh Assembly in the near futuidlere are important differences
between these regulations as they have been andeaetoped in response to local
conditions; those in Scotland and the Isle of Mandtto be more onerous than
elsewhere the UK. The regulations in Scotland redgo the harsh climate (especially
wind), and to social condition®.g.the high incidence of arson in parts of Glasgow),

while those on the Isle of Man reflect a limitedeffighting capacity on the island.

The main building regulation criteria for timbercéales in the UK are outlined in Table
4.3 and discussed further in subsequent chaptées.gliidance documents supporting
Scottish building regulations differ from thosetire rest of the UK in that they accept
component replacement as an alternative to inhedegradation resistance. The

relevant clause [22] (section 0.8.1) states:

Materials, fittings and components used in the troe§on of buildings should be
suitable for their purpose, correctly used or apdli and sufficiently durable, taking
account of normal maintenance practices, to meet tbquirements of these
regulations. For example, external timber claddifag low-rise buildings that is
readily accessible and replaceable need not beuaalde as that which is to be used
at a higher level on medium-rise buildings.
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Table 4.3 Building regulation criteria for cladding in theKJ[21 — 23]

Criteria Recommended solutions cover
Structure be capable of safely sustaining all static, impcastiwind
Cladding must; loads and transmitting them to the building’s supptructure

be securely fixed to and supported by the buildistyscture

accommodate, where necessary, differential moveofeahe

cladding and building’s support structure

be of durable materials; the design life of fixiregsl supports

being not less than that of the cladding

Fire spread to nearby but non-adjoining buildings

Fire spread on the  on external surfaces

facade should be in cavities

limited:

Health and safety during construction, maintenance, and demolition

Health and safety to
be ensured:

Noise noise from adjoining buildings (noise from non-adjog
Building envelopes  buildings and other external sources is controliedhe

must protect against: Planning system and not through building regulat)on

Durability and ground moisture
workmanship precipitation and spray
Protect against moisture from inside the building

degradation from: moisture from the roof

wood destroying organisms

corrosion

4.3 Service life

Whilst a performance-based approach to buildinggdeand regulation brings many
benefits, it is complex and can be difficult to mele in practice. A key challenge is
predicting how building products will behave oviené: a challenge that is of particular
relevance to timber facade design.
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4.3.1 Predictive models

Because the essential requirements in the CPDdaawdurability criterion, the service
life of all building products being sold in the Buill eventually need to be assessed. To
achieve this, predictive models are needed thatwgherformance to be stated in terms
of failure within a specified period-ailure can be defined [27] asqan unacceptable
difference between expected and observed perfoenadie minimum requirement for
service life models is that they should be ablewvaluate degradation over time taking
account of any variability that occurs [28]. Altlghu these methods originated in
structural analysis [29] [30] they are beginningo® used to predict fungal decay and
other failure modes affecting service life [31] [32he probability of component failure

P is estimated using expressions such as:

Pr = Ars(Rmean(S‘near)_n (4.1)

whereRmeanand Syeanare the mean values Bf(resistance to failure) arfsl(the load).
As describes the coefficients of variation due toalality in materials, environments

and measurement [31].

International Standard 1SO 15686-2 [32] gives ackhst for service life prediction that

employs similar principles:

ESL = RSL *f(A,B,C,D,E,F,G) (4.2)

where:

ESL= estimated service life

RSL= reference service life.¢. known service life of a similar product)
A = Component qualitye(g natural durability, preservative treatment)
B = Design level€.g design for durability)

C = Workmanship€.g.water traps)

D = Indoor environmente(g temperature, condensation)

E = Outdoor environmeng(g climate, shadowing, wind driven rain)

F = In-use conditionse(g wear, impacts)

G = Maintenanced.g repair, repainting)
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In practice, the factors in equation 4.2 tend tsbigjective, and even where they can be
quantified the data are usually lacking. The quabf components (A) probably
constitutes the greatest challenge for the perfooedased design of wood products in
construction. The factors for design (B) and workstap (C) are usually more
predictable. The outdoor environment (E) is, to e@ntent, material neutral although

the influence of moisture on wood-based materiatds special attention [33].

The estimated service life depends upon a produseésand service conditions. Thus,
while optimum durability is always needed, this sloeot mean that maximum
resistance to degradation is essential in all casgsst has to be fit for the purpose
intended Service life prediction is reviewed in Hovde andoddr [33] and its
application to timber is evaluated by European CQS3IF network [34].The final
report concluded that service life prediction fonler products must deal with four
issues: characterisation of materials and compsenegharacterisation of the
environment, knowledge of biodegradation mechanisand use of reliable test
methods. Other studies [3 - 44] have addressed these issues, of which reomhkt at
CSIRO [37] - [44] isthe most comprehensive. This Australian work quiectithe
effect of maintenance in such a way that it cambiided within predictive models. It
used factors similar to equation 4.1 to descriledbnditions applicable to a particular
type of component. For each component type anditogadegradation is assumed to
proceed at a uniform rate subject to a lag effectake account of maintenance.
Australia was the first country to propose a penfance based-standard for timber
durability [45].

4.3.2 Service life of timber facades

So, how long should a building component suchraber cladding last? Guidance on
this is given in several documents [46] [47]. TaBlé is typical; it gives the criteria
used in preparing European technical approvalsstaadards [46]in this thesis it is
assumed that Table 4.4 applies to timber facadhs. ‘ormal’ category refers to
buildings such as houses and offices, whilst ‘laagplies to monumental buildings and
the like. Accordingly, where timber is used to ckeormal building it should have a
service life of 25 years assuming the owner is thepared to repair or replace the
cladding with some effort’ If this assumption is not appropriate then altenals and
products should be designed for a 50 year senifee Alternatively, particular
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components could be designed to be easily repléeshbuld the need arise.

Table 4.4 Working life assumptions in EOTA Guidance Docurfésit

Assumed working life off Working life of construction products to be assuriteBuropean
construction works technical approvals and standards (years)
(years) Category
Category Years Repairable or easil Repairable or Not repairable or
replaceable replaceable with | replaceable easily or
some effort with some effort
Short 10 10 10 10
Medium 25 10 25 25
Normal 50 10 25 50
Long 100 10 25 100

4.4 The need for performance guidance on timber facades

Although performance-based design brings more &neethan a prescriptive approach,
it also puts increasing responsibility on the desrg Whilst this is true of all building
design, work with timber, especially in emergingas such as facade engineering, is
particularly affected. This raises a question: atidh and European standards become
performance-based — and therefore solution indegggredwhere can guidance be found
on how components are put together? In normal istances this information is to be
found in codes of practice [48]. Although UK cod#spractice are already published
for most types of cladding, nothing has been isspettifically for timber. A few topics
are covered in BS 5534 [49], which covers all typéslate, tile and shingle cladding
on both walls and roofs but more information is desk In view of the burgeoning
interest in timber facades in the UK, this gap et@dbe filled as soon as possible. This
thesis is intended to inform progress in this &ieae any discussion of the topic has to
be founded upon an understanding of the distinctatere and behaviour of timber as a

facade material.
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4.5 Summary

The performance-based approach to building desigth @gulation is becoming
increasingly common. In Europe it is incorporatedioi the Construction Products
Directive, which sets six essential requirements @éonstruction products. The
requirements are, in turn, incorporated into mamgatechnical specifications for
products; these include a suite of norms coverkigreal timber cladding. The timber
cladding norms are currently ignored, while thisiag in itself illegal, it does create a
gap as compliance with the CPD still has to be ewed. The service life of timber
facades are difficult to predict. The main problbeing a lack of long term in-service
data to inform the models. Service life targetstiorber facades exist although little
useful guidance is published on how these can biewed. A UK code of practice for
timber cladding is urgently needed.
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Chapter 5

Timber

Many architects and engineers go through their &itut, or even their career, without
engaging with timber in any detail. Most textboaksengineering materials are equally
silent on this subject. Although performance-badesign is supposed to be material-
independent, designers who are only versed in ahealied ‘traditional’ construction

materials sometimes give insufficient consideratmthe properties of timber.

Timber is a distinctive facade material as it ishborganic (composed of carbon based
compounds with at least one C-H bond) and biogé@tacived from living organisms).
Most facade materials are inorganic and non-biagéhable 1). Particles will move
within and between the groups listed in Table lveiri by the interplay of two
thermodynamic quantities, entropy chang&)(and enthalpy changald). Entropy is
the measure of energy dispersal, in effect theedegf molecular disorder. Enthalpy is
a measure of heat flow at constant pressure. Tipe oy particle movement depends
upon whether entropy and enthalpy work in concewrre opposed (Table 2). Types 1
and 3 are important in this chapter. Type 1 ardation reactions (they involve electron
loss), whereas Type 3 are reduction reactions (tineylve electron gain). The two are

always coupled as oxidation-reduction (redox) fieast where electrons are cycled
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between reactants. Redox reactions include theopiwthesis and combustion (or

decay) of timber and the smelting and rusting anf.ir

Organic compounds hold large amounts of energy hiir tchemical bonds, are
thermodynamically unstable and, given the rightditions (see Table 2), revert to a
more stable form, releasing energy during the m®c€hey tend to have low melting
and boiling points, high combustibility, low sollity in water, poor electrically

conductivity and covalent bonding. Inorganic matsi by contrast, are more
thermodynamically stable. They usually have a higklting and boiling point, are

difficult to ignite, highly soluble in water, elettal conductive and their bonds are
often ionic [1].

Biogenic materials can be categorised depending wdeether they originate, directly
or indirectly, from living organisms or from othsources. Those coming directly from
life processese(g wood, leather) tend to be non-uniform whereascotihers €.g. oil,

plastic) are more uniform. Organic-biogenic maltsrishare a further characteristic:

moisture sensitivity.

Timber, therefore, has three defining charactessds a facade material:

* sensitivity to moisture;
» combustibility;

* non-uniform composition.

None of these characteristics is a barrier to usmiper externally — far from it. The

differences between wood and other mainstream iantigtin materials do, however,

tend to be manifested through two different appineado facade design (Table 3). Most
published accounts of rainwater penetration throcigldding, for example, focus on

leakage through the joints between impermeabletsieéerials but fail to consider

moisture flow through the cladding itself; this cla@ a significant route for moisture

penetration though timber facades. Similarly, mdsicussions of facade corrosion
address atmospheric and galvanic mechanisms btitlveneffect of organic acids.
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Where no references are provided in this chapter,téxt is based on a few key

publications namely: Dinwoodie [2]; Drysdale [3]atén and Hale [4]; Skarr [5Biau
[6]; Tsoumis [7], and Zabel and Morrell [8].

Table 5.1 Organic and inorganic compounds, biogenic and b@mgenic materials
(After: Railsback, [9])

Materials

Compounds

Biogenic

Directly
biogenic

Transformed
biogenic

Non-biogenic

Organic
compounds
(C-H
bonds)

Most living tissue
(e.g. carbohydrates
fats proteins)

and their remains
(e.g. wood, leather
cotton, paper, food

Fossilised biogenic
materials

(e.g. coal, oil)

and their derivatives
(e.g. petrol, natural
gas, plastics, paint)

Methane in or from
the mantle.

Carbon bearing amin
acids and other
molecules in
meteorites

Inorganic
compounds
(no C-H
bonds)

Carbon based

Teeth and bones af
calcium

Tests, shells or
skeletons of calcite
(e.g. brachiopod
shells, Paleozoic
coral)

Tests, shells or
skeletons of
aragonite (e.g.
mollusc shells,
modern corals)

Atmospheric carbon
dioxide and

bicarbonate in water

from combustion of
organic remains or
fossil fuels

Charcoal and soot
Calcited aragonite

Limestone, marble
Lime, cement

Atmospheric carbon
dioxide and
bicarbonate in water,
from weathering of
rocks or combustion
of non-biogenic

organic materials

Calcite in sandstone
and limestones

Diamond and graphit

O

U

112

No carbon

Skeletons or tests
of opalline silica
(e.g. tests of
diatoms, skeletons
of many sponges)

Phosphatic shells
or skeletons

Sedimentary chert

Phosphorite
sediments

Silicates in igneous
and metamorphic
rocks. Most silicates

in sandstones

Most other minerals
(e.g. iron ore) and
their derivates (e.qg.

iron)
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Table 5.2 Spontaneity of a chemical or biological procésfier Kolz et al. [ 10])

Type Enthalpy Entropy Spontaneity Examples
changeina changeina
system system
AHosys Asosys
1 Exothermic Less order  Spontaneous under allOxidation processes
AH°ss< O AS%s> 0 conditions such as combustion,
ASSmy > 0 fungal decay, corrosion

or weathering of stone

2 Exothermic More order  Depends on relative  Ammonia formation
AH%4s< 0 AS%s< 0 magnitudes oAH and
AS.Most favourable
at lower temperatures.

3 Endothermic Less order  Depends on relative Reduction processes
AH®gs> 0 AS%s> 0 magnitudes oAH and such as iron smelting or
AS.Most favourable  photosynthesis
at higher
temperatures.
4 Endothermic More order  Not spontaneous
AH®gs> 0 AS%s< 0 under any conditions
ASOuniv <0
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Table 5.3 Material issues affecting facade design in tempecimates

Degradation Timber facades Non-timber facades
type
Moisture Through both joints and the Mainly through joints, leakage
infiltration material. through porous materials.¢

brick) can occur.

Biodeterioation Fungal decay and insect attack inLittle affected by biodeterioation.

damp timber.

Weathering Photo-degradation followed by Stone is mainly affected by
fungal staining. Splitting and oxidation and erosion. Fungal
erosion also occur. Flame and pollution staining can occur.

retardants and preservatives can Plastics are photo-degraded.

leach out.

Dimensional  Mainly wetting/drying induced  Mainly thermal

change swelling/shrinkage. expansion/contraction.
Corrosion Embedded corrosion by organic Atmospheric and galvanic
acids predominates. Other corrosion predominate. Other

corrosion mechanisms occur in  corrosion mechanisms occur in

some circumstances. some circumstances.
Loss of Most mechanical properties Little affected by moisture.
robustness reduce as dry timber gains
moisture.
Frost Non-problematic. Problematic with sedimentary
rock.
Fire Structural fire performance is timé&tructural fire performance is
dependent. Good structural temperature dependent. Metals

performance in fully-developed and plastics soften or melt in
fires due to development of fully-developed fires; concretes
insulating char layer. Surface spall. Surface flame spread less

flame spread problematic. problematic (except for plastics).
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5.1 Non-uniformity

The non-uniformity of timber is manifested in twoays; it is heterogeneous.g
composed of different materials) and anisotropie. {ts properties vary in different
directions). Both affect its performance as a facadterial.

5.1.1 Heterogeneity

The heterogeneity of timber is manifested in sdvesays, of which the differences
between sapwood and heartwood, and the presenkeots, are generally the most

important from a facade designer’s perspective.

5.1.1.1 Heartwood and sapwood

In a growing tree the sapwood contains living caltsl is used for moving and storing
metabolic compounds. As the tree increases in githinner sapwood progressively
converts to heartwood. This zone does not containgl cells; its role is to provide
structural support. These different roles mean tihatheartwood and sapwood usually
have very different material properties. Heartwoad often distinguishable from
sapwood by its darker colour.

In the living tree, sapwood is more resistant tgrddation by wood-destroying
organisms (biodeterioration) than the heartwoods th mainly due to its moisture
content being too high to permit fungal attack. ieaod, being drier, is at risk of
biodeterioration and many tree species combathhislepositing toxic substances in
their heartwood as a defence mechanism. Aftereatess died and its moisture content
starts to drop, the relative biodeterioration resise of heartwood and sapwood
reverses because the latter does not usually cotitase toxic extractives and so has
little natural resistance to wood-destroying orgars. Some tree species, such as birch,
are relatively short-lived and so do not need tgehbeartwood that is resistant to
biodeterioration. By contrast, other species suElEaropean oakQuercusspp.) and
many tropical hardwoods are very long-lived or exposed to particularly aggressive
wood-destroying organisms and so require their thvead to be resistant — this is

termed natural durability. These differences ia étological strategy of different tree
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species largely explain the variation in biodetexiimn resistance between species [11]
[12].

The properties of the heartwood may also vary tmes@xtent. In many species the
inner heartwood around the pith tends to have imféimber properties compared with
the outer mature heartwood. This zone is termeeni® wood and is generally
assumed to comprise the inner 10 - 15 growth r{fggure 5.1) forming a continuous
core up the full height of the stem. Juvenile wdedds to be weaker and less
dimensionally stable than mature heartwood and aisy have a lower resistance to
wood-destroying organisms. Much of the variationnmaterial properties occurring
within a timber species is attributable to intezetrdifferences in the ratio of juvenile
wood to mature heartwood. This can be due to skfaatars including age and growth
conditions [13]. These issues are discussed funtharstudy, led by this author, for the
Forestry Commission [14].

Sapwoor
Mature
heartwoo

Juvenile
wood

Figure 5.1 A butt log of European larch showing a change imoap and working
properties at around the fSgrowth ring

5.1.1.2 Knots and other features

Wood usually contains knots and other deviatiomsnfra regular pattern of growth
rings. Their occurrence depends upon growth candtiand genetic factors. Knots are
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the remains of side branches that become encloséikitree bole as it increased in
girth. If the branch was alive when enclosed itegned a live (or intergrown) knot,
whereas if the branch had ceased to be alive thdtaat knot is known as a dead (or
non-intergrown) knot. Dead knots can loosen anidofat, they may also contain areas
degraded by fungal decay. Knots do not directlg@fthe decay resistance of timber
but they may create water traps thereby indire&tucing its service life. Knots and
other grain deviations do, however, affect otheber characteristics of importance for
external cladding; the most important being streragid stiffness, stability, machining
and nailing. Appearance is also affected and sp keotty timber tends to be rejected
for many cladding applications. Much of the popmjarof Siberian larch Larix
sibirica) and imported western red ced@h(ga plicatd is attributable to these timbers
being sourced from old-growth forests where the dvisolargely knot free. If knots or
other defects are present, a few cladding suppljeade them out or offer a choice of
appearance grades. Some cladding suppliers areniegito go further by cutting out
defects (defect cutting) and then finger-jointirfie tsections of clear timber back

together.

5.1.2 Anisotropy

It is possible to distinguish three directional sxéthin a piece of timber (Figure 5.2).
The radial axis describes a section from the ceafr@ log outwards in a radial
direction. The tangential axis describes a sedi@mgential to the growth rings. The
transverse axis follows a cross-section acrosg,glerpendicular to its length. It is also
useful to refer to the longitudinal direction alotig length of the log. Timber behaves
differently in each of these directions. Althougistanisotropy can seem quite abstract
it becomes particularly important when dimensiomhlange due to moisture is
considered and it also affects other charactesistuch as decay resistance and

structural robustness.
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Figure 5.2 Sketch of a block of wood showing (A) transve(Bg,radial, and (C)
tangential surfaces, along with (D) the longitudidé&ection.

5.2 The cell wall

Wood, like all living organisms, is made up of sellhe living cell consists of an outer
wall that encloses a cavity (the lumen) containitagous structures concerned with the
organism’s metabolism. Much of timber’s lack of fenmity is due to the structure and

composition of the cell wall and to cell orientatio

5.2.1 Cell wall composition

The chemical composition of timber from all woodesies is similar; in the oven dry
(OD) condition it comprises 49% to 50 % carbon, GY@rogen, and 44% to 45%
oxygen. There is also a small mineral componentned ash, usually comprising
calcium, potassium and magnesium. The ash corgey@nerally between 0.2% and 1%
of the OD weight of wood [15].
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The cell wall comprises three main polymeric congruas: cellulose forms the skeleton,
hemicelluloses the matrix and lignin acts to bimel dther components together, thereby
giving rigidity to the cell wall. In addition, woodontains extractives (substances
extraneous to the wood structure which can be ebemlausing solvents). The relative
proportions of these components vary between havdsvand softwoods and as a result

of the analytical procedure used. Typical valuesgary mass basis) are:

¢ Cellulose: 40% to 47% in both hardwoods and softigoo
*« Hemicelluloses: 20% in softwoods, 25% to 35% in hamwlls,
e Lignin: 25% to 35% in softwoods, 17% to 35% in haodds

» Extractives: temperate species 1% to 10% but @®% in tropical hardwoods

The cell wall is made up of a number of layers (Fég 5.4 and 5.5). Of these, the S
layer is the thickest comprising around 80% of ted wall thickness in softwoods
whilst the corresponding figure in hardwoods carabmind 50%. It contains 30 to 50

lamellae, each around 60 to /f in thickness.

The nature and composition of the cell wall compaseare as follows:

e Cellulose occurs as long filaments formed from glucoseHE0s), the number of
units (degree of polymerisation) varies but is ¢gtly around 2000 to 10,000. The
empirical formula for cellulose is H1,04), where n is the degree of
polymerisationGlucose occurs in either of two forms dependingrufi® position
of the —OH groups. Starch is formed frenglucose, whilsif-glucose is the main
wall building component of timber. IA-glucose the molecules are able to align
themselves into chain-like bundles termed micrdBbMWhen the microfibrils are
evenly ordered they are termed crystalline celkileghilst areas of uneven ordering
are known as amorphous cellulose. About half of tedulose is crystalline.
Amorphous cellulose is hygroscopic whilst crystadliis not. This means that the
microfibrils have different moisture properties dading upon how they are
ordered. When water permeates between the chaitiei% layer it forces them
apart, causing transverse swelling. There is litliemensional change in the

longitudinal direction.
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* Hemicelluloses the hemicelluloses are also carbohydrates butf@raed from
different sugar units to cellulose. Hemicellulogesse similar hygroscopicity to
amorphous cellulose, indeed this property seemisetoelated to the amount of
hemicelluloses present in the wood. High densitypavappears to be correlated

with a low amount of hemicelluloses; so too is wedth thin cell walls.

e Lignin; chemically dissimilar to the other two structu@mponents of wood,
lignin consists of large amorphous molecules forniemn complex phenolic
polymers. It gives stiffness to the cell wall. Lignis less hygroscopic than

amorphous cellulose and the hemicelluloses.

e Extractives; these compounds vary considerably between wo@atiesp They
include: starches, resins, fats, salts and tanrfimene extractives such as the
starches are associated with the tree’s metabolidntst others are toxic to wood

destroying organisms and function to protect thertmeood from biodeterioation.

The relative proportions of cellulose, the hemidekes and lignin varies across the cell

wall. A typical distribution for hardwood speciesgiven in Figure 5.3.

100
80
Cellulose
60
%
40
Hemicelluloses
20
Lignin
0
M P ) ) S

Figure 5.3 Relative distribution of cellulose, hemicellulosesl lignin in the cell wall
of a hardwood. M: middle lamella, P: primary wa$, to S: layers of the secondary
wall. (after: Faln, A. [15])
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Secondary
wall

Primary
wall

Middle
lamelle

Figure 5.4 (Above) Diagram of the cell wall
structure in wood. The various layers are
illustrated including theS, which has the

microfibrils running almost vertically.

Figure 5.5 (Left) This sequence of scanning
electron microscope images shows a transverse
section of European larch being progressively
magnified fromx100 to x10,000. The white
rectangles show the area that is enlarged in the
next image. The top image in the sequence
shows the boundary between low density
earlywood and high density latewood across
one growth ring. This transition is visible with
the naked eye. In the bottom two images the
thick S, layer can be seen. The sample was
prepared by dehydration followed by splutter-
deposition of a conductive coating of gold

particles.
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5.2.2 Wood density

Density is defined as the mapsr unit volume of a specimen. From a construction
viewpoint it is one of the most significant chaeatdtics of timber as it affects strength,
stiffness and most other mechanical properties.ddmsity of timber depends upon the
amount of substance present and also the presémueisture and extractives. If the
extractives content is high these substances haveetremoved before density is
determined. Moisture in timber increases the méskensample and causes it to swell.
Therefore, both mass and volume must be measurdak alame gravimetric moisture
content. These parameters are usually determinegh abven-dry moisture content
(effectively zero). In Europe, density is frequgrduoted at a moisture content of 12%
as this level is commonly encountered in use. Téresitly of timber varies both between
species and within a species. The density of tHenadl is, however, similar at about
1500 kg nit. It therefore follows that wood density is detemed by the ratio between
the amount of cell wall (nearly constant) and lurfeariable).

5.2.3 Natural durability

Timber species can be classified according to #taral durability of their heartwood.
BS EN 350-1 [16] defines natural durability a¥$hé inherent resistance of wood to
attack by wood-destroying organisnand gives durability classifications for each of
the main types of wood-destroying organism. Thdsssdications do not describe
intrinsic material properties. Instead they areriegic and can only give a relative
ranking based on the particular conditions of #st;ttimber species can have slightly
different durability rankings depending upon thstteonditions. Consequently, the
service life of timber of a particular durabilityass will tend to vary according to the
exposure conditions [1 - [19]. Table 5.4 gives the European classificabdmatural
durability against fungal decay given in BS EN 358nd is based on BS EN 252 [20].
This classification is based upon decay resistancground contact conditions. All
sapwood of all species is assigned to the lowestraladurability classification.
Sapwood should be removed wherever a timber isgbeised for its inherent
biodeterioation resistance. Biodeterioation isinevitable, however, as in most cases it
depends on the moisture content of the timbertidlber — even sapwood — can last for

centuries if it is kept dry.
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Table 5.4 European classification of natural durability agait fungal decajl16]

Durability  Description Results of field tests
class expressed as x*

1 Very durable x>5.0

2 Durable 3.0< x 5.0

3 Moderately durable 20< x 3.0

4 Slightly durable 12< x 2.0

5 Not durable x1.2

Average life of test stakes

* x value =
Average life of the most durable set of
reference stakes

5.3 Moisture sensitivity

Facades are constantly exposed to fluctuating oreistonditions and so the

relationship between wood and water tends to damimaich of timber facade design.
It is only a slight overstatement to say that mo€himber facade design is about the
management — and sometimes even the celebratidmeisture effects (Figure 5.6).

Most failures in timber facades, and timber buidgirgenerally, are caused by water:
either the timber was installed at the wrong meesttontent for its intended use, or it
became wetter in service than was allowed for endésign.
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Figure 5.6 Celebration of moisture effects: the location aedailing of this timber clad
building in Dublin has created a wide variation microclimate conditions and
correspondingly wide range of weathering effectiswas done in full knowledge of

the likely consequences — it was an aesthetic ideci3he timber was European oak

(Quercusspp).
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5.3.1 Moisture content

The moisture content of a piece of timber is defi@s the mass of moisture in the
sample expressed as a percentage of its mass wherddy. It can be measured in
several ways of which the most accurate is the -@vgr{or gravimetric) method. To do
this the wood sample in question is weighed, fdied, and then weighed again. If this
is done using standardised procedures [21], thetarei contentw) can be calculated

as:

w="P"Po 100y (5.1)
Po

wherepy is the timber sample’s initial mass apgis its mass after oven dryinghe
oven dry method is impractical for rapid measuremen site and so electric moisture
meters are often used instead; these are normafig-held although automatic data-
loggers for connection to permanent installatiaesadso available. These meters do not
measure moisture content directly but instead oseeselectrical property that varies
according to the mass of water in the timber. Atstuve contents between 6% and
25%, a measurement accuracy of + 2% can be achiessd) these meters [22]
providing the procedure follows standard practi@3 [24]. This is sufficient for most

building science purposes. The meters become t¢essade outside this range.

5.3.2 Fibre saturation point

When freshly felled, the moisture content of timlsan, depending upon species and
other factors, vary from below 30% to over 200%this condition, timber is described
as being green or unseasoned. Timber holds ligatgmn two forms: free and bound.
Free water is present in the cavities between attdnathe cells whilst bound water is
chemically bonded into the cell wall. Green timbentains both free and bound water.
As this timber is dried, the free water is remofiest until a condition is reached where
all water has gone from the cavities but the celllsvsremain saturated. This is termed
the fibre saturation point (FSP). Further dryingalves removal of bound water from
the cell wall. The term fibre saturation point @sewhat confusing because it implies a
specific moisture content whereas in reality thd> kS a more of a zone of moisture
content in which liquid water finally disappearsifr the surface of the cell wall. This

occurs in most timbers at approximately 28% SP< 32%. although in a few species
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the FSP can be as low as 19% or up to around 408tedvier, the FSP is not an exact
concept and so varies slightly depending upon hbws idefined and measured.
Nonetheless, the key point is that most timber @rigs are stable at high moisture
contents but they tend to change as the moistureegbdrops below FSP. Beyond this
point, for example, timber starts to shrink and steength increases. The FSP can
usefully be thought of as a narrow zone of moistcwatents below which timber
properties start to change.

5.3.3 Equilibrium moisture content

In addition to free and bound water, timber alsotams water vapour and this becomes
important below the FSP. Timber is hygroscopic wilt absorb atmospheric moisture
if it is drier than the surrounding environment amid give up moisture when wetter —
and so for any combination of vapour pressure amwbspheric temperature there is, in
principle, a corresponding moisture content belbes ESP at which there is no inward
or outward diffusion of water vapour from the ce&bll. This is known as the
equilibrium moisture content (EMC). A stable EMC rarely achieved in practice
because most timber inside buildings is exposesbtoe degree of climate fluctuation.
Nonetheless, an approximate value can be predi€iedber in a centrally heated room,
for example, may attain an EMC of 9% to 13% in p@an conditions.

5.3.4 Sorption

The graph relating the EMC of wood to its ambiegiaitive humidity at a constant
temperature is known as a sorption isotherm (Figure The isotherm obtained when
wood is losing moisture (desorption) does not ddmowith that for moisture gain

(adsorption). This hysteretic lag effect occursmiany materials. It means that the
equilibrium moisture content of wood is influencley temperature, relative humidity
and by its immediate history. At any given tempamtthere are three main sorption

isotherms for wood:

* The initial desorption isotherm as the wood driesf a green condition
« The absorption isotherm as the wood takes up nreisifter drying

e The secondary desorption isotherm as the wooda®dri
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The initial desorption isotherm is everywhere we#tiepoints between zero and its peak
moisture content, whereas the absorption isothernaliays the driest (boundary
conditions excepted). These isotherms are the badailibrium conditions. Most

wood in service fluctuates between these curvesatiog what is known as an
intermediate isotherm; this occurs when sorptiomeigersed, the transition between

curves is smooth. Sorption is affected by both dbehand physical factors.

Moisture content

Relative humidity

Figure 5.7 Schematic diagrams of the sorption isotherms faodv (1) initial
desorption isotherm, (2) absorption isotherm, (8t@ndary desorption isotherm, (4)
intermediate isotherm (After: Sid]).

The physical and chemical basis of sorption in waag reviewed by Salmén [25] who
suggests that water sorbed by wood polymers isdouio their polar groups, namely,
the hydroxyls (-OH), the carboxyls (-COOH), andfenic acid (...S(=Q)-OH). Most
sorbed water is bound onto the —OH groups in therphous regions of the cellulose
fibres and by hemicelluloses in the microfibrilsilide the crystalline areas, amorphous
cellulose has free absorption sites available amdhe amount of sorbed water is
determined by the fibre’s chemical composition. $tgl adsorption is similar to
condensation although the heat of adsorption isdrighan the heat of condensation. By
contrast the heat of adsorption for chemical adsorgends to be larger and is similar
to a chemical reaction. Physical sorption is thesdily reversible whereas chemical
adsorption is not. Adsorption equilibrium occurs emhthe number of molecules

arriving on a surface is balanced by the numbeviga Ahlgren [26] reviewed the
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types of physical sorption isotherm found in a o§materials (Figure 5.8). Type 2 is

applicable to timber and most other porous material

10C O 10 O 10(C

Adsorbed moisture (mass/mass)
o

0 10(¢ 0 10C
Relative humidity (%)

Figure 5.8 The five types of adsorption isotherm (after: Adig26])

The moisture fixation mechanisms in wood vary ispense to the RH. At relative
humidities below around 10% it is assumed that watelecules are adsorbed as a
single layer. The mechanism appears to be somedfictiemisorption with the result
that the bound water is difficult to remove. As tiedative humidity increases to up to
about RH 30% to 50 % moisture fixation changes tdtitayer adsorption; this occurs
at a wood moisture content of 6% to 15%. As thestonoé content approaches 20% the
adsorbed water molecules tend to cluster and aerdinto the timber by capillary
suction. Osmotic binding may occur at RH values ri€®%. The sorption isotherm is
only defined for RH values up to 98% as it is ingbke in practice to measure at
higher values. The zone in which the sorption ieoth is valid is known as the
hygroscopic region and sorbed water at an equilibrimoisture content with the

surrounding temperature and RH (below 98%) is tdrimgroscopic moisture.

The concept of an equilibrium moisture contentng/@artly applicable to timber that
is used externally because the component is expospdriods of precipitation. If the
timber surface is coated with a film of rainwatenis is equivalent to an RH of 100%
placing the timber outwith its hygroscopic regiofhe upper moisture content of
external timber is therefore likely to be influedcby the degree of wetting due to
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sustained contact with liquid water and by the BS&e species concerned. As already

indicated the moisture content at fibre saturatiarnes between species.

The minimum moisture content attained by externalbér is easier to predict.
Although the moisture content at FSP varies betvepeties; this is not the case at low
moisture contents. Tests at TN@7] indicated that all wood species attain an ENC
around 5% at 20% RH, and 11% at 60% RH. The authggee that this relatively
constant relationship corresponds to the so-calladgmuir type of sorption [28]
characteristic of many porous materials. At RH ealabove 60% the sorption isotherm
varies between species (Figure 5.9) this is balieie be due to differences in the
encrustation of the cell wall with extractives. pical hardwoods tend to have fibres
heavily encrusted with phenolic compounds resulim@ low FSP and high natural
durability. As the RH on a hot summer day in the ISkoften in the region of 50% to
60% this would mean that the minimum EMC for ex&rtimber is 9% to 12%

assuming the dry period lasts long enough for dauiim to occur.

Sorption in wood is discussed through the techrsgok classical thermodynamics,

although the wood-water system is not fully reva@esi The process of water vapour
absorption is exothermic due to the heat of somplieing released. Conversely, water
desorption is endothermic as energy is requiredfite the process. Sorbed water in the
cell wall is thus analogous to the frozen phaswater because it has a lower enthalpy

than liquid water.

Figure 5.9 Adsorption isotherms
for wood. The path for 0% - 60%
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5.4 Fungal decay and insect attack

Although timber can last for centuries in dry cdrafis, it is at risk of degradation from
a range of organisms if it becomes wet for extengedods. Wood-destroying fungi
and insects are the main threats in the UK. Fotelyp#hese risks are manageable with
suitable materials, design, construction and maariee. For virtually all timber
species, there is no risk of fungal decay if timisedried to, and then maintained at, a
moisture content below 22%. The risk of insectcktta the UK is also relatively minor

at these low moisture contents.

5.4.1 Fungal decay

Wood-destroying fungi have several physiologicauieements, all of which must be
satisfied for colonisation to occur:

« A digestible substrate:unable to photosynthesise carbon themselves, fuegg a
digestible carbon-based substrate. Wood-destroflingi can readily assimilate
some carbon sources, such as soluble sugars, addcprenzymes that break down
the structural components of timber (cellulose, icettuloses and lignin) into

carbon. Fungi also require minerals and other smloss, particularly nitrogen.

» Temperature: fungal decay rates increase with temperature sotihe metabolic
reaction becomes limiting. Although a few fungaésies can tolerate temperatures
below 0 °C or above 50 °C, most have growth lirbgéwveen 5 °C to 45 °C and an
optimum of 15 °C to 35 °C. Fungi become dormanbweheir minimum threshold

temperature and are killed if high temperaturessastained.

* Moisture and oxygen availability: the optimum moisture content for most fungi is
40% to 80%. Moisture affects decay fungi both & kvailability, where it limits
enzyme activity, and at high levels, where lackxfgen is a factor when more than
80% of the void volume of timber is water-filledeBay cannot start until the timber
moisture content is high enough for a film of wai@iform on the cell wall; fungi
are thus unable to grow in wood with a moistureteonbelow the FSP. Dry rot
(Serpula lacramends believed to be capable of moving moisture fidemp to dry

conditions but is not found in external timber e tUK due its intolerance of wind
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and desiccation. At the upper threshold, fungi reeedyen for respiration and so are
unable to grow in saturated timber. As the moistan@tent of wood increases above
the FSP, water replaces air in the cell voids. \did volume varies inversely with

density and so the upper moisture limit for decalpwer in high density species.

» Acidity or alkalinity (pH): the optimum pH for fungal decay is generally betwee
3 and 6. Most timber species have a pH within ridunge.

* Absence of inhibitory substancesmany timbers contain extractives that inhibit
fungal decay. Product manufacturers can also iotednhibitors as a means of
timber preservation. These substances delay thet ohslecay but, providing other

physiological conditions are met, it will still aoceventually.

Of these requirements, moisture, temperature arygdeosx availability are principally
environmental and their interaction can be usedetscribe a decay threshold diagram
as shown in Figure 5.10 [29]. In principle, fungigcay in wood can be controlled by
creating conditions outside these environmentadpaters: conditions that are too hot,
cold, wet or dry for the organism involved. Praati@pplication of this technique
includes timber being stored in ponds to prevewaygeor the elimination of a dry rot
outbreak by heating the whole fabric of the affdctauilding. Moisture content is

usually the easiest parameter to control.

The lower moisture content threshold was first psgal by Cartwright and Findley [30]
who concluded that the practical moisture contenttlto prevent decay was in the
region of 22%. This value includes virtually allmtber species and allows for
inaccuracies in moisture measurement. They fudbersed that a safety margin should
be applied, resulting in the now widely acceptedstooe content threshold of 20%,
below which it is assumed that timber is immunearfriungal decay. At 20 °C most

softwood timbers attain this moisture content wtienrelative humidity is above 85%.

Whilst the 20% rule is a useful approximation, tlueation of wetting is also important.

Short periods at or above the FSP cannot suppogafidecay; spores can germinate in
a few minutes, but if the moisture content thetsfaklow the FSP, the organism will be
destroyed or become dormant. For an attack to simised, the timber has to be damp
for an extended period. One frequently cited sf&dy has put the threshold as being at
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least three dayper month, with the decay rate increasing as the daemiod is
extended. The practical implication of this is ttie intensity of rainfall tends to be less
important than its duration. Regular wetting of ien is generally a greater problem
than short intense storms. The speed of drying Bee®mes significant and the ratio
between wetting and drying times is therefore ahcetor of decay risk. The time factor
is dependent upon temperature as colonisation caur onore rapidly at 15 °C to 3&
(the decay optimum) than at lower temperatures.tMiegay fungi cannot colonise
timber below 5C no matter what the moisture contéxithough environmental control
should be the first line of defence against furagédck, such measures are not always
suitable. Additional wood protection is needed urcls cases and the options are

discussed in chapter 7.

FSP
Timber density
Fungal High
growth Medium
rate Low
60
Too hot Too little
Maximum 50 oxygen

;G 40

K
. =) Too
Optimum = 30
5 dry

Q.
5

2 20

10

Minimum Too cold
0
Fungal growth rate 0 30 100 200 25(

Moisture content (%)

Figure 5.10 Idealised environmental parameters for fungal dedaaywood (after:
Tronstad [29],Raynor and Boddy [12]
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Wood-destroying fungi are classified into threeup® [32] (Table 5.5), each of which

has a slightly different environmental requirement characteristic biodeterioation.

Brown rot and white rot are the most common cawdeswood decay, with soft rot

generally only occurring in situations where théneot types are inhibited by, for

example, preservative-treated timber or low temipeea. Not all fungi that colonise

wood will cause decay: some will simply stain tialter without breaking it down.

Stain fungi are considered below under weathering.

Table 5.5 Types of wood destroying fungi (after Schwarze.¢82])

Brown rot

Host

Mostly softwoods

Degradation

Cellulose and hemicelluloses

Consistency

Fragile, powdery brown, with cubic &mag

Strength Drastic reduction in bending & impact sty
Examples Dry roserpula lacyrmanginternal timber only in the UK)
Wet rots:Coniophora puteana & C. marmorathardwoods &
softwoods, often confused with dry r@acrymyces stillatus
(hardwoods & softwoods, common on external joinery)
White rot
Simultaneous rot Selective delignification
Host Mostly hardwoods Hardwoods and softwoods
Degradation Cellulose, lignin and Lignin and hemicelluloses are
hemicelluloses attacked first, then cellulose
Consistency Brittle fracture Ductile fracture

Strength Great reduction in impact  Slight increase in impact bending
bending strength strength

Examples Phellinus contiguoughardwoods & softwoods, common on
external joinery)

Soft rot

Host Hardwoods and softwoods

Degradation

Cellulose, hemicelluloses & lignin

Consistency

Brittle fracture

Strength

Between brown and white rot, high stiffydsittle fracture.
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Ecologists use the concept of an ecological styategdescribe how species inhabit
their environment and interact with other organisfgkey descriptor is r-K selection.
An r-selected strategy involves an ephemeral bfenf whilst in a K-selected strategy
the individuals are longer lived. In fungi, the pton of either strategy is related to the
interaction of three environmental determinantsesst, competition and disturbance.
Environmental stress limits biomass productionrfarst organisms in the community.
The incidence of competitor organisroan reduce resource availabilitisturbance
can make new resources available for exploitatiprither destroying resident biomass
or enriching the habitat. Fungi have three primaehaviour strategies in response to
these determinants (Figure 5.11) [ - }B7]:

* Ruderal, ephemeral, often only capable of using easilyrakged resources, rapid

and sometimes total commitment to reproduction;

« Combative, long-lived, capable of defending resources, fbgsapid growth and

spore germination, slow or intermittent reproduttigood enzymatic competence;

e Stress tolerant persistent where stress conditions are maintaibat subject to

replacement if stress is alleviated, good enzyntatmpetence.

Although these strategies, and their combinatiafieyw behaviour at a particular time

to be characterised, they cannot be used more yide&is is because behaviour may
change in different circumstances or during theanigm’s life cycle. In any case the
descriptions are only relative and so organisms i@ycharacterised differently in

different habitats [12].

Figure5.11 Primary and secondary
strategies of fungi due to the relative

importance of competition, stress and
Increasing

C Increasing  disturbance. Primary: C, combative; S,

competitio :
P disturbance  giress-tolerant; R, ruderal. Secondary: C-
SC . /CR R, combative ruderal: S-R, Stress-tolerant
ruderal; S-C, stress-tolerant combative.
S SR R .
After: Grime 197733] and Cooke and
" Increasing Raynor[37].
stress
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5.4.2 Insect attack

Timber can be colonised by larvae of several begikxies. The problem is acute in
warm climates and absent in very northern or soatloeations. The species capable of
colonising external cladding in the UK are givenTiable 5.6. Others such as pin-hole
borers Platypodidae spp. Scolytidae spp. andLymexylidaespp.), forest longhorn
beetles Cerambycidaespp.) and wood waspbBiocerus gigasoccur in logs but cannot
colonise dry timber. Identification guidance is givin Braveyet al The common
furniture beetle Anobium punctatujnis the main threat in the UK as it is the only
locally-occurring insect that regularly attacks bien below the FSP. Both softwoods
and hardwoods can be affected, although not aktispeare susceptible. Damage is
normally restricted to sapwood, but heartwood carcddonised if rot is present. In the
wild, A. punctatunis a forest-floor species and so the optimum maestontent for the
larvae is 18% to 30%; similar to the conditionsarfallen branch. The larvae can

survive at moisture contents down to 12%, althatinghcolony will tend to die out.

Table 5.6 Insects commonly or infrequently seen in extectadding in the UK38]

Insect species Type of timber Comments

Hardwoods Softwoods

Main insect species that can infest external claglch service in the UK

Woodworm Sapwood only, unless rot is present in which
Anobium punctatum v v case heartwood as well. MC over 18% but can

survive for a period down to 12%.

Insect species that occasionally infest exterraddihg in the UK

Lyctus powderpost beetles Restricted to sapwood of ring porous
Lyctus brunneu& L. linearis v hardwoods €.g oak). Thus not seen in

cladding unless sapwood is present.

Leafcutter bees (Magachile Decayed exterior wood including fencing,
spp) and solitary wasps v v windows and cladding. Rare

(Carbrospp.)

Sawfly Sapwood and heartwood of external timber.
Ametastegia glabrata v Can infest durable timber and preservative

treated timber. Rare.

Insect species that cannot infest cladding in thebut which may already be present in the timbeemvh

is felled or imported — will die out

Jewel beetles, family North American timbers particularly western
Buprestidaeseveral species v red cedar. Larvae may survive in dry timber for

several years but cannot re-infest dry timber.
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5.4.3 Effects of climate

The environmental parameters outlined above assuameng levels of importance in
different geographical locations. In sub-arctic agte minimum temperature is the
limiting factor for much of the year although lack moisture is also an issue. In
deserts, a lack of moisture is the main controlfexgor, although the upper temperature
threshold can also be important. In temperate ¢8sdow temperatures can be the
dominant factor in the winter whilst water availéiis more important during the rest
of the year [12].

Regional climate is not the only environmental éactnicroclimate is also important. In
Europe, the occurrence of wood-destroying organismdbuildings is outlined in
European Standards BS EN 335 Parts 1 to 3 - 3#]], which groups timber products
into five ‘use classes’ reflecting their moistunditions and associated biodeterioation
risk. External joinery such as cladding is assigtedise class 3: a microclimate in
which the timber is frequently, but not permanenélya moisture content where it is
liable to attack by fungi (Table 5.7). The use slagstem was revised in 2006. Before
this revision, the classes were termed ‘hazardsekisbut this was seen as being too
alarmist. The revision introduced sub-classes ia dgsses 3, 4, and 5 to reflect
variations in microclimate or the occurrence of tigafar biological agents. The
practical application of these sub-classes is mbtclear, however, with some people
arguing that the presence of a surface coatingkmrreaal timber is sufficient to change
the sub-class from 3.1 to 3.2. Others point tolikelihood that coatings will not be
maintained as evidence that class 3.1 should gpied in conditions where the wall is
well protected by physical features such as wideegaThese issues are still poorly
understood. In any case, the use class systeneapbfioughout Europe and necessarily
involves a degree of approximation. In Mediterran@ad sub-tropical climates, for
example, it is argued that thin cladding tends éofggm best as it dries out quickly
whereas thick boards tend to split thereby creatwater traps (Figure 5.11) [41h
Scandinavia, by contrast, thick boards are somstimeommended because they are
believed to be more stable and, as a consequesthe;e the risk of water entrapment
(Figure 5.12) [42]. This topic has not been prbpewestigated. In some countries the
effect of these local factors is described in matlostandards. The use class system
should not be confused with the service classesngiv Eurocode 5 [43]. Although the
two systems are superficially similar they are gesd for different purposes and

cannot be combined. The service classes are detiussection 5.8.1.3.
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Table 5.7 Use classes for wood products in Europe (after:EB86335 parts 1 and 2,

[38] [39])
Use | General service condition Moisture content Biological agents
class | and sub-class where relevant "
— 3 2 Q n
213 |E |5¢
T |& |2 |28
1 Interior and covered.g.internal Maximum 20 % - 0 |Lf -
joinery
2 Interior or coverece.g timber in Occasionally >20% © | U* |L -
external timber-frame walls, slating
laths.
3 3.1 Exterior, above ground, protecteddccasionally > 20 % U° uP L' -
from wetting, bye.g large eave®
3.2 Exterior, above ground, Frequenty>20% | © | U |Lf -
unprotected from wetting.g.
cladding, window$
4 4.1 Exterior, in ground contactor | Predominantlyor | U* | U° | Lf -
fresh water permanently > 20 %
4.2 Exterior in ground (severe) or | Permanently > 20 % U* | U® | Lf -
fresh water
5 In salt water Permanently >20 % “U| U™ | L® ue

U = universally present in Europe L = locally present in Europe

It may not be necessary to protect against allolgichl agents as they may not be present or
significant in all conditions or locations. A highese class may be assigned if timber is likeljped

wet due toe.g design faults or poor workmanship.

% Due to local variation in occurrence and the nfeedargeted prescription, sub-classifications| of
biological agents is possible.
® The risk of attack can be insignificant in someg@phical locations
¢ Both disfiguring & decay fungi occur
4 Disfiguring & decay fungi occur plus soft rot
 The above-water portion can be exposed to woothdparnsects including termites
" If termites are locally present the use claggiien the suffix T €.g 3.1T)
9 Use class 5 is split into 3 sub-classes depensfirifpe type of marine borer:
5A =TeredinidsandLimnoria
5B = as A + creosote toleralnimnora
5C = as B #holads
" Some publications interpret sub-class 3.1 as niaferto coated timber and sub-class 3.2| to

uncoated.

97



Figure 5.12 Thin cladding timbers are preferred in Mediterrameor sub-tropical
climates.lt is argued that they dry out quickly after wegtiand thereby have a low

decay risk. (Obi, Japan)

Figure 5.13 Thick cladding timbers are traditional in Finlarwehere it is argued

that they are stable and thereby resistant to wataumulation due to splitting.
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5.4.4 Assessing biodeterioation risks in use class 3

Natural durability is often discussed as if it is atrinsic material characteristic
whereas it is simply a statement of performancesusgecific test conditions. Being an
extrinsic phenomenon, natural durability statemesttould be used with caution.
Although there are extensive test data on timbeatulity, much is from laboratory and
short-term exposure trials which experience hasvehtw be poorly correlated with
performance under some in-service conditions. &fatte difficulty is that these tests
are derived from use class 4 conditions and doadeiquately model the effects of
intermittent wetting and drying. It is thereforkdly that a new exposure trial procedure
— known as a double layer test — will be adoptedagsessing natural durability in use
class 3 [44]. This method will not, however, do awath the need for product specific
exposure trial tests such as those discussed imetkttechapter. This topic is reviewed in
Raberget al and Van Ackeet al [45] [46].

5.4.5 Decay indexes

There have been several attempts to express timnatgmportance of these factors
using various forms of fungal decay index. Thre¢heke are discussed below although
a note of caution should be sounded. All of theselets are derived, at least in part,
from historical climate data. They have a preditiwole where environmental
conditions are similar from year to year but tHeiure accuracy can be questioned in

the light of climate change.

5.4.5.1 The Scheffer index

The earliest model of fungal decay in out of growodtact conditions is the Scheffer
Index [31]developed during the 1960s and based upon temper@td rainfall data. It
assumes a linear relationship between mean motghiperatureT) and decay with a
lower threshold of 2C below which decay ceases. For rainfall, it usesrtumber of
days D) with at least 0.25 mm of precipitation. Rainfafl fewer than three dayser

month is discounted. Converted to metric unitbeitomes:
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> T -2)(D-3]

16.7

Climateindex = (5.2)

The divisor is chosen to give a score below 10Ghfost of the United States. The index
ranges from below 35 (virtually no decay) in patshe American southwest, through
to 70 - 130 (rapid decay) in the southeast and allgpart of the Pacific northwest.

Tropical areas such as north west Brazil scoreratr@00.

5.4.5.2 The European Climate Index

Work is ongoing on an index for Europe based onSbtleeffer model. It appears that
the decay rate increases slightly from continecitalates to western coastal conditions,
and from north to south. Expressed on the Scheffalesthe decay rate in most of

western Europe is 50 to 80 [47].

5.4.5.3 The Timber Life index

The Scheffer Index has its limitations and so otimerdels have been developed.
Australian researchers have developed the mosnaddamodel to date [48]. It is one
of a series of engineering-based degradation mat#isloped through the Timber Life
programme [49]. These models assume that once léneare preconditions have been
met, fungal decay (or any other degradation) deseli a uniform rate for the location
and timber concerned. Maintenance can remove theopditions for a time, thereby
introducing a lag effect. But, once maintenancesesalegradation will proceed at the
original rate. Although this model appears to alkv service life of timber in use class
3 to be estimated, it is currently only applicabbeAustralian conditions and would
need to be recalibrated for other climates. Ongcdlfy is that the Australian natural
durability classification is different to Europe. i& known that natural durability
rankings are only relative and can change in differdurability classes. This is not
currently reflected in BS EN 350-2 [50] although Wwdry Rapp and Augusta [18] is
addressing the issue. The Australian research loaiped different natural durability
classifications for in ground and out of groundte@h Table 5.8 compares the current
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European and Australian classifications using timispecies common to both

documents.

Table 5.8 Durability classes against funfi8] [50]

Common name Botanical name Australian European
durability classes  durability
classes in

Hazard Hazard
class3 class 4 Useclass4

Western red cedar (US) Thuja plicata 2 3 2
Douglas fir (US) Pseudotsuga menziesii 4 4 3
Hemlock Tsuga heterophylla 4 4 4
Jarrah Eucalyptus marginata 2 2 1
Keruing Dipterocarpusspp. 3 3 3*
Meranti, dark red Shoreaspp 3 4 2-4*
Meranti, light red Shoreaspp. 2 4 3-4*
American white oak Quercusspp. 3 4 2-3*
Radiata pine Pinus radiata 4 4 4 - 5*
Burmese teak Tectona gradis 1 2 1

* Variable, depending upon growth rate and othetdrs

It is known that durability classes of some speti€Bable 5.5 are variable whilst others
(e.g.teak and western red cedar) may be changing daestaft from old growth to
plantation origin. In which case, the differencegtween the two classifications can
probably be explained, although more work wouldneeded to confirm this. It is,
however, reasonable to assume that the durabilityses in BS EN 350-2 broadly

equate to Australian durability classes for hazdads 4.

The Australian index predicts the decay rate usangange of biological factors

expressed as:

Decay rate = KoodKclimatd<pktkwknKg (5.3)

wherekyood describes the timber species and type (heartwsajuyood, preservative
treated); keimate IS @ Climate parametek, is a parameter for paink; is a thickness
parameterk, is a width parameter reflecting the risk of spigt k, is a fastener

parameteiandkg is a parameter for component geometry.
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The wood parametek{ood quantifies the effect of different natural duratyilclasses.

Converted to the European natural durability cfasgion it is expressed as:

050 Class 1

062 Class 2

Kyood =1 114 Class 3 (5.4)
220 Class 4

652 Class 5 & sapwood

Australia spans a wider range of climate conditidrem Europe and this necessitated
the country being split into four decay zones. &ifint zones were also devised for in-

ground and out-of-ground conditions:

* In-ground hazard zone B describes the Australigrt@mnperate zone that virtually

encircles the desert interior. It is broadly eqlémato European use class 4.

» Out-of-ground hazard zone C describes the Austraast coast temperate zone, it

excludes some dry-temperate areas. It is broadlialgnt to European use class 3.

Climate parametekgimate = 0.65 is used for hazard zone C and comes closest to

describing use class 3 conditions in Western Europe

The paint parameter is setigt= 1.0 for unpainted timber, while the effect of paint

timber is quantified differently for each naturairdbility class:

35 Class1
20 Class?2
k,=115  Class 3 (5.5)
11  Class 4
11  cClass 5 & sapwood

The thickness parameter is sekat 1.0 for timber in contact with other timber but if

the component is not in contact:

1 t>20mm
t={ (5.6)

05 t<20mm
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The width parameter ranges fradgn= 1.0 for a 50 mm wide board upkp= 1.5 for a

200 mm wide board according to the expression:
k =—+= (5.7)

The connection parameter is sekat 2 where there is a connector &d 1 where

there is not. These parameter values are verysamal

The geometry parameter is expressed as:

kg = ko kg2 (5.8)

whereky; is a contact factor arlgy is a position parameter. The contact factor depend

on if the assessed surface is in contact with atberponents or not:

0.3 Non-contact surface
K =106 Flat contact (5:9)
10 Embedded contact

The position parameter for non contact surfacesstalkccount of orientation and the

effect of shelter and exposure to sun. For vdriieambers the values are:

60 Top flat

50 Top sloping

20 Facing south

= 'ng (5.10)
15 Facing north

15  Facing east

20 Facing west

The values for north and south are reversed froosethfor Australia. The effect of
differences in sunlight exposure between the UK Anstralia cannot yet be estimated.

The position parameter for contact surfaces takesumt of the type of contact material

and the size and location of gaps. It is expreased

Kgo = Kgo1 Kgo2 Kg23 (5.11)
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wherekg: is the contacted materidd,. is the orientation anklys is the gap. Parameter

values for the type of contacted material are:

(5.12)

{1_0 Porous materialg(g.wood, concrete)
g21

0.7 Non-porous materiak(g.steel, plastic DPC)

Where members are end jointed, if is the gapis0 mm ky3= 2.0, while if the gap is

> 2.5,kps = 2.0. Intermediate values are calculated as:

37 07 .
k ..=——-—=x(gap size 5.13
023715 15 (gap size) (5.13)

The index is based on three types of test, in-gtaiakes, vertical boards, and L-joints.
With vertical boards, for example, researchers exadithe effect of water traps at the
top and bottom edge and at a saw cut; decay dtatem edge was around three times
faster than at the other two locations (Figuregl add 5.15). The L-joint samples with
a surface coating test tended to decay around 25% slowly than those without a
coating (Figure 5.16). Test samples within the paem climate index appear to be

performing in a similar fashion but this has no¢teuantified yet.

Although at first sight the Australian work seenesnprehensive this is not yet the case.
The researchers also note that the impact of amigin detailing has not yet been fully
addressed in the model. Cladding is poorly desdriba example, and so the model
cannot in its current form be used to predict thwise life of timber facades. Table 5.6
compares the Australian performance-based servifee predictions with the
prescriptive estimates in BS 8417 [19]. In mostesathe use class 3 service life
estimates in BS 8417 fall within the upper half tbe Australian hazard zone C
predictions for fencing and pergolas but have tssespondence with the equivalent
estimates for decking. Similarly, the UK estimdi@sservice life in use class 4 broadly
correspond with the Australian predictions for sguaosts; the exception being Jarrah
(Eucalyptus marginataput this can probably be explained by differeniceselative
durability rankings (Table 5.9). It is thereforeapsible to assume that the Australian
performance based estimates for hazard class dearsed to make very provisional

predictions of the service life of external cladylin the UK.
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Table 5.9 Service life estimates in UK and Australian guidafi®] [48]

Common name Australian performance based Australian UK prescriptive
Botanical name service life estimates * performance service life
(years) based service life| estimates (years)
estimates **
Hazard class 3
Hazard zone C (years)
Hazard class 4
Hazard zone B
Fencing Pergolas Decking | Round Square| Use Use
pole post | Class3 class 4
Western red cedar (US) 35 - 80 25-40 35-50| 25-40 15-25 60 15
Thuja plicata
Douglas fir (US) 10-25 8-15 10-15 - - 30 -
Pseudotsuga
menziesii
Hemlock 10-25 8-15 10-15 - - 15 -
Tsuga heterophylla
Jarrah 35-80 25-40 35-50| 25-40 15-25 > 60 60
Eucalyptus
marginata
Keruing 20 - 45 15-25 20-25 - - 30 -
Dipterocarpusspp.
Meranti dark red 20 - 45 15-25 20-25 - - 15-60 -
Shoreaspp
Meranti light red 35-80 25-40 35-50 25-40 15-25 30-60 -
Shoreaspp
American white oak | 20 -45 15-25 20-25 - - 30 - 60 -
Quercusspp.
Radiata pine 10-25 8-15 10-15 - - <15 -
Pinus radiata
Burmese teak 4-90 30 -50 45-60| 45-80 30-30 > 60 60
Tectona gradis
* Depends upon component geometry

o Depends upon diameter or section

5.5 Weathering

All external building materials change with timeetals corrode, masonry erodes,
plastic becomes brittle, wood rots. Eventually éhgwocesses can result in the
disintegration of the facade material but, befdms;tthere is a period of ageing — of
weathering — where the surface appearance chamgéten unpredictable ways. These
processes condition the way we view buildings, aad expectations of how, and for
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how long, a facade will resist the effects of itavieonment. In the UK people tend to
have a consistent set of expectations about hovermadased materials will age. Yet
they often lack a corresponding appreciation obem By contrast, in countries such as
Norway where wooden facades are commonplace, pduple more of a shared

language for using timber externally; it is not ttomersial.

All uncoated timber, irrespective of species, eualy weathers to various shades of
grey when exposed out of doors. If the effect isaum it may be described as ‘silver-
grey’ and is even, misleadingly, compared to theegrpatina that forms on copper.
Leaving a timber facade to weather naturally canimmse maintenance costs, but in
many cases the resultant finish can have unexpectédariable characteristics. Often
this is viewed as being cheap or drab and in #spect uncoated timber facades have
much in common with those of mass concrete. Théestge for facade designers is to
pre-empt reaction against the current generatiamobated timber cladding by the use

of careful design and construction.

5.5.1 Main weathering processes on wood

When wood is exposed out of doors without a proteatoating, the surface undergoes
changes to its appearance and texture (Figure.3M&athering of wood should not be
confused with fungal decay, which results from el periods of excess moisture
allowing wood-destroying fungi to colonise and detg the timber. Nor is it a purely
physical process driven by ultraviolet (UV) ligitithough the physical, chemical and
biological processes involved in weathering of tanlre understood [5 -|[54] their

interaction in specific cases is difficult to prediThe normal weathering sequence in

the UK is as follows although not all these staggsear in every case.

1. Oxidation: as timber dries, extractives accumulate on thdase where they
oxidise to a brown stain (this is similar to the surface of an apple turning brown).
The effect is usually short-lived, as rainwaterl w@imove the extractives, although
it can persist where the timber is protected. hedcextractives are often deposited
as temporary brown stains on surfaces exposednwffrirom the facade. These

effects vary but can be pronounced, particularlgak and sweet chestnut.
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2. Photo-degradation the visible and UV components of sunlight both tacphoto-
degrade lignin at the timber’s surface to produggpoic acids and other compounds
which are then leached away leaving the fibroudulose and hemicelluloses
largely intact. The depth affected is up to 0.5 miifeathered timber surfaces tend

to roughen as the fibres are exposed (Figure 5.18).

3. Staining: the greying of damp wood is generally due toghesence of stain fungi;
Aureobasidium pullulangs particularly important in temperate climates.eTh
hyphae of these fungi are pigmented and they tendefract visible light,
accordingly the timber surface appears grey. Refnrawaries depending upon the
surface moisture content and so weathered timbedwsys darkest when wet.
Under favourable conditiong\. pullulansgrows on the surface of many materials.
Its ecological requirements are modest, the maimditton being the occasional
supply of water. On weathered timber, the organisms off lignin breakdown
products leached down the surface. It can coldimskeer surfaces after less than a
year’s weathering though the rate depends uponrvaatelability — the effects are
most pronounced on upward facing surfaces and aqsesed to wind channelling,
splashing or high relative humidity (Figures 5th9.22). Stain fungi such #s
pullulansalso colonise weathered timber under coatingau(Ei§.23).

4. Splitting: repeated movement of the timber due to moisturéecofluctuation may
lead to surface cracks. These vary according tditiiger’'s characteristics and how
the board is fixed to the wall. Experience in Seaada [55] suggests that the risk
of splitting is minimised if boards are positiorsalthat the side of the board nearest
the pith faces outwards. Some UK publications claitherwise, although this

appears to be based on a misreading of Scandinashace.

5. Erosion: the surface of external timber will slowly be woaway due to a
combination of photo-degradation, mechanical abrasly wind blown particles
and biodeterioation. The rate varies depending upersite conditions and timber
density.
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Figure 5.17 Weathering of timber is rarely uniform as it depgnon a complex
interaction of factors. This photograph shows ciaddnade of European oak (Quercus
spp.) at Henley River and Rowing Museum. On thtoboteft the oxidised surface of
the cladding has been protected from leaching leypiojecting canopy. On the right
side the cladding has been photo-degraded anddkeltant breakdown products are,
given sufficient moisture, supporting the growth stéin fungi turning the timber
surface grey. All of the right hand side is equaikposed to UV light. The variation in
grey staining appears to be due to differences oistare availability affecting the

growth rate of stain fungi.
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| Figure 5.18 Fibres
being exposed as the
timber surface

weathers.

Figure 5.19 This
light microscope
image &5) of a
section through a
piece of weathered
larch illustrates how
the grey staining is
mainly a surface

effect.

Figure 5.20 Light
microscope imagex(5)
of the surface of a
Douglas fir board after
18 months weathering.
The dark grey areas
are fungal staining on
the surface.

(Photo courtesy of
Victoria Sharratt)
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Figure 5.21 This oak

cladding at Henley-on-
Thames has stained in
a uniform manner due
to its sheltered humid
site

Figure 5.22 This western

red cedar cladding in

. Aberdeenshire has been

exposed to wind-driven
rain at the gable while the
three side panels have
been  sheltered. This
variation in wetting has
resulted in marked
differences in  fungal

staining.

Figure 5.23 Florescence
light microscope image
(%x5) through an exterior
varnish. The grey lines
are fungal mycelium
growing between the
coating and wood
substrate. (Photo courtesy
of Victoria Sharratt)
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5.5.2 Other weathering effects

Although weathered timber generally turns some sl@dyrey due to colonisation by
stain fungi, other organisms can also affect serfggpearance. The most important of

these in UK conditions are algae, wasps, slugdianen.

Algal growth on timber cladding usually first appe& areas exposed to rainwater run-
off (e.g below leaking gutters). The growth rate increasis moisture availability and
is limited by drying or erosion. Algae require heghmoisture contents than stain fungi.
The most frequent species is the common subaere¢ngalgae [fesmococcus
olivaceus$ [56] [57] which occurs on shaded or polluted tenhot colonised by lichen.

Wasps harvest photo-degraded timber to build thests (Figure 5.24), whilst slugs eat
algae. In both cases the effect is that light c@durregular lines appear on the grey or
green surface of the wood.

Many lichen species can colonise external timbeudih their speed of growth is slow
(Figure 5.25). Most species are sensitive to poltuand consequently are rarely seen in
urban areas. In unpolluted locations, however thewth can be extensive. Although
lichen growth appears to have little detrimentdedf on the timber substrate, the
owners of many of the recently completed timbed dauntry homes in western Britain
may come to take a different view. Lichen growth tanber facades has not been
investigated. Indeed the whole topic of non-fungedwths on external timber has

received little research attention.
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Figure 524 Wasp harvesting
photo-degraded timber

Figure5.25 Lichen growth on
a 25 year old larch gate near

Inverness
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5.5.3 Factors influencing weathering

Weathering of timber is affected by a number oftdex particularly the site
characteristics and the species used.

5.5.3.1 Building location and design

In areas of high rainfall some timber facades can grey in only a few months whilst
in dry locations this process is generally slowafalls facing south-west tend to
experience relatively fast weathering. North-faciails tend to weather uniformly as

do facades on humid sites.

The form and shape of a building strongly influentlee impact of wind-driven rain

upon it. Buildings without eaves tend to experietie@r highest moisture loads near the
top of the facade, particularly at outer corner8].[SThis may result in those areas
staining faster than other parts of the wall. Easleslter the upper part of the wall,
though the effect depends upon the ratio of wallliteto depth of the eaves projection.
An overhang ratio of at least 4:1 is required beftre entire wall is sheltered [59].

Projections such as eaves can cause uneven wegtl@arediately below that point,

however, because extractive staining persists aotbpdegradation is prevented in the
area sheltered by the projection. Projections dao eause splashing, which in turn
leads to localised staining. Projections and spiastes are therefore an important

influence on weathering.

5.5.3.2 Timber species, modification and preservatives

Although all timber species turn grey when exposed combination of sunlight and
moisture, some tend to be more predictable thageretWVhilst the influence of species
is usually less important than a building’s formdadetailing, a number of general
points can be made.

If timber is to be left uncoated to weather nafyrait is normal practice for the
heartwood of a relatively durable timber speciebdaised. Low durability timbers will
turn grey but, because these species have littistamce to fungal decay, a surface
coating is usually applied in an attempt to keeeirttmoisture content as low as
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possible. In the UK it is normally assumed that hleartwood of durability class 8¢
moderately durable) timbers can be used externaltijout a coating although a
durability class 2 or 1 speciese( durable or very durable) will tend to have a lange
service life [19]. Density is also important. Lovertsity timbers such as western red
cedar Thuja plicatg are prone to more rapid erosion than denser tisndded so it may

be prudent to avoid these species wherever windrbfearticles are a risk.

Some timbers species are particularly prone tmisigi Oak (Quercusspp.) and sweet
chestnut Castanea satiaare well known for their rapid and variable wesathg

response. The effect is most pronounced in thefévs years. In contrast, many tropical
hardwood species and imported western red ceddr tterweather uniformly unless

affected by differential wetting due to either oitidion or the design of the facade.

Some chemically-modified timbers such as Acébyme also very prone to staining,
whereas most thermally-modified timbers tend tanstaore uniformly. These effects
are not fully understood. Preservative-treated @&mbontains a fungicide and this
reduces the speed and variability of colonisatibwood surfaces by stain fungi. The
preservatives used for external applications aftgrart a green or brown colouration to

the timber, which although fading over time, may Ine visually acceptable in all cases.

5.5.4 Anticipating or responding to weathering

Although weathering tests are published for surfecatings, and for external flame
retardants(see below), there is no standardised weatherisigfée timber itself. It is
unlikely such a test will be developed as the phesmon is so variable and because

there is little commercial incentive to do so.

In some cases the effects of differential weatlgecian add to the architectural effect of
the timber facade. This approach was pioneeredooyslKahn in the United States who
used uncoated teak on the facades of several bgiddKahn’s aesthetic accommodates
the effects of weathering; whilst many modernistdings might be considered to have
aged poorly and become outwardly shabby, the bieg@nd streaks on Kahn’s facades
are not so obtrusive and indeed are regarded byy naancomplementing their
appearance [60]. It should, however, be cautidhetl Kahn was mostly working in

relatively dry North American climates where thee of weathering is generally not
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so pronounced as that experienced by external tifdmades in temperate oceanic
conditions such as the UK. Kahn’'s aesthetic issome respects, reminiscent of the

celebration of diversity and transience evidentraalitional Japanese construction. The
concept is termeffe FX (wabi sabi) which is typically defined as the flaeeauty or

simple wisdom inherent in natural objects [61]. benfacades in Japan can experience
very pronounced and rapid weathering due to theimw wet climate; many of their

traditional timber buildings celebrate this effect.

Weathering of exposed timber is unavoidable. Therao surface coating that will
preserve the original colour of timber indefiniteAttempts to prevent weathering by
applying a water-repellent oil or clear varnishtaog generally result in patchy grey or
black staining of the timber. This is because stangi can develop under the coating
where their hyphae turn the wood substrate greyufEi5.23). Coating the timber with
a fungicide can slow down the onset of weatherittboagh it will still occur
eventually. Consequently, weathering effects caheeibe accepted, in all their
unpredictability, or, if this is not appropriatéet main alternative option is to apply a
pigmented surface coating before, or immediatelgrathe cladding is installed. The
most durable external timber coatings employ aiftidgl primer.

A number of techniques are occasionally used te-Vpeather’ timber. Their success is
variable and some can be quite expensive. It isiplesto char external timber to
simulate a uniform weathered appearance, an dfiettis easier to achieve with low
density timbers. ‘Weathering stains’ provide a gfegaand more controllable option:
they use either grey pigments or involve a chemitange to the wood’s surface. In
each case the effect is to induce a temporary mgewif the timber, but this will
disappear after a few years. Several proprietapgymts are available to simulate the
effect of weathering (although vague claims madeuabheir ability to ‘protect’ the
timber should be ignored). Often the easiest wagirtulate the effect of weathering is
to use a readily available ferric sulphate solutias is occasionally done in Norway.
The temporary staining caused by extractives cailyelae removed with a 5 - 10 %
solution of oxalic acid bleach. The grey stain ealby colonisation byAureobasidium
pullulans can also be removed by bleaching but this doesre&wiove the photo-
degraded timber: sanding the surface is the onfipor this. Oxalic acid can also be
used to remove any blue-black markings caused bypuge metal corrosion. It is,
however, preferable to avoid corrosion occurringhiafirst place.
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5.6 Dimensional change

Timber changes size in response to changes inunmeisbntent. Temperature will also
affect the dimensions of a wood sample, althoughamthe same extent as moisture.

Below the FSP, timber shrinks as the cell walls aluy (.e. bound water is removed)
and swells as the cell walls gain moisture. At mwes contents above the FSP, the cell
walls are fully saturated and so changes in mastontent have no effect on size. For
any given species, the magnitude of shrinkage amtling within the hygroscopic zone
is approximately in proportion to the volume of aalost or gained (desorbed or
adsorbed) by the cell wall. By convention, dimenalochange due to initial drying of
the timber is often referred to as shrinkage whilbsequent changes due to moisture
fluctuation in service are known as movement. Hage and movement values are
quoted separately as the former are greater treatatter. These dimensional changes
are anistropic. Changes in the longitudinal digattare minimal and can usually be
ignored. The changes are greater in a radial dwecnd greater still in a tangential
direction. Designers and builders normally haveomatrol over whether the timber they
are using is radially or tangentially cut, in whichse it is prudent to assume that the

larger (tangential) values apply.

Moisture in the cell wall is held by hydrogen bamgli The bonds are mainly to the
hemicelluloses and the hydroxyl groups in the amous cellulose. These components
contract as water is removed from the cell walle Tack of longitudinal change is

mainly due to the orientation of microfibrils inetis layer: these fibres shrink and

swell across their width but not their length [62he difference between dimensional
changes in the radial and tangential axes is nibt &xplained. The most common

explanation is the presence of ray cells whichlaigeved to have a radial restraining
effect. These dimensional changes in wood can Kfeemced by several factors

including extractives content, permeability, denpsind microfibril angle.Juvenile

wood is relatively unstable as it is associatedhwitanges in microfibril angles.
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5.6.1 Shrinkage

In Europe, shrinkage values for different timbeeaps are conventionally given for a
moisture content reduction from the FSP down to 1&fberican literature often quotes
shrinkage values from the FSP down to ‘oven dryie Extent of shrinkage varies both
between trees and within a tree. The publishechkhge coefficients are necessarily
approximate. Shrinkage values are only applicablenmiber facades where green (i.e.
unseasoned) timber is used. In such cases theumisbntent ranges quoted in the
literature may not be relevant and so intermediginyinkage values need to be
interpolated. This can be done algebraically butsitusually more convenient to

interpolate graphically by representing the shrg&aurve as a straight line and then
reading off the percentage dimensional changedb@irs as the timber dries from FSP

down to the target moisture content (Figure 5.26).

O [ .
2 Y 4 e
Shnnkage 4 i ......
(% ofgreen | _.-7 .
dimension ©" e FSP
1
10§ |

0 5 10 15 20 25 30
Moisture content (%)

Figure 5.26 Graphical interpolation of shrinkage at a specifimisture content
=== Actual shrinkage curve (often not available in pree)
=== Linerised shrinkage values (taken from publish@&th&age coefficients)

- — — Interpolation of shrinkage at a specific moistemntent
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5.6.2 Movement

Most construction timber is used where it will et exposed to precipitation. In which
case, providing it has been dried to near its EMESigners do not need to concern
themselves with shrinkage and instead need onbotsider movement in-use due to
ongoing fluctuations in moisture content within thggroscopic zone. The extent of
these fluctuations can usually be predicted andBSoEN 942 [63] gives in-service

moisture content values for most joinery appliaagi¢Table 5.10).

Table 5.10 Moisture content of solid timber in in-service dit@s in Europg¢63]

Category Sub-category based on in-service climat Moisture content (%)
External joinery 12-19
Internal joinery In unheated buildings 12-16

In buildings heated to 12 - 2C 9-13

In buildings heated to over 2C 6-10

Movement values have been derived by measuringlithensional changes occurring
when timber in equilibrium with air at an RH of 60%moved to air where the RH is
90%; the temperature in both cases being 25 °Cnfest softwood timber species this
equates to a moisture content fluctuation betwepproximately 21% and 12%,

although due to the hysteresis effect already medli there are slight differences
depending on whether the timber is gaining or lgsiisture. The movement value for
most commercial timbers is known and, for any gispacies, the relationship between
movement and moisture is approximately linear aad be estimated from several

formulae.

Hoffmeyer gives what is probably the most elegantiulation [64]:

_ B .,
h, = h{1+ 1000w2 w1|)} (5.14)

where h; and h, are the thickness dimensions at moisture contentsand w,
respectively.f is the coefficient of swelling (positive) or shkage (negative) taken

from the literature.
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Brown [65] gives an easily understood but cumbeesdarmula which, with minor

adjustments for clarity, can be stated as:

S= (mnit ~Mgpa )dinit (5. 15)
(mep -m, j +m,;

where isS shrinkage or swellingniit is initial moisture contentyxny is final moisture
content,dinit is initial moisture contentyy, is the fibre saturation point, ar&, is the
tangential shrinkage or swelling coefficient frol@8R-to oven dry.

The movement characteristics of timber speciesofien expressed in relative terms
using three movement classes (Table b[66] [67]. Timbers with a medium or low
classification are suitable for most cladding aggtibns though a small movement class
is usually selected for tongued and grooved prafilmards over 150 mm wide or any
design where dimensional change is difficult tocaemodate. Large movement species
can also be used as cladding providing that thaild® can accommodate the
dimensional changes that will occur. Unlike timhesed inside buildings, cladding
timber is exposed to both bulk wetting and intedsging. The resultant moisture
content is thus likely to be wider in range thae 2% to 21% used as the basis of
movement class definitions. The implications o§tare discussed in later chapters.

Table 5.11 Movement classes of timber (After: His[6{])

Movement Across grain dimensional chance due to moisture fiuation
class in service

Small 1% for every 5% change in moisture content

Medium 1% for every 4% change in moisture content

Large 1% for every 3% change in moisture content
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5.7 Corrosion

Virtually all timber facades use metal fasteningd anany have metallic flashings and
support brackets as well. If these are degradecobpsion, the building’s appearance
will be affected and the attachment of the claddmghe wall may be compromised.
Corrosion can be defined dthe destructive attack of a metal by chemical or
electrochemical reaction with its environmge8]. This definition excludes physical
deterioration and all non-metallic degradation. tRigsthe corrosion of iron and its
alloys to produce hydrous ferric oxides; non-fesrouetals corrode but do not rust.
Although dry timber is not corrosive, all timbersge a corrosion risk if they become
wet. Some species are especially corrosive, apatiular flame retardant and wood
preservation treatments. Coastal environments k@@ a problem. The corrosion of
metals by wood is controllable providing it is cmlesed at the outset. Corrosion is

therefore an important topic in timber facade desig

There are numerous types of corrosion although @lleshare five characteristics:

lons are involved and need a medium to move witthis is usually water);
Oxygen is involved and has to be available;
The metal has to be willing to donate electronst#mt the process;

A new material is formed which may be reactive @m protect the original metal,

ok~ 0N PR

Corrosion proceeds through a series of steps bhataire a driving force.

Where metals are surrounded by dry air, a direadtien occurs to form an oxide film
on the metal’s surface. As it thickens, the filney@nts contact with the air and thereby
prevents further oxidation. By contrast, most typésorrosion occur when a metal
surface is wet; this agueous medium makes the gsaoere destructive [69niform

(or atmospheric) corrosion occurs over most ofekigosed surface of a metal; the rate
is steady and often predictable. It is generallyye® control by making the material
thick enough to function for its projected serviide or by coating the surface with a
non-conducting paint or by use of a sacrificialtowa The rate increases in corrosive
atmospheres, such as near the coast, where comtadures require a metal relatively

high on the electrochemical series such as 31Gguasdtenitic stainless steel
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5.7.1 Corrosion of metals by wood

Wood is inherently corrosive and can be made mor®ysprocessing. Unlike most
corrosive materials, wood contains acetic acid thivolatile and in a poorly ventilated
space wood can corrode adjacent metals even thibnggl is no physical contact. In
immersed conditions, large electrolytic cells camf. Corrosion of metals by wood can

therefore arise in three areas [70]:

1. in poorly ventilated containers, by vapour corrasiathout physical contact;

2. at points of physical contact in immersed strucungarticularly seawater; large
scale galvanic mechanisms predominate;

3. at points of physical contact in land-based stmastuthrough attack by wood acids
and chemicals such as some flame retardants crpatises.

The first is mainly restricted to where corrosivaliers such as oak are used to make
museum cases; it is not a concern with externabgimand so will not be considered

further here; nor will corrosion in immersed struess.

5.7.2 Corrosion mechanisms

Where there is contact between wood and metalmosheric conditions, corrosion
can take place due to several micro-electrolyticimaisms:

» Crevice corrosion (also called embedded or concentration cell cams
occurs where two adjacent areas of metal diffezl@ctric potential. It typically
occurs when oxygen cannot penetrate a crevicerngadi differential aeration;
corrosion occurs in the area with less oxygen. iEte can be rapid especially
where the substrate is particularly acidic. In dag fixings the process is
initially manifested as either blue/black iron tatenstains or rust (Figure 5.27)
Crevice corrosion requires an incubation perioddnge developed it proceeds

at an accelerating rate. It is controlled by sabgctesistant metals.

e Galvanic (or bimetallic) corrosion occurs where two dissanimetals, such as
aluminium and copper, are in contact with an etdgte such as water. It is

caused by the greater willingness of one metaive gp electrons relative to the
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other. The two metals must have an electrical coime to enable electron
movement. The less easily corrodible metal forntathode, the other (in this
case aluminium) the anode; the cathodic metalni©ded. Galvanic corrosion is
prevented by several measures including: breakiegelectrical contact with
insulators or coatings; choosing metals that ansectogether on the galvanic

series; or preventing water entrapment.

» Pitting corrosion (Figure 5.27) occurs in metals havimgatective film such as
a corrosion product or when a surface coating lsrelvn. The metal readily
gives up electrons and the reaction causes tigniradions (pits) where the local
chemistry will support rapid attack. It mainly ocsuvherever upward facing
surfaces experience stagnant conditions. Pittimgpsmn can be controlled by
several measures including: selecting resistantalg)etusing corrosion

inhibitors; or protecting the metal with a barregrcoating.

Figure 5.27 Iron-
tannate staining due to
crevice corrosion of

ferrous fixings

5.7.2.1 Naturally occurring acids

Tannic acid is often assumed to be the cause obsion of metals by wood; this is
incorrect as tannic acid can act a corrosion indili71]. The real culprit is usually
acetic acid. Cellulose molecules contain mildlyibds/droxyl radicals, parts of which
are combined with radicals (unpaired electronspa#tic acid to form ester (organic
salt) groupings. These can combine with waitex they hydrolyse) to yield acetic acid
and free hydroxyl radicals. This causes the masiarwood to be constantly acidic.
Acetyl radicals constitute about 1% to 6% of theight of oven dry wood with
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hardwoods containing more than softwoods. The amofiacetyl radicals determines
the quantity of acetic acid that can be formed. Tate of emission depends on the
species; wood with a lower acetyl content can dberacetic acid faster than another
species having a higher content. The rate of aealid formation is affected by the
temperature and moisture content of the wood, witis rate of emission depends on
the component geometry. Kiln drying acceleratesi@eeid production and, because it
does not all have time to escape; the acid ten@st¢amulate in the wood. Kiln dried
wood is therefore more immediately corrosive thardaed timber, although the effect
reduces over timéWNood also contains small quantities of other asuish as formic,
propionic and butyric acid, but their corrosioneets are usually minimal. Ash can
contain trace amounts of sulphate and chloridecedsliwhich can augment the

corrosive action of acetic acid.

5.7.2.2 Corrosive additives

Although the natural chloride content of wood i#/Jat can absorb salt from spray and
mist in coastal conditions and when floated as logeeawater. Timber in roofs near the
coast is particularly susceptibialt is also occasionally used to season timbkoadth
this does not usually occur with cladding boards.

Some flame retardants contain ammonium sulphatecdimel corrosive salts. These
substances are also hygroscopic and thus act tease the moisture content of the
timber. Fortunately those flame retardants that are basesirople salts are not used
externally due to their poor leach resistance. fldrae retardants designed for external

use are not corrosive.

It has long been known that copper-based wood pratbees are corrosive [72],
however, the risks have tended to increase follgwire withdrawl of chromated copper
arsenate formulations in 2006. Whilst CCA was ftselatively corrosive, many of its
replacements are even more so. Some of the cu@@# alternatives’ include: ACQ
(alkaline copper quaternary) and CA (copper azodes) these tend to corrode steel
more quickly than CCA. The rate depends upon theecathat delivers the active
chemicals. Carriers can be ammonia-based (pantigutarrosive), amine-based or a
hybrid [73].
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Figure5.28 Pitting
corrosion of the
aluminium foil wrapping
for an intumescent cavity
barrier. This occurred
after two months contact
with timber treated with
copper based

preservative.

3.0kV 8.2mm x30 SE(M)

Copper based preservatives can leach soluble coppapounds, which are then
deposited on surfaces exposed to run-off. If tlisucs on iron, aluminium or zinc, a
galvanic cell is formed that accelerates the casro®f the metal substrate. The
leaching is greatest from freshly treated wood, andpreserved wood should be
allowed to age for at least seven days to give foné¢he preservative to become fixed
before fasteners are insert&thnufacturers of preservatives are addressing tissses
and new, less corrosive, products are beginningmerge although it is too early to
evaluate their long-term performance [73].

5.7.2.3 Acidity of different wood species

Table 5.12 gives typical pH values for several #mispecies [74]. The pH of the
heartwood of most timber species lies within 3.54t6. As a rough guide, timbers
below pH 4 tend to be the most corrosive whilssthabove pH 5 tend to be safe.

Statements about the acidity of timber are necigsgproximate: the pH varies within

a wood species, within a tree (heartwood is usualthye acidic than sapwood) and due
to storage conditions. Timbers also vary in howlgagetyl is hydrolysed to free acetic

acid. Moreover, woods with a low acetyl contenic{sas oak) can yield more free acid
in a given time than species with a higher contsaine species still emit acetic acid
many years after the tree has been felled. For éddokfasteners, the rate of crevice
corrosion is affected by the permeability of woaavards water, oxygen and carbon

dioxide. Thus, iron embedded in impermeable wosdsh as the white oak species
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used in barrel making, can last a considerable #wen when immersed. In spite of
these reservations, experience shows that somettiggiecies are especially corrosive.
These include European oak, sweet chestnut, westgdroedar, Douglas fir and most
eucalyptus species [70] [74].

Table 5.12 Acidities of various external cladding timb¢r€] [74]

Common name Botanical name Approximate
pH
Western red cedar Thuja plicata 3.3
Douglas fir Pseudotsuga menziesii 3.5
European oak Quercusrobur andQ. petraea 4.0
Larch Larix spp. 4.0
Sitka spruce Picea. sitchensis 4.0
Sweet chestnut Castanea sativa 4.5
European redwood Pinus sylvestris 4.5
Burmese Teak Tectona gradis 5.0
Iroko Chlorophora excelsandC. regia 5.5

Timber that has been thermally or chemically medifmay be more corrosive than
unmodified wood, although this varies dependingrughe process involved. Mild steel
and zinc coated steel are particularly vulnerablelsty stainless steel is not attacked.
The effect is not fully understood but is beliewedbe due to residual acids formed
during the treatment process. Acetylated timbershsas Accoya™ are the most
corrosive although some types of thermal modifaratlso cause problems.
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5.7.2.4 Effect of moisture content

All timbers are corrosive if their moisture conténtibove 20% although the rate varies
between species. CCA impregnated timbers are ¢oeras moisture contents as low as
12% [74] and it is likely that the CCA alternativiegve a similar behavior.

5.7.3 Susceptibility of different metals

The UK’s National Physical Laboratory has rankes shsceptibility of different metals

to attack by acetic acid vapour or direct contaith wood (Table 5.13) [70]. Although
the susceptibility of zinc is as high as steek thoes not mean that zinc coated steel has
no value; steel will not rust until the zinc hagbeorroded away, and this usually takes
a long time. Although lead is frequently used dsshing it is relatively susceptible to

acetic acid corrosion and so should not be usednitact with timber.

Table 5.13 Ranking of susceptibility of metals to attack bgtaxcacid in wood70]

Group Metals

1. Severe attack Cadmium
Carbon steels
Low alloy steels
Lead and its alloys
Zinc and its alloys

Magnesium and its alloys

2. Moderate attack Copper and its alloys

3. Slight attack Aluminium and its low strengthogt
Nickel

4. Insignificant attack Austenitic stainless steels
Chromium
Molybdenum
Silver
Tin

Titanium and its alloys
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5.7.4 Degradation of wood by metal

Corroding steel can degrade wood due to a corrastirbeing formed where alkali is
produced at the cathode and iron salts producéldeadnode. Both corrosion products
can attack wood, which may become sufficiently ddgd for the holding power of the
fixing to be lost. This is known as nail sickne€rrosion cells in wood can be
identified by their breakdown products: the dankebiron tannate stains around ferrous
metal fixings in timber are due to the interactlmtween iron salts and the extractives
in wood. The stains are not always associated euthent corrosion however as they
can be caused by iron salts left over from whentitinéer was shaped using ferrous
tools [75].

5.7.5 Corrosion testing

Although many corrosion tests have been publishede of the standardised methods
are suitable for assessing the effects of wood etalmandvice versa Zelinka &
Rammer [76] reviewed all of the published teststhrs field and concluded that

electrochemical methods offer the best potential.

5.7.6 Resisting corrosion

Austenitic stainless steel fixings offer the bessistance to the corrosion effects of
acetic acid or copper-based wood preservatives.e T34 is normally adequate

although the more resistant type 316 may be redjuear the coast.

5.8 Structural robustness

The structural performance of timber facades isrofgnored. Providing the cladding is
on a low-rise building and follows best practice bmard profiles and fastenings then
this is rarely a problem. In the UK, however, timbgadding is in a period of
innovation that indicates existing guidance mayiasequate. These issues are most
clearly highlighted in Scotland where structuralgieeers are nowadays being
contracted to verify that buildings are constructedaccordance with the guidance

supporting building regulations. When verifiers esss timber cladding against the
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guidance documents they sometimes find that it dagscomply. Delays, remedial
work or in situtesting can then ensue giving rise to two inigjaéstions: what are the
structural issues affecting timber cladding and loaw these facades be constructed to

ensure robustness? Both are affected by the meisturditions of the facade.

5.8.1 Structural concerns

Non-loadbearing external cladding has been inangasipopular in the UK since the
1950s. Initially engineers were not directly invedivwith cladding design except insofar
as it had a secondary effect on a building’'s stme&ctHowever, with the growing scale
and complexity of this form of construction it h&agcome common practice for
structural engineers to take responsibility forddiag design or for assessing the
designs of others. The first UK guidance on an megiing approach to cladding design
was contained in a 1995 report [77] that considexkctladding materials including
timber. A performance-based standard for claddiegigh has since been issued [78],
although it does not address all of the performas®ges relevant to a biogenic material
such as timber. From an engineering viewpoint, ditagl design involves the
consideration of several factors including: desifg structural loads, fire performance,
internal and external environments, constructidarémces and any access limitations.
The design must also take account of all applicatdedards, which nowadays means
beginning with the relevant Eurocodes. Timber stnes are designed to Eurocode 5
(EC5) [79] using the guidance in other Eurocodesmexessary. Eurocode 5 is in the
course of superseding BS 5268-2 [80], althougHhdtier norm is still in use. It should
also be noted that whilst most cladding applicatiane bespoke designs for specific
buildings, other contracts involve the use of pietary systems developed by specialist
companies. In either instance, however, wind loads usually the main structural

concern.

5.8.1.1 Wind

Although exterior cladding (of whatever materia$) intended to be largely non-
structural, wind can give rise to lateral loadsvealls and uplift forces on roofs. The
calculation of wind loads on cladding and its sup@ssembly is based on the same
criteria as the main structural design and guidamcthis is given in Eurocode 1.4 [81].

The highest wind loads are experienced in coastaltions and at altitude.
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For a given wind direction, the pressure will vanpund and over the building and so
special attention should be paid to the possibibiftywind concentration at external
corners, gaps between buildings and on roofs (Eigw). Cladding on the leeward face
of a building may experience suction forces while windward face is simultaneously
exposed to strong positive pressures. Wind suatidinact to pull the cladding off its
support battens and the battens off the wall; thdding assembly has to be able to

resist these actions (Figure 5.29).

Figure 529 The masonry
cladding on this gable near
Inverness was  inadequately
fastened to the timber structure
and so had little resistance to

outward wind suction.

It is known [82] that in coastal parts of Scotlamthdding at the outer corners of
medium-rise buildings is typically exposed to psaktion loads of around -1.2 kN/m
Suction loads will tend to be higher on the Weststes, Orkney, Shetland and in other

very exposed locations.

A further issue may arise where a timber-framedding on a windy site is clad with
timber instead of masonry. The latter type of clagatan act to stiffen a timber-framed
structure against wind loads [83]. If such struesuare clad with timber, however, their
capacity to resist wind forces may be compromisadss the issue is addressed at the
design stage. This issue mainly occurs in coastasa particularly northwest Scotland

and the Scottish islands. All existing UK guidaecetimber cladding ignores this issue.
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5.8.1.2 Differential movement

Heavyweight cladding materials such as brick, smmielockwork are constructed from
the foundations and tied back to the wall structuseng flexible ties that allow for
differential movement between the cladding and sates By contrast, lightweight
claddings such as timber, fibore cement boards,ereadmesh, tiles or brick slips are

fixed to a support assembly that is fully suppofftedh the wall structure [84].

Differential movement occurs wherever the claddemyd wall structure move in
different ways in response to moisture or tempeeatthange. It is not normally a
concern in situations where lightweight claddinguged in conjunction with a timber-
framed structure [85]. However, differential verticaovement can occur at junctions
between heavyweight and lightweight cladding. le tiase of timber-framed and post-
and-beam walls it can occur because: floor joists @her horizontal elements made of
solid timber will shrink slightly as they dry out service whereas clay brick cladding
can expand. The problem also occurs where blockwodalcium silicate bricks shrink
more than the timber structure and cladding (Fig®r80). Table 5.14 gives
recommended allowances for differential movemenwbeen heavyweight cladding and
timber cladding on a timber-frame. Some junctionstween heavyweight and
lightweight cladding will require engineering desig

5.8.1.3 Service classes

The strength and stiffness of timber are affectedianges in moisture, with dry timber
having the highest strength and stiffness. As thasture content increases, these
properties steadily reduce until the FSP is reachdabve this threshold, further
increases have no additional effect on timber’'shraaical properties (Figure 5.31) [86].
Engineers need to be able to take account of #@nigtion during their designs and so
EC5 gives three service classes for timber (Tablb)5that reflect the different

moisture conditions that occur in service.
It is frequently argued that the support battenisirzk timber cladding are sheltered

from direct wetting and should therefore be assigieeservice class 2, but this can be

questioned. This issue is discussed in later chapte
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Figure 5.30 Differential vertical movement between heavyweighd light weight
cladding. Left, flashing uplift due to inadequatewvement allowance. Right: uplift has
been avoided using an adequate movement(é@dger: TRADA Technology [84])

Table 5.14 Allowances for differential vertical movement betweheavyweight
cladding and timber cladding on a timber-franfafter: TRADA Technology [84])

Location of horizontal junction betweerMinimum gap for differential vertical
heavy and lightweight cladding movement between heavyweight and
lightweight cladding * ** *** x***

At ground floor 3 mm
At first floor 11 mm
At second floor 19 mm
Notes

* |If a timber platform ground floor is used thenda® mm to the allowances quoted

** Movement reduces if, for example, engineered Wmnts or super-dried timber is
used

*** Movement increases in nursing homes and othaftdngs where the equilibrium
moisture content is particularly low. It is alsoghiwhere the brickwork employed
expands over time.

**** The allowances quoted are for clear gaps: tisbpuld be increased if compressible
seals are installed in the gap.
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Figure 5.31 General relationship between strength and stiffnessperties and

moisture conten{After: Porteous and Kermani [86])

Table 5.15 Services classes for timber given in Eurocof@0

Service Timber moisture content and associated environrheatdalitions

class

1

A moisture content of no more than 12 %: thisregponds to a
temperature of 20 °C and a relative humidity bek@% for most of the

year.

A moisture content of no more than 20 %: thisregponds to a
temperature of 20 °C and a relative humidity beBw% for most of the

year.

Climate conditions leading to a higher moistuostent than in service

class 2
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5.8.2 Robustness

At its simplest, an engineering specification ftardding will prescribe [77]:

* The calculated self-weight of the cladding
e The calculated imposed loads acting from the clagidnto the wall
* The acceptable cladding attachment to the wall

+ Construction movements and tolerances

Most structural questions concerning timber clagaiancern attachment to the wall.

5.8.2.1 Dowel type fasteners

Most timber cladding is attached using nails orews. In EC5 these are known as
dowel type fasteners (fasteners where the loagisfierred by a dowel action). Dowel
fasteners can be subject to lateral loads (shepepéicular to the line of the fastener)
and axial loads (withdrawal along the line of tlasténer). Dowel fasteners in timber
cladding are mainly loaded axially due to wind gutt Ignoring tension failure of the
dowel itself, there are two nail failure modes xmedloading (Figure 5.32) [79] [86]:

* The dowel pulls out of the timber (termed pointsidéhdrawal)
* The head of the dowel pulls through the timbem(ea headside pull through)

Headside pull through Pointside withdrawal

Figure 5.32 Nail failure modes in axial loadinfy9] [86]:
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In the case of nails, the withdrawal capacity ieetato be the minimum of pointside
withdrawal or headside pull-through. This is cadtatl from factors such as nail
diameter, shank profile, timber thickness, nailgieation and the density of the timbers
involved. In EC5 the recommended pointside penetrations dé mato the timber

substrate are as follows:

Smooth nails o

Annular ring shank and other improved nails d 6

whered is the shank diameter of the fixing. If the naglald diameter is at leastl # is
assumed pull-through will not occur because thé-thubugh resistance exceeds the
withdrawal resistance. Fastener lengths for tintteaiding are often determined using a
simple ‘rule of thumb’ whereby a smooth nail shob&ltwo and a half times the board
thickness and an improved nail should be twice Bloard thickness [67] [87].
Experience suggests that this simple guidance agjuate for most low-rise buildings
but, although approximately correct, it is not detent with EC5 and so is
inappropriate for taller buildings or exposed lemas. In both of these locations, the

cladding fasteners should be designed by a stalauagineer.

Low velocity shot-fired nails are the most popuiamg method for timber cladding in
the UK; this is due to their ease and speed ofiegpmn. Both round and improved
nails can be installed in this way. Other typesaifed fixing such as the ‘T’ nails used
to secret-fix timber flooring should not be usedvexternal cladding as they offer little
resistance to axial withdrawal; indeed, there ismeans of calculating their axial
strength to meet the requirements of EC5. Lost heald should also be avoided as
they offer little resistance to pull through. Altigh shot fired nails are popular with
contractors, their suitability for timber claddingstallation can be questioned because
nail guns tend to over drive the fixing and this caeate water traps. In theory, this
problem can be minimised by using nail guns thatlmaadjusted for timber density but
this is not a complete solution, as many contractail ignore this precaution and in
any case timber density varies. Hammer fixed reaiés therefore, preferred wherever
possible. The risk of the timber splitting should mminimised through the choice of
fixing positions. These should conform to the edgwl end distance requirements
provided in EC5 (Figure 5.33 and Table 5.16). Iditioh, dense timbers>(500 kgn?®

at a moisture content of 12%) and species promsplitiing (e.9.larch, Douglas fir and
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spruce) should be predrilled, the hole diametendeio greater than 80% of the nalil
diameter. Hardwood cladding timbers are normalkedi with screws as these have
greater axial strength than nails. Design guiddacecrew connections is given in EC5
although it does not provide minimum spacings od afistances for the board
thicknesses commonly used for cladding. The maxinaxial loads on the timber
cladding assembly tend to occur, not in the clagldiself, but in the fixings joining
horizontal support battens to the vertical coutattens (Figure 5.34). Peak suction
loads can be in the order of -0.3 kMr fixing on many coastal sites and may be higher

still in particularly exposed locations.

Figure 5.33 Nail spacings and distancéafter EC5 [79])(see Table 5.16)

Table 5.16 Nail spacings and distances, d = nail diametemim (see Figure 5.3379]

Category No pre-drilling Pre-drilled holes
Timber density Timber density 420 (timber density
<420 kgnt (at 12% | to 500 kgrit (at 12% | > 500 kgn? or species

moisture content) moisture content) prone to splitting)

Spacings, 5d 5d 3d

(perpendicular

to the grain)

Spacings, d<5mm: 1@ 15d 4d

(parallel to the

grain) d>5mm: 121

Distanced,; 54 7q 3

(edge with no

lateral load)

Distanced, 10d 154 -d

(end with no

lateral load)
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<600 mn

Horizontal
battens

Vertical counter
batten

Vertical
cladding boards

Figure 5.34 Typical installation assembly and fixings for veat timber cladding

The wall studs are at a maximum spacing of 600 netawvden centres. The vertical
counter battens are fixed to the studs every 3080tb mm along their length, giving
around 3 fixings per metre length opér m>. The horizontal battens are spaced at a
maximum of 600 mm centres and are fixed where therlap the counter battens,
giving 2 fixings per metre length or $er m?. The vertical boards are fixed at their
overlap with a horizontal batten using 2 nabkyx overlap, giving 4 fixinggper metre

length or around 26 fixingser m* (assuming 150 mm wide boards).

Assuming a peak suction of -1.2 kNnon the cladding, then the maximum loaer
fixing is -0.3 kN, this occurs at the 4 points wééne horizontal battens are secured to
the counter battens (-1.2 kN / 4). In this scen#n® fixings securing the boards are

only exposed to peak suction loads of -0.05peXfixing (-1.2 kN / 26).
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5.8.2.2 Hidden fasteners

Hidden fixings are becoming increasingly populathwiimber cladding. Most use
folded or extruded metal clips to connect intoatstl joint between the boards. These
clips tend to be expensive to manufacture in se@limes and so most hidden fixings
tend to be components in proprietary cladding systelhese are usually derived from
ceramic cladding systems and can have several tdyemincluding appearance, ease
of erection and ability to accommodate insulatioithin the cavity. Most systems
employ a metal support assembly, such as that imedand Taylor [88], although
timber-based systems are becoming available. Tiaesgles are normally supplied by
specialist companies who provide the engineeritgusions.

5.8.2.3 Strength grading and batten sizes

Eurocode 5 states that all timber intended for dbadring use in buildings must be
strength graded by an approved grader, either Nysaecording to standardised rules or
by an automatic grading machine. External claddsngot load-bearing and so there is
no requirement for cladding boards to be strengtlded. The cladding support battens
do need to be graded, however, as BS 5534 [89] Iseils for their permissible
characteristics and defects. Although these liamiésnot visual strength grades as such,
they are similar to the knot criteria in the GSugisgrade provided in BS 4976 [90].
This norm also specifies the timber species reduwe the cladding support assembly.
These include UK grown larch_4rix spp.), Scots pineP{nus sylvestrisand spruce
(Piceaspp.) plus several European and north Americaniepethe norm also specifies

that these timbers should be preservative treatedse as battens.

Minimum batten sections are determined by the neeoid both splitting as they are
fixed and the risk of deflection between suppovisttical battens are typically at least
19 x 38 mm, whilst horizontal battens are normallyedst 45x 50 mm. Minimum

batten sections may also be set at 38 mm thicktaulee fire resistance requirements

for cavity barriers (see below).
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5.9 Combustibility

Fire — the state of combustion — takes many foatisf which involve a fast chemical
reaction that liberates heat. This reaction usuallgurs between combustible gases
from fuel and oxygen from the air. A flame is thisible part of a gas volume within

which combustion is occurring [91].

5.9.1 The fire triangle

The mechanisms of fire ignition, growth and decaywaell understood. To be sustained
a fire needs three components: fuel, oxygen and; lieia is illustrated by the fire
triangle (Figure 5.35). If any two of these arespr, the addition of the third will
trigger ignition. Similarly, a fire is extinguishedhen one component is removed. Once
a fire has started, the heat released by combu&iarsually enough to enable it to
grow. A growing fire then releases more heat anthegrocess continues. Fire can be
controlled using a range of suppression measurest of which either remove heat
(e.g by spraying with water), cut off oxygen.¢.with the use of foam), or both. If a

fire is not suppressed it will eventually die wheruns out of fuel or oxygen [92].

Heat

Oxygen Fuel

Figure5.35 The fire triangle

5.9.1.1 Fuel

A fuel, in this context, is any substance that Burfhe best fuels are molecules with
large amounts of extractable energy held in theénucal bonds. Combustion releases

this as heat (it is exothermic) due to the diffeeebetween the potential energy stored
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in the fuel's original molecular bonds and thatretbin the bonds of the end products.
By contrast, most chemical reactions consume enghgy are endothermic) because
the bonds in their end products store more endrgg that in the original molecules
[93]. With a few exceptions such as hydrogen gas, alkfaee carbon-based. Indeed,
the fossil record suggests that fire only appearedthe earth’s surface after land
vegetation had first evolved about 450 million geago [94]. Fossil fuels such as coal
are the remains of such vegetation. Most othesfdelive from wood or other carbon-
based materials formed by organisms living today.régards fire chemistry, the term
fuel thus encompasses most substances we use idagtp-day lives: petrol, food,

fabrics, plastics, medicines, wood and paint dreaabon based. They all burn.

Although fire results from chemical reactions, thede of burning is affected more by
the physical state and spread of the fuel andnigr@ment than by its chemistry. A
log, for example, is difficult to ignite whereastlling will readily burn if built into a

suitable pile. Similarly, a layer of coal dust bsirslowly but explodes if ignited as a

dust cloud.

5.9.1.2 Oxygen

Although air is normally needed to support comhlarstisome fuels already contain
oxygen, which is released as they are broken dowrhdat. In other cases some
chemical processes can sustain combustion withaygem. Strictly speaking the

requirement is for an oxidant, which is a substaheé can oxidise atoms, molecules or
ions by stripping them of electrons. Carbohydratesh as timber are good electron

donors, whilst oxygen is the perfect electron sngee [95].

5.9.1.3 Heat

Heat is not an entity that can be added to songthiiris instead the flow of thermal
energy from a warmer to a cooler object due to tmatpre difference. Thermal energy
is transferred in three ways. Conduction is thesfer of energy by direct molecular
contact; it is mainly associated with solids. Cartian is the transfer of energy between
a liquid or gas and a solid; it involves the movatnaf the fluid. Heat radiation is the

transfer of energy by the emission of electromagnetves; it does not require an
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intervening medium. These processes can be aidethdss transfer, such as the
airborne movement of burning embéree amount of energy released when a unit mass
of a substance is completely burnt is termed tls# bEcombustionAH.), or calorific
value. The grosaH. of fully dry timber is around 20 kJ/g dr 18 kJ/g at a moisture
content of 12 %. For comparison, thel; of hydrogen is 122 kJ/g, methane 50 kJ/g,
polystyrene 40 kJ/g, polyvinylchloride 16 kJ/g, \8hraw potatoes only yield 3 kJ/g.

The power of a fire is expressed in terms of thet helease rate (HRR), also termed the
rate of heat release (RHR). This quantifies the @t which combustion reactions
convert potential chemical energy into thermal ggelrhe rate of fire growth (speed of
HRR increase) generally begins slowly but soon lacates. The rate depends on the
size of the fire and can often be approximatedguaiparabolic curve known as the *

squared fire’ where thRR is proportional to the square of time afteitign.

5.9.2 Burning of wood

After ignition, the burning of timber involves twmain stages, decomposition and

charring.

5.9.2.1 Decomposition

As wood is heated above about 1D, it begins to go though a process of thermal
decomposition (pyrolysis) as the material statengka from solid to combustible
vapour. It is the vapour that burns. The free watewood evaporates first. As the
temperature rises further, the main constituentwadd decompose into volatile gases
including carbon dioxide, carbon monoxide, ethamepane, methane and non-volatile
water vapour. The decomposition temperatures difereint for each of the main
constituents of wood, typical values are: hemidedias 200 - 260C; cellulose 240 -
350 °C; and lignin 280 - 500C. Wood rapidly discolours above about 200 - 260

although prolonged heating at temperatures as $0%28°C can have the same effect.
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5.9.2.2 Charring

The physical structure of wood rapidly breaks datove about 300C. The process
begins when small surface cracks form perpendid¢aléne grain direction. These allow
volatiles to easily escape from the wood surfaddefperatures between 400 - £8)
about 50% of the lignin volatilises, the rest remnag as a residue of carbon, known as
charcoal or char. A higher proportion of the henhiteses and cellulose are
decomposed, although this varies depending upomwtted’s composition and the
temperatures involved. When wood is heated abo@e°@5only 15 - 25% normally
remains as char. Most char comes from the lignive @racks widen as the char depth
increases, giving burnt wood its characteristic iculppearance. Char looks quite
similar to wood that has been colonised by brownfuagi. This is no coincidence
because, these organisms mainly degrade cellulndenamicelluloses leaving lignin

relatively unaffected.

5.9.3 Compartment Fires

Building fires usually start in a room, and thermresl outwards. Spread of fire is
prevented by ensuring that the walls, ceiling alodrfcan act as fire barriers, which
sub-divide the building’s interior into sections. #ve in a room is termed a
‘compartment fire’ and the fire barriers are ‘comtpeentation’. If there are sufficient
fuel and ventilation available, a compartment fingically goes through the sequence of
stages shown in Figure 5.36 and Table 5.17 [96¢. Hdy stage is known as flashover,
which describes the rapid transition from a loelidire to one involving the whole
compartment. Not all compartment fires follow thigve - some run out of fuel whilst
others have insufficient ventilation. The fire mago be suppressed by fire fighters or
sprinklers. Fully developed fires can have tempeest in the region of 800 - 1200 °C.
The fire energy in a building compartment is usuakpressed as the energy density
per square metre of floor area per square metre of the total surface area of a room.
The latter method is normally used in Europe. Eodecl [97] gives five fire load
classesanging from 250 to 2000 MJfof floor area; a medium sized domestic room

typically contains around 450 MJm
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Figure 5.36 Schematic time-temperature curve for a typical gartment fire[96]

Table 5.17 Stages of a typical compartment fjes]

Fire stage

Description

Growth stage

(pre-flashover)

Once ignited, a fire either smoulders or grows dedpey upon fuel of
oxygen availability. If the fire is fuel-controlledombustion can continu
until all available combustible materials are caned. A fire restricted by
oxygen availability (a ventilation-controlled fir@)ccurs where there

insufficient air to allow a large amount of fuellbe burnt. Windows an
other openings may permit air to enter; in whickecthe burning rate

mainly set by the size of openings. Fuel controfiegls can achieve th
maximum HRR for that substance and their main prtsdare carbor
dioxide and water. Ventilation-controlled fires lkaa lower HRR bu

produce large amounts of soot and toxic combugtioducts?

Flashover

As the fire grows, hot smoke builds under the ogiliThis radiates heat

and can become intense enough to ignite all confibeisturfaces in the
room. Termed ‘flashover’, this has been definedd8]a rapid change
from a localised fire to one involving all combb#ti surfaces in thg
compartment It occurs when the buoyant smoke layer reac

approximately 550 °C.

e

A1

A\1%4

hes

Fully developed
fire

(post-flashover)

Following flashover, the fire enters its fully démged stage. At this poir]

life becomes untenable in the compartment. The HRIReases rapidly

until it is limited by the amount of oxygen thatnche drawn into the

compartment or when all available fuel is involvékhis is the mos
critical stage as a post-flashover fire can causectsiral damage an

spread to other compartments in the building.

—

D

Decay stage

If the fire is not suppressed it will eventuallyrbwout when it runs out @

fuel. The HRR once again becomes fuel-controlled.
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5.9.4 Reaction to fire and fire resistance

Because most building fires start in a room andeagbroutwards, fire tests of
construction products typically assess what hapgariag the initial or later stages of a
compartment fire [98].Performance at either stage is not an intrinsicenedtattribute
but is instead extrinsic — it is a system phenomeinare the test results are affected by

how a building product is assembled and installed.

* Reaction to fire tests theseassess relevant performance attributes up to and
including flashover. This includes: ignition, flanspread, heat release rate, rate of
smoke production, fire area and time to flasho\Reaction to fire is mainly

expressed in terms of the performance of interradl Mings.

* Fire resistance teststhese assess how building components withstangdiver of
a fully developed fire. In these circumstances saomstruction elements, such as
beams, need to withstand structural loads whilstrst such as cavity barriers, need
only contain the fire. Performance is expressethastime for which the element

can fulfill these functions.

The relative importance of these categories vateggending upon where and how the
timber component is used in a building. Althougmler performs relatively badly
during the initial stages of a fire it can none#issl have a good structural performance
during a fully developed fire. Accordingly timbersaction to fire and fire resistance
performance usually need separate consideratioeselhwo categories of test do not
suit all requirements. The fire conditions insiddifashaft are poorly modelled, for
example, as are the fire scenarios affecting theereal face of a wall or roof.
Nonetheless, the fire performance of constructiatenals is generally defined in terms

of reaction to fire and fire resistance.

Two principal test and classification systems fog performance are recognised in the
documents supporting the various UK building regjates. National classes are given
in the BS 476 series, while the European systemhessribed in the BS EN 13501 series.
The latter will, eventually, replace national fs@ndards such as the BS 476 series but
until this happens the two systems continue toxisteNumerous other standards give
performance criteria for specific applications: atgan to fire tests for facades, for

example, are given in the BS 8414 series.
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5.9.4.1 Reaction to fire performance of timber surfaces

Several chemical physical and environmental factdfsct flame spread over wood

surfaces.

The principal chemical factors are extractives eontjt moisture content and flame
retardants. Extractives composition varies betwspacies with resinous softwoods
being the most flammable. Moisture content is ingnar because energy is needed to

drive the water off. Flame retardants are discubstalv.

Several physical factors are relevanbw density timber is a poor conductor of heat
and so the lower the density, the shorter time e@eh get a surface to ignition
temperature. Accordingly wood products with a dgnbielow 400 kgri achieve a
lower reaction to fire class than denser timbegyFes 5.37 and 5.38keometry is also
significant, indeed the reaction to fire classifica achieved by a product often varies
considerably depending upon its orientation, sacdad how it is assembleBlame
spread upwards on vertical surfaces is faster élcamss other orientations. Small pieces
of wood ignite and burn easier than large timbassgdo constructions that promote air
movement. As the surface/volume ratio increasestiog starts more easily and flames
spread faster. Sharp corners and coarse surfalz@geethis ratio and result in poor fire
behaviour. Moreover, in freestanding timber elemmgestich as louvres or the boards in
open-jointed cladding, all surfaces are exposedthtoe spread; this creates a larger fire
load than if the elements had closed joints (FiguB9) [99]. Thickness, meanwhile,
affects the burn-through rate of wood: rapid bumotigh of thin materials increases the

area exposed to fire [100].

The main environmental factors are temperaturevandilation. Timber becomes more
flammable as the temperature rises. At about Z5@ pilot flame is needed before it
will ignite, whereas ignition is spontaneous at 8G0or more. Ventilation increases the

speed of ignition and flame spread.
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Figure 5.37 (above) Fire growth

rate (FIGRA) as a function of
density for wood based panel
products. The boundary between
Euroclass E and D is shown as a
dotted line. (from: Ostman and

Mikkola [99])

Figure 5.38 (top left) Fire growth
rate as a function of density for
solid wood panelling and cladding
with thickness of 9-21 mm and
various profiles tested with and
without an air gap(from: Ostman
and Mikkola [99])

Figure 5.39 (bottom left) Fire

growth rate as a function of the
exposed area of free standing
timber strips (ribbon elements)
such as open jointed cladding or
louvres. (from: Ostman and

Mikkola [99])
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Reaction to fire is assessed using a number o, teath having a specific fire scenario.

Typical reaction to fire classifications for walhwerings are given in Table 5.18. Most

solid timber achieves Euroclass D (national clgdsud can be upgraded to Euroclass C

or B using a flame retardant treatment. The onbdpcts containing wood that achieve

a higher classification are those cement-bondeticferoards with a low percentage of

wood fibre.A similar classification exists for roof coveringihe classifications in BS
EN 15501 and BS 476 are not equivalent and saémspositions in Table 5.18 are not

exact. Some fibre cement board, for example, aeki@an A2 classification under the

Euroclass system but only Class 0 under the BSsérié@s. Confusingly, the Building

Regulations in Scotland use a different classifocaterminology to the rest of the UK.

Table 5.18 Reaction to fire classes for wall linings showthg indicative transposition
between BS 476, Euroclasses, and the Scottiskatskoried99] [101] [102] [103]

Euroclass in | Classification | Risk categories| Typical products
EN 13501-1 | to BS 476 serieg  in Scotland (HHEEEHEREES] SEMIE B SATHT 17 17 )

Al Non Non Inorganic products such as stone,

combustible combustible | glass, concrete, ceramic and steel

A2 Limited As above but with small amounts pf

combustibility organic material. Gypsum boards w(th
thin coverings, Mineral wool.
Some cement-bonded particleboard.

B 0 Low risk Gypsum boards with thick coverings.
Some plastic insulationSome flame
retardant treated wood products.
Some cement-bonded particleboard.

C 1 Medium risk | Most flame retardant treated wood

2 High risk products.

D 3 Glass reinforced polyestersSolid
wood> 400 kgm®. Most wood-based
panels.

E 4 Very high risk | Some plastic insulation.

Solid wood < 400 kgr.
Low density fibreboard.
F Unclassified Untested products
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5.9.4.2 Fire resistance of timber

Timber can have exceptionally good structural pemémnce in a fire. This is due to the
thermal conductivity of char being around one sitktht of solid timber [104]. As the
char layer develops, it acts to insulate the uydeglwood from thermal degradation.
The charring rate of timber follows a linear redatship with time, subject to three main
variables: it decreases with increasing densityoisture content but increases with the
external heat flux. Design values for the charnates of various wood products are
given in BS EN 1995-1-2 [104]; they are typicallyoat 0.5 - 1.0 mm/min. Where the
timber is not thick enough to achieve the requiiiesl resistance; it can be protected
using plasterboard or other non-combustible clagldmaterial. If timber is protected in
this way the component cannot ignite and burn utttilsurface temperature reaches
around 400 °C

5.9.5 Flame retardants

Timber building products can usually be used inrthatural state with no requirement
for flame retardant (FR) treatment. The use of @aetardants further widens their use
to include situations where a relatively high reactto fire classification is needed.
Most flame retardant treatments work either by adlg ignition, reducing flame
spread across a surface or lowering the rate df feé@ase from the material. Flame
retardant treated timber may still burn, but notagkly or at as high a temperature as
untreated timber. The charring rate is not mucluarfced although char yield may
increase. Flame retardants cannot therefore maieetinon-combustible — nothing can
— and so while they can improve timber’'s reactiorie classification, they make no
significant contribution to increasing timber’sdiresistance. Many timber products
suppliers make this basic error and claim thatyapgla flame retardant to a door will

make it fire resistant.

5.9.5.1 Types of FR treatment

Flame retardants for timber can be divided intofesu@& coatings or those that are

pressure impregnated into the material.
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Most flame retardant coatings are paints or vagsghat intumesce (swell on heating)
thereby trapping an insulating layer of gas agaihettimber surface. Others release
gases that interfere with the combustion reactionthe flame; these do not form a

surface film or otherwise affect the timber’s appeac.

Impregnation treatments are forced into the timieing a pressure vessel. As with
wood preservatives, they form an ‘envelope of mtd@’ within the timber enclosing
an untreated core. Timber intended for such treatrns@ould be machined to size
before being impregnated; if it is shaped afternsaite envelope will be lost. Flame
retardant impregnation treatments for externalarseusually organo-phosphate resins
that are heat-polymerised in the timber to becoratemresistant.

Flame retardant coatings have a long history, lintle plaster being the earliest known
example. In many ways lime is an excellent flantardant coating, being cheap, easily
applied, safe and attractive in service. It is, deer, neither particularly weather
resistant nor suitable in conditions where the &mis constantly changing size due to
fluctuations in moisture content. Lime thus perfermell as a flame retardant coating
for wood in stable moisture conditions, such as m@wmine, but will not give long-

term protection to a timber facade unless it isil@dy maintained. These issues affect
every flame retardant product. All are susceptiblenoisture to some extent; many
require regular maintenance if used externally; ol is suitable for all applications.
Accordingly it is essential that their suitabilfiyr a particular application be evidenced
to the requirements of the relevant product stahdslost requirements for external
timber cladding are given in EN 14915 [105] althbulgach resistance is not covered.

5.9.5.2 Susceptibility to weathering

Very few flame retardant treatments are leach tasisnd none is totally unaffected by
moisture. This is a complex subject with unresolgegstions concerning the service

life that can be achieved. Further research iseckédus topic.

Leach resistance is evidenced by either long-texposure trials or accelerated
weathering in a laboratory. Exposure trials areenealistic but are prohibitively slow
and expensive. The main accelerated weathering ftesflame retardants is US
Standard ASTM D 2898 [106]. A Nordic standard, NIRE 053 [107] has also been
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published, as has a draft European Standard prENL21%108]. The UK Wood
Protection Association (WPA) classifies the leaebistance of flame retardants [109]
using a procedure similar to ASTM D 2898. Their indgrable category is known as

Type LR (leach resistant); only one product is gitteis classification at present.

The relationship between performance in these txishe service life achieved in the
practice is poorly documented. One of the few pit@d reports on this topic estimated
that accelerated weathering testseém to be equivalent to about 2 years of outdelat f
exposure’[110]. Although it may be possible to infer somathiabout long-term
performance from such a test, the risk is that rfaturers simply focus upon passing
the test without considering how this relates te tieal world. Thus some flame
retardant products with a poor leach resistancalaleeto be upgraded to the top Nordic
classification simply by being given a moisturegignt surface coating; in which case
their service life is dependent upon the protectiwating being maintained. Even the
most leach resistant flame retardant products haimited service life in full external
exposure. Unpublished test data from one manufactuggest [111] that the service
life of their Type LR product may be 30 years. Ipeedent data would be valuable, but
to date there has been little recognition of thesees by regulatory bodies.

5.9.5.3 Effect on fungal decay

In 2006 CCA - hitherto the main exterior wood preagve — was withdrawn.
Although CCA was compatible with subsequent impegigm using a Type LR flame
retardant, its replacements — the so-called CC&radtives — are not, the problem being
that the copper in the replacement products becmuksle in the alkali conditions
created by flame retardant impregnation. Thusxtémmal timber has to be impregnated
with a type LR flame retardant, it cannot presenblg preservative treated.
Manufacturers are addressing this issue, but iméa&ntime there are two main options.

It may be possible to avoid the need for a woodgmetive by switching to a more
decay-resistant timber. In many cases, howeves wibuld need to be a durability class
1 or 2 species and this would preclude most UK grambers. Western red cedar may
also prove unsuitable because it is usually presieertreated for use on roofs in the
UK.
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Alternatively, it may be possible to rely on tharfle retardant resin itself. It has been
known for some time [112] that the pressure-impadigm of leach-resistant resins into
timber can help control fungal decay. In effecg thsin is acting as a form of chemical
wood modification. Unpublished test results frone enanufacturer [113] suggest that a
timber service life of up to 30 years can be adkievn some circumstances.

Independent research on this topic is needed.

5.10 Acoustic performance

Noise is unwanted sound; and noise pollution isrmneasing problem. In the UK,
external noise pollution is controlled through thkanning system by ensuring that
buildings are separated or screened from potentiede sources such as motorways.
Building regulation guidance is, therefore, onlywcerned with noise pollution between
different parts of the same building. Acoustic periance thus becomes relevant to
facades where the external envelope forms a jumetith a separating wall or floor in a

multi-occupancy dwelling.

5.10.1 Sound waves from other sources

When sound waves impinge on a timber surface pdheir energy is reflected and the
remainder enters the timber causing it to vibréitee sound is then either intensified or
absorbed. Intensification occurs when the timbés as a resonator, such as the sound
box of a violin, this is not relevant to facadey. &ntrast sound absorption is often an

important consideration in facade design.

When sound waves enter the timber they are repgateflacted and reflected. This
generates molecular friction that partly or comgletransforms acoustic into thermal
energy. The coefficient of sound absorpti®) (s used to express the percentage of
absorbed sound. Wood ha& aalue of less than 10%4. it is a good absorber) due to
its porous nature, although the coefficient is @#d by several factors including
density, moisture content, temperature, defects muodlulus of elasticity (MOE).
Timbers with a low density, low MOE, a high moigtucontent and at higher
temperatures are the most absorbent. Wave frequetso important and sounds with
a low frequency are absorbed best.
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Sound propagation in timber varies depending upeweral factors including the

direction (axial is faster than transverse), meoestaontent, MOE and species. The
sound wave is damped as the vibration energy isatetl to the atmosphere or
converted to heat. Defects interrupt the wave pyapan, as do discontinuities in
material, such as a change in density between tdinng timbers. Sound

transmission through building elements is mostagiffely minimised by means of mass
(interposing a continuous dense material between tthnsmitter and receiver) or
separation (providing a clear space between bgldiaments). A complex sound path

through numerous changes of material and direci@onalso be effective.

5.10.2 Verifying acoustic performance of buildings

It is impossible to predict accurately the acougtformance of untested building
elements. Accordingly, post-completion testing hasn used for many years to ensure
that new buildings meet their relevant performaneguirements. This is expensive,
especially if the construction fails to meet minmmtandards and requires remedial
work, and so Edinburgh Napier University have depetl Robust Standard Details
(RSD) as an alternative [114]. These are derivaanfitests of large numbers of

completed buildings. No RSD have yet been publisbedmber-clad facades.

5.11 Summary

Timber has three key attributes as a facade mhtdtias non-uniform, moisture

sensitive and combustible:

- Non-uniformity is manifested through heterogeneatyd anisotropicity. It affects
material selection, robustness, degradation ancermbional stability. These factors
are often neglected or misunderstood by facadgeis who are mostly experienced

in inorganic and non-biogenic materials.

- Moisture sensitivity is manifested through biodietation, weathering, dimensional
change, corrosion, and loss of structural robustr@tser things being equal, timber
facades will first fail to meet their servicealilirequirements where the local

moisture content is higher than that prevailingtoawall.
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- Combustibility of timber facades is mainly manitthrough its reaction to fire
performance. This is a system phenomenon wherenabgeonditions and moisture
exposure are more important than chemical compaosifihe long-term performance

of external flame retardants is poorly documented.

The control of these attributes may be constralmethe need to ensure the facade has

appropriate acoustic performance.

All of timber’s characteristics as a facade mateara affected in one way or another by
moisture. This is the key consideration that netxd$e understood before timber
facades can be designed for optimum performanceastie conditions in timber

facades need to be better understood.

Further research is needed into the moisture betaeif facade materials; leaching out

of wood preservatives and flame retardants arécpéatly important topics.
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Chapter 6

Experimental

This experiment was designed to address the ses®hrch question posed in the
introduction, namely: how wet do timber-clad facadgt? It comprises an exposure
trial of 16 datalogged test panels spread oversias. The trial ran from January 2005
to December 2007.

6.1 Background

The scope and objectives of this exposure triabveenstrained by its origin as one part
of the larger ETC trans-national project. The tmas restricted to only one timber
species, Sitka sprucePi€ea sitchenijs and had to be carried out in the Scottish
Highlands. Sitka spruce was stipulated becausésoédmmercial importance to UK
sawmills and its similarity to Norway sprude. @bieg which is widely used as external
cladding in Scandinavia. The Scottish Highlandsenstipulated because it was the only
part of Scotland covered by the EU Northern Perpl&rogramme when the project

application was submitted in 2002.

The research tasks in the full trans-national ptojsere divided up amongst the
research contractors. BRE compared the moisture-upkand loss characteristics of
Norway and Sitka spruce and graded the boards tsée in the UK. NBRI assessed
cavity ventilation and the impact on moisture caiodis of differences in timber growth
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rate, Forest Research compared wind-driven rairogxe across the NPP area. The
author investigated the impact of construction illetaupon moisture conditions in the
facade assembly. In principle, the outputs of dask were to be shared amongst the

research providers although this was not alwaygeset in practice.

6.1.1 Sitka spruce

It is known that Norway spruce is the most commartemal cladding timber in
Scandinavia, being used without preservative treatnon all but the wettest sites on
the west coast of Norway and the Faroes. The tirtyipecally achieves a service life in
excess of 50 years in this application. Scandimsvaague that the timber is suitable for
cladding due to its refractory nature which resiltsa low moisture take-up during
intermittent wetting (a view reiterated in Europegtandard BS EN 460 [1]). Little test
evidence is available to justify this assertionwhweer, and so it may be that other
factors such as regular maintenance or a low ratengal decay are more important.
Scandinavians take Norway spruce so much for gilasecladding that their guidance
documents rarely mention other timbers and may egeare natural durability as a
relevant issue. NBRI, for example, review the perfance requirements for timber
facades [2] whilst hardly mentioning resistancéutegal decay.

Sitka and Norway spruce have similar timber prapsrtTable 6.1) which suggests that,
if resistance to moisture take-up is a key factotimber facade performance, Sitka
spruce should perform well, at least on relativétly sites. To assess this, the author’'s
exposure trial had to be replicated across bothawetdry sites.

Sitka spruce comprises around 26% of Britain’sltataodland area (692,000 ha out of
2,665,000 ha, this includes both planted forestd semi-natural woodland). The
equivalent figure for Norway spruce is 3% of woodlaarea (79,000 ha) [3]. Small
diameter logs are used to produce paper and pesdligts, whilst larger logs (sawlogs)
are mainly converted into structural timber andcfeg. Sawmills are always seeking
new outlets, particularly for the outer ‘falling &rals’ (Figure 6.1) produced as a by-
product of sawlog processing and which are oftdficdit to sell at a profit. External

cladding is seen as a potential new market oppitytdior these and so the exposure

trial had to focus on falling boards.

165



Table 6.1 Physical properties of Sitka spruce (Picea sitai®nand Norway spruce (P.
abies) most relevant to external claddidg - [6]

Physical property Sitka spruce Norway spruce
Mean density aiv = 12% 390 kgt 460 kgn?
Natural durability class:

» fungi (4: slightly durable, 5: not durable) 4t05 4105

» common furniture beetle SH SH

(SH: sapwood & heartwood are susceptible)

Tangential shrinkage from greenvic= 12% 3% 4%

Movement class small medium

(relative humidity change from 60% to 90%)

Treatability

» heartwood (3: difficult, 4: extremely difficult) 3 3to 4

« sapwood (2: moderately easy, 3: difficult, vi 553 3v
variable)

Distinctiveness of sapwood: generally not distinct

indistinct

Fibre saturation point (%) w= 29 w= 27

Equilibrium moisture content

* at 60% relative humidity 12%<w<13% 12%<w<13%

 at 40% relative humidity 9%<w<10% 8%<w<9%

Mean acidity (pH) 4 4

Figure 6.1 Sawing pattern
for a softwood sawlog

showing the falling boards
(hatched) produced when
structural battens are cut
from the centre of a log.
Falling boards are

typically around 145 mm

wide and 16 - 22 mm

thick. The lengths are

usually 2.5t0 6 m
166



6.1.2 Construction detailing and workmanship

During discussions with the ETC project steeringugr it was decided that this trial
would focus upon establishing a base-line perfoador the moisture load in normal
timber cladding. The assumption being that the lwadld be increased by poor design
and workmanshipe(g. the problems identified in Chapter 3) or reducgdrdinwater
deflection €.g. wide eaves). Cavity ventilation was not assessedh&s task was
undertaken by NBRI and so the cavity details whosé¢ recommended across the UK
and Scandinavia. The trial thus focused on threguiently occurring questions. Should
the boards run horizontally or vertically? Shoub@ joint between boards be open or
closed? Should the timber be given a surface agatin

The main assessment criterion was the extent tehwbach variable increased or
decreased the moisture load in the timber. Moidtad being defined as a duration and
intensity of wetting sufficient to support fungaeahy. Fungi are unable to grow
effectively in wood below its fibre saturation pbi(FSP) [7] which varies between
species, but typically 28% FSP< 32%. Short duration wetting events above FSP do
not pose an additional biodeterioration threat,ibttie wetting lasts at least three days
per month it can be assumed that there is a decay[B$kFor Sitka sprucey = 25%
was chosen as the threshold. This approximateaettotvest FSP for Sitka spruce after
allowing for measurement uncertainties. Fortuitpuil was also the highest moisture
content that could be accurately measured usirggrielal resistance meters. Applying a
safety margin gave a lower thresholdiof 22%.

6.1.3 Generalising the results

Although outside the scope of the ETC project, thigl was always intended to be
applicable to other timber species where possildeachieve this, the results needed to
be generalised through a model allowing a timbertssture load to be predicted from
published physical properties. This was attempt&dgua subsidiary exposure trial. A
few months into the project, the steering groupotiiiced a requirement that all of the
guidance being developed should take account ef dafety. Although too late to
refocus the test programme, the author was abteki® account of detailing for fire

safety by participating in a parallel project IedBRE (see Chapter 7).
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6.2 Methodology

The exposure trails were experimental and subséguamvolved a time series

numerical and statistical analysis. Aspects ofahalysis were causal-comparative.

6.2.1 Time series analysis

A time series is a record of phenomena that vasgularly with time Time series

modelling is reviewed by numerous authors - 14]. There are few standard methods
of time series analysis; instead the process begitiisconsideration of graphed data,
from which the next steps and their statistical gellaly are developed. Time series
often exhibit periodic components linked to daily seasonal patterns. Missing and
outlying observations are also frequent occurrerares necessitate data interpolation.

Time series can be classified in various ways:

» Data recorded at certain time intervasg( hourly temperature readings) are termed
discrete time series, in contrast to the continuserses recorded by an analogue
device €.g a tape recorder). Discrete time series can kegodsed into two types
depending upon whether the recording intervalgsila or irregular.

« Univariate time series consist of a single readatgeach time point, whereas

multivariate time series involve several simultameobservations.

» Time series can be expressed using a stochastielrfedtatistical description of a
physical process whose structure involves a rand@mohanism). Series where the
random element does not vary with time are termiatiosary. Others are termed

non-stationary.

« A time series with a normal distribution of the alas termed Gaussian; it is

otherwise described as being non-Gaussian.

The time series in this thesis are discrete, regmaltivariate and non-stationary. Some

are Gaussian whilst others are not. The frequeunnyes are particularly skewed.
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6.2.2 Experimental design

The exposure trial had amfactor experimental design wherebylifferent factors were
varied so that the response to these manipulationkl be measured, both singly and
through their interactions. Four factors were tseach with two levels of treatment.
This may seem a small number of factors and traasnieut it is important to realise
that each combination of factor and treatment balset separately tested. Every time
another interaction is added the size of the erpant doublesn-factor designs become
unworkable if too many interactions are assesse@. @tperimental conditions are
given in Table 6.2; although two factors are quattie and two qualitative, all were
assigned to either a high or low level for the msg of this experiment. There were

thus 16 test panels in the experiment{design) giving 15 degrees of freedom.

Table 6.2 The four factors and their two levels of treatment

Variable factor Level

Low High
Board orientation Horizontal  Vertical
Joint ventilation (mm) 0 6
Mean coating thickness (mm) 0 0.5
Site Exposed  Sheltered

This design can described in several ways. Thefaere often labelled A, B, C and D;
a plus sign is used to represent the high levaleatment and a minus for the low. This
known as geometric notation as it can be visual&setivo cubes. Lowercase letters, and
one number, can also be used to label each trettroenbination in a standardised
order, namely: (1), b, ab, ¢, ac, bc, abcand so on. The 16 possible combinations can
be presented as a design matrix (Table 6.3). Roaassociated with the main effects
of A, B, C and D, six with interactions AB, AC, B€lc.In Table 6.4 the high treatment
levels are coloured yellow. In this trial the stardinotation was altered to a four letter
descriptive code to make it easier to remember.IEhfour letter panel codes are given
in Table 6.3. The relationship between these coelters and the geometric

representation is shown in Figure 6.2.
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Table 6.3 The four letter panel code used to describe egedtent combination.

Panel code Factor Label*

(red = high) - A Orientation B Joint C Coating D Site
EHCN Horizontal Closed None Exposed (2)
EVCN Vertical Closed None Exposed a
EHON Horizontal Open None Exposed b
EVON Vertical Open None Exposed ab
EHCF Horizontal Closed Front Exposed o
EVCF Vertical Closed Front Exposed ac
EHOF Horizontal Open Front Exposed bc
EVOF Vertical Open Front Exposed abc
SHCN Horizontal Closed None Sheltered d
SVCN Vertical Closed None Sheltered ad
SHON Horizontal Open None Sheltered bd
SVON Vertical Open None Sheltered abd
SHCF Horizontal Closed Front Sheltered cd
SVCF Vertical Closed Front Sheltered acd
SHOF Horizontal Open Front Sheltered bcd
SVOF Vertical Open Front Sheltered abcd

* Label refers to the standardised labelling schersed in most statistics textbooks

when describing the treatment combinations in faaitexperiments of this kind.

Site
Exposed Sheltered
L l
* ?
EHOF EVOF SHOF SVOF
0.5 Mm —e—
EHCF EVCF SHCF SVCF
Coating EHON EVON 5 SHON SVON
thickness mm
Joint vent
0mm - £eN EVCN © Omm SHCN SVCN
l |
b )
Horizontal Vertical

Board orientation

Figure 6.2 How the panel codes, factors and treatment lewetbe trial relate to the

geometric view (red indicates a factor is at itgthlevel).
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6.2.3 Sites

One of the test sites was at Leanachan, a Fordstgdfise owned forest flanking the
Ben Nevis range on the west of Scotland. The neailésge is Spean Bridge, amongst
the wettest inhabited locations in the UK. The otiee, a forest owned by Inverness
College on the east coast near Inverness, has adiofall. The Leanachan site was
within a forest clear-fell and had no shelter frohe prevailing wind, whereas the
Inverness site was in a sheltered forest cleaiiihg.location and conditions of the two
sites are indicated in Table 6.4 and Figures 6d36a.

Table 6.4 Site locations and climate

Leanachan, Balloch,

Spean Bridge Inverness
Grid reference NN 2219 7786 NH 7369 4617
Height (m) above mean sea level 190 117
Latitude 56° 51 N 57°48 N
Longitude 4° 55 W 4°10 W
Rainfall per annum (mm) 1915 636
Days at or below 0 °@erannum 56 33

The flora and fauna at both locations can be cleriged using the biodiversity data in
Humphreyet al. [15], which was based on the Forestry Commissi@cslogical site

classification zones (Table 6.5) [16]. The zones @efined from annual precipitation
totals and further divided into woodland type anovgh stage. The soil classification is

from the Soil Survey of Scotland [17].
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Table 6.5 Typical flora and fauna at the two test sites

Site conditions and species counts

Leanachan

Balloch

Ecological site classification

Upland, Sitka spruc

ce Foothill, Scots pine,
mature forest

)

pre-thicket
Solil type Peaty podzol Humus-iron podzq
Canopy invertebrates
Coleoptera 47 53
Sub-canopy invertebrates
- Cicadomorpha 33 35
. Syrphids 29 25
. Coleoptera 52 61
Ground invertebrates
. Coleoptera (excluding carabids) 35 30
. Carabids 17 18
Deadwood invertebrates 23 20
Fungi* 232 210
Lichens 46 100
Bryophytes 54 31
Vascular plants 40 27
Songbirds 15 17
Totals 623 627

* Wood destroying fungi are assumed to be ubigsitou
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6.2.4 Timber selection and processing

All timber was Scottish-grown Sitka spruce, sourdemm commercial supplies of
falling boards: some 2000 boards were donated by B3mber plc, with a similar
number being given by James Jones and Sons Ltdbdael sizes were nominally
2400x 146x 22 mm and were obtained kiln dried to a moistunetent of around 20%.
Boards with mould growth were rejected by the auta® this could have affected

coating performance.

All boards were appearance graded to an equivalaatity to imported European
whitewood {.e. the timber ofPiceaspp andAbiesspp). Cladding from these species is
generally graded to the S/F criteria in ‘The Gre®ook’ [18] used throughout
Scandinavia in preference to the relevant Eurofgamdard [19]. The S/F category
combines six grades, the lowest being V and VI. tiifber distributors are familiar
with selling timber graded in this way. The gradiwwgs undertaken in collaboration
with BRE using both manual inspection and autonmstanning. The latter method used
the Wood Eye optical scanner manufactured by Intowason [20]. The grading is
discussed further in BRE Digest 500 [21]. The gradiesber was delivered to
Edinburgh Napier University where a final selectisras made using computer
generated random numbers. These boards were amatitiin a climate-controlled
chamber to an EMC of 12% and then machined to lprofFigure 6.7). No
measurements were made of timber density or mecdigmioperties.

The boards were machined on their rear face andsefiigensure a consistent thickness
of 20 mm and width of 144 mm. The front was leftthwian off-saw finish as
recommended in Scandinavia [22]. The selectionraftfand rear face also followed
Scandinavian practice: the boards being orientethaothe side nearest the pith faced

outwards on the wall [22].

Half of the boards were coated and half left unedalhe coatings used a solvent based
primer (Jotun Visor) followed by two application$ an opaque acrylic finish coat
(Jotun Demidekk, white) [23]. This product was stdd as it was the most popular
high performance opaque timber coating in Norwaye €oatings were brush applied in
controlled conditions to the manufacturer’s instiarts. The front face, edges and ends
were coated, with the rear face left without asimi
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6 mm gap,
30° slope

2 mm gap

15 mm overlap

maami

Horizontal Horizontal
open closed
jointed jointed

Vertical closed jointed
15 mm overlap

mgap

L

Vertical open jointed

Figure 6.7 The four board profiles used in the trial, theess are positioned

about 20 - 30 mm in from the edges of the boards
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6.2.5 Panel design

There is no published norm for exposure testingimber cladding. Nonetheless, a
number of researchers are involved in such triald #he panel design used in this
experiment (Figure 6.8) was developed jointly wBiRE and NBRI. Each panel

consisted of a 1 m square, preservative-treatetivgofl frame within which were

mounted the test boards. The completed panelsinsadled on a robust support frame
oriented to the southwest so that the cladding @gsosed to the prevailing wind
(Figure 6.9). The panels were positioned approxetgat m above the ground level,

their order on the support frame being determinechhdom selection.

The boards were fixed with 45 mm long stainlesslsterews onto preservative treated
support battens to create a drained and ventilagadty behind the cladding. The
battens were fixed to a plywood substrate behinthwyas housed a waterproof (IP56)
box containing a datalogger and connection nodee @atalogger was used for each
panel. The datalogger systems (Materialfox dataogond Multisensor Revision 1
node) were supplied by Scanntronik Mugrauer GmbHl].[2Each datalogger
accommodated 10 channels and could store 45,08hgsa The datalogger boxes were
hidden behind the rear face of each panel; these reenovable to allow data download

to a laptop (Figure 6.10).

. ll/\\T_ Metal flashing
,§ Treated softwood frame
§
2) | Removable rear panel
E E Cladding boards
o % supported on battens to
S ) give a ventilated cavity
=
% —— Data logger in
. waterproof housing &
l}; -
. connected to coaxial
; cables run through the
~ cavity
—— |
1000 mm 150 mm
+ b
K X

Figure 6.8 Design of a test panel
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| Figure6.9 The
: Leanachan exposure site

during construction

Figure 6.10 Datalogger
and node installed at the
rear of a panel

The moisture sensors were built from PVC-coated mirb diameter copper coaxial
cable to a design supplied by the datalogger matwir. The cable end was separated
in two and the plastic coating stripped back ab®unm. The exposed ends were
inserted into 6 mm diameter holes drilled from tkar face of the board. The holes
were 30 mm apart and stopped 5 mm from the fraxe & the cladding. The cable ends
were secured in the holes with electrically connectadhesive (a mix of 50:50 by
volume, graphite powder : epoxy resin, diluted wat®0 % solution of ethanol until
workable) and sealed against moisture from the feegr using normal non-conductive

epoxy (Figure 6.11).
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The electrodes making up each sensor were poditiggagallel to the grain in
accordance with BS EN 13183-2 [25]. The other enthefcable was fitted with a jack
plug for connection to the datalogger. To minimisgnal losses due to electrical
resistance, the cables were no more than 1.5 m long

Insulating epoxy 1.5 mm coaxial cable, with the ends |T0 the data
ogger

to seal the hole separated and stripped »

Conductive

Staple to secure the ca
epoxy

|4 30 mmr ;I 5mm

Figure 6.11 Design of a moisture sensor

Eight moisture sensors were installed in the raae fof the cladding boards on each
panel; two in each of the following positions:

» Board centres (clear timber, away from any defects)
» Board defects (near a knot, split or area of irtaiggrain)
* Board edges (5 mm from the edge of a board)

» Support battens (behind the boards where two boaedt)

The position of the sensors in the board edgesdboentres and cavity battens were
decided by two computer generated random numbkes f(tst number selected the
board and second the position), whilst the boareati® chosen were the two worst
examples on the panel (Figure 6.12). To avoid exffgrts, the outer 150 mm of the
panel was not sampled.
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Because the support battens used in the trial wepeegnated with a copper based
preservative (Tanalith E) they could not be usedrfoisture content measurements due
to their electrical conductivity being different tioat of untreated timber. Accordingly,

the moisture sensors for the battens were fitteal sSimulated battens made from short
lengths of non-preservative-treated Sitka sprustalled across a junction between two
boards. The ends of these simulated battens watedsagainst moisture using epoxy

resin.

Figure 6.12 Moisture sensors
positioned near a defect,
board edge and in clear

timber.

6.2.6 Data collection

At the back of each panel, two data cables werggald into the datalogger while the
other six went via a separate node. The directiyneoted channels were assigned to the
moisture sensors in the support battens with tlge making those for the cladding.

The dataloggers were configured to record from eafsor hourly. The readings were
downloaded at approximately two monthly intervalking the Softfox Version 1.2
software supplied by the datalogger manufacturerefisure accuracy, moisture content
readings were also collected once a year usingshlfy calibrated hand-held moisture
meter (Protimeter Timbermaster) [26]. The data esbtould be connected to the
Protimeter by their jack plugs.
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6.2.7 Weather data

Each site was equipped with an automatic weathsiost (Davis Vantage Prd%)
manufactured by Davis Instruments [27]. The statioecorded hourly readings for
temperature, rainfall, relative humidity, wind sgeand direction, sunshine and
ultraviolet radiation. As a back-up against instemtnproblems, weather data for each
area was obtained, under licence, from the neagsstational Met. Office site (Table
6.6.). The station nearest to the Spean Bridgensgeapproximately 14.5 km (9 miles)
east at Tulloch Bridge. At the Inverness site, tiearest weather station from which

data was available was approximately 37 km (23 médast at RAF Kinloss.

Table 6.6 Location of the two Met. Office weather stations

Tulloch Bridge Kinloss
Height above mean sea level (m) 237 5
Latitude 56°87 N 57°65 N
Longitude 04°71 W 03°56 W

6.2.8 Data processing

After downloading, the data were loaded into an ®ffce Excef’ 2003 spreadsheet

for processing. The raw datx Y were converted to electrical resistance readings

megohms (MR) using a formula supplied by Scanntronik Mugra@erbH (Eq 6.1):

R =1x10° ><10(%) (6.1)

The converted datd&r(values) were then converted to moisture contensing another

formula supplied by the datalogger manufacturer@Ey:
w= 26034R™** (6.2)

Resistance-type moisture meters can achieve amaagcof + 2 % at moisture contents
between 6 and 25 %. Higher values are only indieaflThis can be seen in Figure 6.13

which plots equation 6.2 against moisture conteaidings obtained whilst drying a
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sample of Sitka spruce that had been soaked toasatu The readings were taken by
BRE using a moisture sensor installed as above thaed read (over a jack-plug
connection) using a freshly calibrated Protimetamtermaster. The coefficient of
determinatiorr® was 0.9 indicating that 90 % of the data vari@pitian be explained by

the regression. The cause of the outlying datat@i@75 M2 was not investigated.
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Figure 6.13 Calibration curve used in the experiment (Datartesy of BRE)
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6.2.9 Statistics

All data processing and analysis was done in M3e®fExcef 2003. The statistical

tools employed were:

» Descriptive methods these summarise the essential characteristit®edime series
using simple graphs and descriptive statistics.t\bshe findings from subsequent
stages of the analysis were first identified uglegcriptive methods. They were also

useful in highlighting data gaps and other problems

« Time series modelling the selection of a model and parameter dependa the
characteristics of the time series and the objestnf the analysis. The phenomenon
being measured — the duration and intensity of amsuptake in the timber — is the
realisation of one or more random variables thdbvio a probability distribution.
Modelling therefore seeks to specify this distribnt based on the data. The
technique employed in this trial is a design mafiable 6.7), termed the Yates
Algorithm [28], where every effect (main or intetian) is calculated as the mean of
all results at the high level of the effect minhe mean of all results at the low level.
For every effect, half the results are negative &aatf positive. The matrix is
orthogonal and so the estimate of one effect isaffected by changes in the others.
A multivariate analysis was undertaken once theotsfwere estimated. Each effect
was squared and divided by ® give the sum of squares corresponding to that

effect. The result being expressed as a percemtilooton.

* Predictive methods these estimate the future behaviour of the timmes using
information extracted from the series such as tairoms over time. To be a useful as
a predictive tool, the correlations need to emmogne readily quantifiable intrinsic

or extrinsic attribute of the facadeg.a material property or assembly condition.

 Signal extraction this extracts the underlying signal or other infation relevant to
the analysis. The signal of most interest concéows the waveform of each time
series varies on diurnal, seasonal and annual b@keswas assessed with annual
radar charts and using Fourier analysis to transidata from the most uniform and

most varied panel into the frequency domain.
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Table 6.7 Design matrix used in the trial

Factors
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