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Preface

This publication covers work undertaken within the CIB Working Commission WO80/RILEM
Technical Committee 140-TSL on the prediction of service life of building materials and
components during the period between 1991 and 1996 and as well, additional information
subsequently provided in the period between 1997 and 2002. It was intended that this
publication offer researchers and knowledgeable practitioners a useful guideto service life
prediction — a primer —providing fundamental information related to methods of service life
prediction, information on environmental characterisation, and relevant information on the
performance and durability of construction materias. Each part is self-contained - pagination
isunique to the part and Tables or Figuresin the text have been enumerated using a prefix
that relates to the section in which they are presented. References are exclusive to the Part in
which they are used — these have not been cross-referenced to the other parts nor the
bibliography.

The introduction offers background to the work, ageneral overview of the document and the
terminology used in the text. Following which, the document is divided into four parts, the
first of which provides an overview of service life and durability issues— it is an introduction
to the topic. The second part represents a significant contribution on environmental
characterisation, previoudly published by the Norwegian Ingtitute for Air Research in 1996.
The third part encompasses various contributions specifically related to materials. Originaly,
it was thought that this part would provide basic information on material properties and the
performance and durability of abroad range of construction materials including, cement-
based materials and concrete, different metals including, steel, iron, aluminum, and polymer—
based materials and so on. Although this part does provide some extremely useful
information on copper, natural stone, brick masonry, clay and wood construction materials the
broad list of materials originally intended is yet to be completed. Given the significance of
the task thiswork must be considered on going. The format for reporting has been set and it
is hoped that future editions of thiswork will help fill in the missing pieces of information.
The final part of the document provides an annotated bibliography that includes abstracts or
summaries of works related to service life and durability, case studies as well as experimental
work on materials, components and systems, based on the original document prepared at the
National Research Council Canadain 1993.

Information on the service life and long-term performance of materials, components and
systemisavita link in attaining sustainable and economically viable construction. Itis
hoped that thisinitial contribution will spur othersin this domain, in particular in the
construction material manufacturing industry, to provide additional information on the
durability of components, insights into their comportment in an assembly or system and
related information on their performance and long-term performance. The task to compile the
information is considerable and continued support of these activitiesis essential if these
worthwhile objectives are to be fulfilled.

P. Jernberg, M.A. Lacasse, S.E. Haagenrud, and C. §j0stréom
March 2004
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Introduction
P. Jernberg’, C. Sjéstrém? and M.A. Lacasse®

1 Background

The most recent decades have seen rapid development in the area of durability and service
life prediction of buildings materials and components. What earlier were ideas, ambitions or
visons among afairly few number of researchers, are today realities or within the reach for
engineering applications. There are several reasons to this positive devel opment:
improvements in testing procedures, better analytical tools and methods, and a common
computerisation that significantly hasfacilitated the ability to handle and process data, may be
singled out as examples of factors that greatly have contributed. Another important influence
and certainly adriving force to continued research in this area has been the demand for
reliable service life datafrom building asset/property managers, management firms and
management consultants as well as building owners.

In 1982 ajoint CIB and RILEM activity was established on the Prediction of ServiceLife
of Building Materials and Components, denoted WO080 and 71-PSL (Prediction of Service
Life) within CIB and RILEM, respectively. Mr. Larry Masters, National Bureau of Standards,
USA chaired this Committee. The Committee focused on describing the state of the art of the
research area, and proposed a generic methodology for the prediction of service life; work
was concluded in 1986.

During the period 1987-1990 the RILEM co-operation with CIB W080 continued with the
formation of TC 100-TSL. The work during this period centred on devel oping methodologies
for generating data from long-term ageing studies of materials and componentsin actual, ‘in-
use’, conditions. Within this area, special consideration was given to obtaining durability data
from the inspection of existing buildings. The combined work resulted in the publication of a
number of reports and papers.

The work of both these earlier technical committees was in general concerned with generic
methodologies for service life prediction. It was a common opinion among those engaged in
the earlier work, and also among many interested parties outside the Committee, that there
was agreat need for additional work on the development of a generic methodology. Hence,
activitiesin the area of service life prediction continued in the same vein as the previous joint
CIB/RILEM committees following the termination of RILEM TC 100-TSL in 1990.

This publication covers work undertaken within the CIB Working Commission
WO80/RILEM Technical Committee 140-TSL on the prediction of service life of building
materials and components during the third period between 1991 and 1996 and as well,
additional information subsequentrly provided in the period between 1997 and 2002.

2 Objectives

Described in asimplified way, service life analysis ams at establishing the performance of
agiven material, component or element over time, i.e. how measured values of some chosen

' Associate professor, University of Gavle, Gavle, Sweden
? Professor and Vice-rector of research, University of Gavle, Gavle, Sweden
® Senior research officer, National Research Council Canada, Ottawa, Canada
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performance indicator varies with time. Loss in performance over timeis clearly indicative of
degradation taking place. Hence, service life prediction requires knowledge of the degradation
environment and the resistance of materials to factors causing degradation. This ssimplistic
view of the research area may be regarded as self evident, but it nevertheless describes the
domain in which the development of both generic methodologies and material specific
methodologies are needed. Further insightsin regard to service life and long-term
performance are provided in Part 1 section A.3.

3 Scope

3.1 Purpose

The work programme of W080/140-TSL was set up in 1990 and aimed at further detailing
of the generic methodology established by W080/71-PSL. Prof. Christer Sjostréom, KTH,
Sweden, was elected as chairman of the joint committees. The programme covered five
subject areas and was likewise organised into five sub-groups each having their respective
sub-group chair to co-ordinate activities within the group. The five groups included:

1. Datafromfield exposure testing, in-use testing and experimental buildingsin service
life prediction
The chairman of this sub-group has been Mr. Erik Brandt, SBI, Denmark. The group
aimed at completing efforts made within committee W080/100-TSL in which further
descriptions of methodol ogies and development of approaches required to generate long-term
ageing data were developed. The primary focus was on in-use testing, experimental buildings
and field exposure testing.

2. Environmental characterisation including equipment for monitoring

Dr. Svein Haagenrud, NILU, NORWAY/, and Dr. Jonathan Martin, NIST, USA chaired
this subgroup. The work planned within this sub-group is to result in a contribution presenting
the state of the art and research needs regarding characterisation of the degradation
environment, including methods and equipment for microclimate monitoring.

3. Materials characterisation including monitoring of degradation processed

The chair in this sub-group has been Dr. Per Jernberg, KTH, Sweden. The sub-group task
was to produce areport on modern experimental analytical methods for materials
characterisation and the monitoring of degradation processes. The report is problem
orientated, i.e. focusing on degradation processes, and is structured according to material
classes (i.e., polymers, metals, brick, etc.).

4. Mathematical modelling

Mr Ton Siemes, TNO, The Netherlands, and Dr Jonathan Martin, NIST, USA chaired the
subgroup. The group was to produce areport on the modelling of degradation processes and
on prediction models.

5. Design of short-term test methods

Ms. Ledley Jacques from South Florida Test Service, USA has been the chair for this sub-
group. The aim of the group was to prepare a state of the art report on the design of short-term
test methods.

CIB w080 / RILEM 175-SLM 2
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3.2 Significance — the liaison with standardisation

Twenty years ago, predicting the service life of building materials and components was
only adistant vision. Today, the possibility of standardising methodologies and incorporating
predictions of the service lives of materials and components into the design process for whole
buildings is being given serious attention. The change in perspective is due to the sustained
efforts of asmall group of researches to advances in building material science and to
developments in computerised knowledge systems.

The generic methodology established by W080/71-PSL for the prediction of service life
became a RILEM technical recommendation in 1990. Hence, practitioners have increasingly
accepted the methodology and service life concepts embodied within this recommendation.
Indeed, this document is being promoted as the guide to use in dealing with service life
problems. The need for standardisation in this area has been mentioned by several
practitioners in the domain and consequently, this has been one of the key arguments for the
work performed by W0O80/TC 140-TSL. In 1990 Eurocare, an umbrella project within the
European research programme EUREKA, in co-operation with W080/TC 140-TSL
approached CEN to help support standardisation of the methodology. The discussion that
followed, involving 1SO, CEN, W080/TC 140-TSL and anumber of other interested parties,
helped resolve the issues and resulted in the establishment, in 1993, of an SO working group
on the design life of buildings (1ISO TC 59/SC 3/WG9 Design Life of Buildings). The ISO
working group decided from the outset, to utilise the contributions provided by the W80/TC
140-TSL. In fact, the committee was asked to undertake the role of producing pre-normative
work in the area ‘design life of buildings' for the consideration of the | SO working group in
the standardisation process.

The set of standards to be developed will be structured in a hierarchical way with, at the
highest level, a generic standard presenting a methodology to be followed in predicting the
service life of amaterial or component. An obvious candidate to this standard isthe RILEM
Technical Recommendation on Prediction of Service Life (the generic methodology). Other
important documents to be mentioned are:

e British Standard BS 7543 “ A Guide to Durability of Building Elements, Products and
Components’;

* Architectural Institute of Japan, “A Principal Guide for Service Life Planning of
Buildings’, (1993); and

* Canadian Standards Association CSA S-478, “Guideline on Durability in Buildings'.

On the second and lower level, a set of standards will be produced giving guidance on how
the principles of the generic methodology should be incorporated into material specific
service life prediction. As an example, the set of standards might be:

» Establishment of performance requirements and criteria;

» Characterisation of service environment;

» Characterisation of a material or component;

* ldentification or degradation mechanisms of a material or component;
» Datafrom ageing under service conditions;

* Short term test methods;

» Predictive models and modelling of degradative processes; and

» Form of report on results of the service life prediction.

CIB w080 / RILEM 175-SLM 3
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In view of this brief outline of the planned standardisation work it is evident that the
current publication will establish an important input to this standardisation.
4 Futurework

The work of the present committee will be continued in anew RILEM TC joint with CIB

W80. The new work programme will be undertaken over athree-year period. The direction of

work in the proposed committeeis similar to the present one and will continueto refine
existing prediction and service life techniques, tools and methods. However, the new
committee will make efforts towards further development of service life prediction methods
in the context of emerging information technologies (IT). Hence, the focus of ajoint
committee will then be to integrate existing prediction and service life techniques, using
information technol ogies being devel oped for the construction industry. Furthermore,

stochastic and reliability methods, typically used in the aerospace and automotive industries,
will be reviewed as potential means of addressing particular aspects of service life prediction.

The proposed work is based on the elaboration of key areas of knowledge in the service

life domain, which together provide practitioners with the necessary tools to guide their
decisions. The five areas under the title, ” Service Life Methodology” includes:

|. Information technologies in construction: an integration tool in SLP

I1. Service life and durability
* Servicelife and long-term performance; performance concept in buildings, integrated approach
« Establishing requirements for service life prediction, including factors causing degradation and
performance over time functions: review of work undertaken by previous TCswith additiona input
from other committees contributing, based on proposed workshop.
» Dataformatting

[11. Selection of service life prediction methods
 Long-term studies, e.g. inspection of buildings (surveys) and controlled studies, e.g. in experimental
buildings, field exposure studies and in-use testing
* Short term tests (accel erated test methods)
» Modelling of prediction methods: guide to the use of deterministic and stochastic methods

V. Understanding factors causing degradation
 Characterisation of factors: e.qg. weathering, biological, stress, compatibility
» Modelling of degradation factors: e.g. climatic modelling (macroclimate, meso-climate, and
microclimate), weathering maps, climatic indices (e.g. solar radiation, time-of-wetness, driving rain,
pollution).

V. Characterisation of degradation of building materials and components
Expected achievements are:

CIB w080 / RILEM 175-SLM 4
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* Harmonisation of test methods,

* Internet access to various databases;

* Development of database of environmental test sites;

* Environmental modelling (micro and meso climate);

» Recommendations of accelerated and short term test methods using expert systems,

 Organisation of the 8" International Conference on the Durability of Building
Materials and Components (8DBMC) and workshops on issues common to other
committees within CIB and RILEM; and

» Support the development of 1SO draft standard.

CIB w080 / RILEM 175-SLM 5



5 Terminology
Accelerated short term exposure

Adapt
Ageing
Ageing exposure

Ageing test

Agent (degradation agent)

Agent intensity

Assembly (building assembly)
Biological degradation factor

Biological growth

Bleeding

Blister
Bloom

Blooming

Brief
Building

Building context
Chalking

Client

Colour change
Commissioned specidist

Commissioning client

CIB w080 / RILEM 175-SLM
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Short term ageing exposure in which the intensity of the agentsis
raised above the levels expected in service

Intervention required to make an item suitable for a new use
Degradation due to long term influence of agentsrelated to use

Procedure in which building products are exposed to agents believed
or known to cause degradation for the purpose of service life
prediction (or comparison of relative performance)

Combination of ageing exposure and performance eval uation used to
assess changes in critical properties for the purpose of servicelife
prediction

Whatever acts on a building or its parts (to reduce its performance),
e.g. Person, water, load, heat

The momentary magnitude of an agent, for instance the relative
humidity or the SO, concentration at a certain moment (the term
"agent intensity” refers either to intensity in the strict sense, or to
concentration level, frequency or, maximum or minimum values.
Momentary values of the agent in question)

Set of components used together (draft amendment to SO 6707/1)

Degradation factor that is directly associated to living organisms,
including micro-organisms fungi and bacteria

Growth of organisms on the surface or in the body of a material.
These are generally fungi (moulds) or algae but other life forms are
not excluded.

Diffusion of asoluble coloured substance into or through a coat from
beneath that produces an undesirable staining or discol oration

Dome-shaped defect in a coat that arises from loss of adhesion

Deposit on a coat of paint or varnish that causes loss of gloss and
dulling of colour that can be removed by wiping with a damp cloth

A visible exudation or efflorescence on the surface of asample
Statement of the requirements for a building project

Construction works that has the provision of shelter for its occupants
or contents as one of its main purposes and is usually enclosed and
designed to stand permanently in one place (draft amendment to SO
6707/1)

A description of abuilding and its partsin terms of influences from
design, service environment and usage

L oose, removable powder resulting from breakdown of the surface of
amateria

Person or organisation that requires a building to be provided, altered
or extended and is responsible for initiating and approving the brief
Changein colour other than that due to chalking, dirt collection or
biological growth

Person or organisation capable of conducting a service life prediction
study

Person or organisation that orders the service life prediction study
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Component (building component)

Condition
Conservation
Constructor
Control samples
Costinuse

Cracking

Critical property

Damage

Defect
Degradation
Degradation indicator

Degradation mechanism
Delamination

Design life

Designer

Dimensioning critical property

Discoloration

Dose (agent dose)
Dose-response function

CIB w080 / RILEM 175-SLM
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Terminology

Product manufactured as a distinct unit to serve a specific function or
functions or, specifically in this International Standard for editorial
convenience, an item such as an assembly, a sub-component, a
product or amateria (based on SO 6707/1)

All levels of critical properties of abuilding or a building part,
determining its ability to perform

Maintenance to preserve the appearance and performance of buildings
and other structures, particularly historic buildings and structures

Person or organisation that undertakes construction work

Samples retained in an environment that is believed or known not to
induce degradation for the purpose of comparison between exposed
and non-exposed samples

Total cost including purchase, installation, running costs, removal,
disposal and reinstatement

Pronounced breaks that may extend well below the surface. The
breaks may be "irregular" forming no definite pattern; "line" if
running in parallel lines; or "sigmoid" if running in relaively large
curvesthat meet or intersect.

Property that must be maintained above a certain leve if the building

or the building part isto retain its ability to perform itsintended
functions

All the consequences of failure of a building component. This
concernsthe direct and the indirect effects.

Fault or deviation in aimed condition of abuilding or a building part
Reduction over timein performance of abuilding or a building part

The complement of a performance characteristic, for instance when
glossisa performance characteristic, then gloss lossisthe
corresponding degradation indicator; when mass (or thickness) isa
performance characteristic, then masslossisthe corresponding
degradation indicator.

Chemical, mechanical, physical or biological changes that lead to
changesin acritical property(ies) of abuilding or a building part
when exposed to degradation agent(s)

Separation of layers of materia

Service lifeintended for abuilding or a building part as stated by the
designer, being in accordance with specifications set by the client
Person or organisation responsible for stating the form and
specification of abuilding or a building part

The critical property of a building or abuilding part on which, for a
certain set of performance requirements and a certain service
environment, isimposed the performance requirement that first in
time will fall short

Changein colour, including the effects of chalking, dirt collection and
biological growth
The value of a definite timeintegral of the agent intensity function

Function that relates the dose(s) of a degradation agent to a
degradation indicator



Durability

Effect

Environment

Environmental condition
Estimated service life

Exposure in experimenta buildings

Exudation
Factor method
Failure

Failure probability

Feed back from practice (inspection

of buildings)
Field exposure

Flaking

Gloss

Hair crack
Incompatibility

Inspection

In-use condition
Lifecycle

Limit state

Long term exposure
Long term in-situ exposure

Maintenance
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Terminology

Capability of abuilding or abuilding part to perform its required
function over a specified period of time under the influence of the
agents anticipated in service

Result of an action of an agent, e.g. Wear, dampness, deformation,
expansion

Aggregate of al external and internal conditions either natural, man
made or self induced that can influence performance and use of a
building and its parts (based on MIL-STD-721 C and draft 1SO
6707/1)

State of a characteristic of the environment

Reference service life multiplied by factorsrelated to specific
circumstances, e.g. Materials, design, environment, use and
maintenance (factor approach)

L ong term ageing exposure in special buildings where the conditions
may be monitored and in some cases controlled

Emergence on the surface of a coat of one or more of itsliquid
constituents or of liquidsfrom a substrate

Modification of reference service life by factors related to the specific
in use conditions

Termination of the ability of a building or abuilding part to perform a
specified function

Probability that a given building component will fail during a given
period

Performance evaluation or assessment of residual service life of
building parts used in actual buildings

L ong term ageing exposure at special locations with known
environmental conditions (agents)

Lifting of coating from underlying surface in form of flakes or scales
The shine or lustre of the surface of a materia
Crack that isjust visible to the naked eye

Detrimental chemical and/or physical interactions between
components which lead to degradation

Activitiesthat are necessary to register the present situation and
performances

Environmental conditions under norma use

Successive periods of a building component, starting with the design,
the construction, the use, the maintenance, the demolition and reuse

Situation in which the product (materiel, component etc.) Is exactly
equal to resist the influence of a degradation factor

Ageing exposure with a duration of the same order asthe servicelife

L ong term ageing exposure of building parts deliberately incorporated
in actual buildings

Combination of al technical and associated administrative activities
during the service period that are meant to retain an item in astate in
which it can perform its required function
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Maintenance strategy
Manufacturer
Materia (building material)

Obsolescence
Peeling

Performance (performance in use)

Performance characteristic

Performance criterion

Performance evaluation
Performance over time

Performance requirement

Predicted service life

Predicted service life digtribution
Preservation

Preventive maintenance
Product (building product)

Propagation time
Property measurement test
Reference sample

Reference service life

Refurbishment
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Terminology

Maintenance policy
Person or organisation that manufactures

Substance that can be used to form products or construction works
(draft for ISO 6707/1, pren 1745)

Inability of abuilding or abuilding part to satisfy changing
performance requirements

The lifting of pieces from the surface without their becoming
completely detached

Ability of abuilding or a building part to fulfil its functions under the
intended use conditions (adapted from CIB W60 but "a building or a
building part” used rather than "material, component, assembly or
building”)

A quantity being a measure of a critical property, or an actud value of
said quantity, i.e. A performance characteristic can be the same asthe
critical property, for instance gloss, or if the critica property isfor
example strength, thickness or mass may be utilised in certain cases as
a performance characteristic

A level of aperformance characteristic, below which the
corresponding critical property or properties of acomponent no longer
are maintained

Evaluation of critical properties on basis of measurement or
inspection

Description of how acritical property varies with time under the
influence of degradation agents

Range of acceptable performance within which a critical property is
maintained (use set of requirements to dencte the set of performance
ranges within which the corresponding critical properties are

mai ntai ned)

Service life predicted from recorded performance over time as
obtained, for instance, in ageing tests
The probability distribution function of the predicted service life

Activitiesthat are meant to maintain the present capacity of a building
component (conservation, protection)

Maintenance activities performed to avoid failure

Item manufactured or processed for incorporation in construction
works (draft |SO 6707/1, pren 1745)

Time in which the performance is degrading
Test to determine a (performance) property

Samples of known performance which are exposed simultaneously
and under identical conditions as the samples under study to provide
comparative data

Service life for abuilding or a building part for use as a basisfor
estimating service life

Modification and improvementsto an existing plant, a building or a
civil engineering construction to bring it up to an acceptable condition



Rehabilitation

Reinstatement

Repair

Restoration
Retrofit

Risk

Servicelife

Service life planning

Service life prediction

Short term exposure

Short term in-use exposure

Specimen

Staining

Sub-component (building sub-
component)

Supplier
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INTRODUCTION

Terminology

Extensive work to bring a plant, a building or a civil engineering
construction back to an acceptable functional condition, often
involving improvements

Restoring and making good the surface structure of roads and land,
replacement of fences, clearing of ditches and watercourses, and all
similar operations following wok of repair or construction work

To replace or correct damaged or faulty components or subsystems of
a building to maintain operating capability
Actionsto bring back an item to its original appearance or state

To add new materials or equipment not provided at the time of the
original construction

The product of the probability of failure and the amount of damage

Period of time after installation during which all conditions of a
building or a building part meet or exceed the performance
requirements

Preparation of the brief and design for a building or a building part to
achieve the desired design life in order to, for ingtance, reduce the
costs of building ownership and facilitate maintenance and
refurbishment

A generic methodology which, for a certain or any reasonable
performance requirement, facilitates a prediction on the service life
distribution of abuilding or its partsfor the use in acertain or in any
reasonable environment
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which the intensity of agents are at

Person or organisation that supplies buildings or building parts (the
supplier can also be the manufacturer)
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PART Il — BUILDING MATERIALS AND COMPONENTS
CHARACTERISATION OF DEGRADATION
P. Jernberg’, V. Kucera®, K. Odeen’®, A. Lewry®, H-J. Schwarz’, T. Yates®

A. METALS (V. Kucera and P. Jernberg)

Al COPPER
A.l.1 Physical properties

Structural copper sheet is available in two main qualities: annealed, soft with a mat surface,
and half-hard, rolled to a specular surface. Mechanical data are given in table A.1:1

Table A.1:1 Mechanical data for structural copper

General Annealed Half-hard

Density (kg/m°) 8940
Thermal exp. coeff. (10'6 K'1) 17
Modulus of elasticity (GPa) 11,8
Yield strength (MPa) <140 >180
Ultimate tensile strength (MPa) 220-260 240-300
Hardness (Hv) 40-65 65-95
Elongation (As0%) >33 >8

The annealed quality is mainly used for lapping works, where the softness facilitates the
shaping. For other purposes the half-hard quality is preferred because of the higher stiffness.

Copper may be alloyed to brass, where zinc is the main alloying element. As brass is not
used as a structural material in the normal case, this chapter focuses on “pure” copper.

! Associate professor, University of Gavle, Gavle, Sweden

* Deputy Managing Director, Swedish Corrosion Institute, Stockholm, Sweden

® Professor Emeritus, KTH - Royal Institute of Technology, Division of Building Materials, Department
of Civil and Architectural Engineering, Stockholm, Sweden

4 Formerly researcher, Building Research Establishment, Garston, United Kingdom

® Formerly researcher, ZHD - Deutsches Zentrum fiir Handwerk und Denkmalpflege (German Centre
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A.1.2 Chemical properties
Chemically, the most usual type of “pure” copper sheet is phosphorous oxidised, “oxygen free”
copper, with a very low content of oxygen. A typical list of abundance of trace elements in

such copper is shown in table A.1:2.

Table A.1:2  Example of trace elements abundance in phosphorous oxidised copper

P As Ni Ag O Se Pb Sn S Zn Sb  Fe Te Tot.

ppm 240 85 62 50 38 34 32 25 17 16 13 9 1 622

The resistance of copper against various chemicals can be summarised as follows:

* Acids. Copper is rather resistant against oxygen-free solutions of non-oxidising acids like
acetic, sulphuric and phosphoric acid. In oxidising acids, like nitric and chromic acids, or in
acid solutions containing oxygen, the corrosion rate becomes appreciable. The rate is
greater in concentrated and warm than in diluted and cold acids. Organic acids usually are
less aggressive than mineral ones.

» Alkali compounds. At room temperature sodium and potassium hydroxides are fairly
harmless to copper, while at higher temperatures only diluted solutions can be accepted.
Ammonium and cyanic alkali compounds are quite aggressive to copper. An exception is
dry ammonium hydrate, which does not react with copper. However, if water is added the
reaction will be violent.

* Salts. Neutral salts, like nitrates and sulphates and sodium and potassium chlorides, are
fairly harmless to copper. Alkali salts, like sodium carbonate, phosphate and silicate, reacts
as the corresponding hydroxides, although weaker. Acid and hydrolysing metal salts,
especially iron (III) chloride and sulphate, are quite corrosive. Chromates are not
aggressive in neutral and alkalic solutions, while in acids solutions are very aggressive.
Sulphides should be avoided, as the corrosivity is fairly strong.

* Organic compounds. Copper is resistant to esters, glycols, ethers, ketones, alcoholes,
aldehydes and most of (other) organic solvents.

A.13 Usage aspects

Because of its low corrosion rate and the aesthetic so-called patina formation, copper has long
been used for building structures such as roofs, facades and gutters. Many copper roofs on
castles and other monumental buildings have retained for several centuries. Thus, large
amounts of copper materials are used under atmospheric exposure in different types of climates
all over the world

If conditions are favourable, copper may after some years in outdoor atmospheres develop a
characteristic blue-green patina, consisting of basic copper salts and oxides. Sometimes a user
is at first disappointed and complains when his newly laid copper roof shows a less attractive,
mottled appearance [1]. After 6 to 12 months, however, the surface usually has acquired a
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uniform dark-brown colour. In general, the surface does not develop beyond this stage for a
number of years. After 4-6 and 7-15 years a green patina usually begins to appear on sloping
surfaces under marine and urban conditions, respectively. Vertical surfaces generally stay
black much longer, as their time of wetness is shorter. In a marine atmosphere the surfaces
facing the sea acquire a green patina sooner than the other surfaces. This is due to the greater
supply of chlorides from the sea winds. In rural environment the formation of patina normally
is initiated after 20-50 years. If the atmosphere only is slightly polluted, the patina may take an
extremely long time to form (hundreds of years) due to the scarce supply of anions for the
formation of basic copper salt. It may even fail to form at all if the temperature is low or the
exposure conditions very dry. As shown by the potential-pH diagram in fig.A.1:1, green patina
will also fail to form under acidic conditions, e.g. near chimneys, where acid smoke strikes the
roof. Under such conditions, the corrosion products are soluble. Bitumen may also cause
similar but more severe problems (see section A.1.5).

Prepatinated copper sheets are available at the market, to be used where the patina will not
or take too a long time to develop. Also, quick patination coating systems for moderate areas
are available, to be used at repair or extension of existing constructions.

Rainwater, running at copper-bearing surfaces, generally picks up traces of dissolved
copper. The fraction of corrosion products that leave the surface and dissolve in the rainwater
depends on the acidity of the micro environment. Accordingly, the dissolution is greatest in
urban and industrial atmospheres, highly polluted with SO, [3]. Such water in contact may
cause blue staining on masonry, stonework, etc. It may also cause micro-galvanic corrosion in
contact with metals less noble than copper. Consequently, the rainwater from copper surfaces
should be properly collected and drawn off through gutters and spouts.
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Fig.A.1:1 Potential-pH diagram, Cu - SO,”- H,0; 10" M Cu, 10° M SO4” [2]
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As copper in too high concentrations is poisonous, concern regarding copper leakage to the
environment due to corrosion of copper roofs has been put forward. The problem should not
be neglected, although investigations has shown that copper roofs contribute to a minor part,
1,5-10 % [4,5], of the total copper load in sewage sludge, while, for example, the traffic
contributes by 20-25 % [5].

As copper is more noble than most other types of construction metals, measures to avoid
ordinary galvanic corrosion have to be taken:

* Avoid electric contact between different metals; apply electric insulating material between
them.

* Protect the metals from direct contact of humidity and water; apply a corrosive protective
coating at the surfaces, even the copper

* Otherwise, fasteners, hangers and other details should be made also of copper or of stainless
steel, compatible to copper

Copper in a soil and water environment, mainly found in the case of installations (which is
beyond the scope of this book), is just mentioned briefly below.

A.14 Typical micro environments and loads

Agents at outdoor exposures affecting the atmospheric corrosion process of copper are mainly
precipitation, time of wetness, temperature (directly by governing the instantaneous corrosion
rate and indirectly by the effect on time of wetness), oxygen and air pollution, in the form of
gases, molecules dissolved in rainwater and particles. As in all corrosion processes the
concentration of oxidative compounds, normally oxygen, in the electrolytic film determines the
corrosion rate.

Except from installations, copper in soil or water environments is not very common in the
case of constructions and buildings. In the soil, usually the decisive parameters are the
concentrations of humidity and oxygen, and the electrical resistivity of the soil. In water the
pH value of the water and the concentration of dissolved ionic compounds like chlorides and
sulphides are the main parameters governing the corrosion process. In the case of running
water, e.g. in pipes, the risk of erosion corrosion has to be considered.

A.1.5 Typical degradation and failure modes

We may first consider the thermodynamic possibilities for the formation of copper compounds
related to the various constituents in outdoor atmospheres [2]. The potential-pH diagram in
fig.A.1:1 represents the system Cu - SO,” - H,O at 25°C with a Cu”" concentration of 10
mole/litre and an SO,” concentration of 10° mole/litre. As can be seen, copper metal is stable
in a substantial part of the stability region of water. This is consistent with copper being a
noble metal. The diagram also shows a stability domain for basic copper sulphate,
Cu(OH);5(SO4)02s. The width of this domain depends on the SO4” concentration; at
decreasing concentration the domain becomes narrower, see fig.A.1:2a. The stability domains
for Cu(OH); 5Cly s, CiOH(COs), 5 and Cu(OH); 5s(NOs), s versus corresponding anion
concentrations can also be seen in fig.A.1:2. The coating of corrosion products forming the
patina has a rather complex composition, varying from place to place (table A.1:3) [6]. The
main components are generally copper oxide and one or more basic copper salts [6,7]:
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Basic sulphate:
Basic chloride:
Basic carbonate:
Basic nitrate:
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Table A.1:3

Basic copper salts in green patina from various atmospheres, defined by anions ranked with
respect to concentration [6]

Type of atmosphere

Reporter Object Time of Country Rural Urban or Marine  Mixed
exposure industrial urban -
(years) marine
Vernon & Copper roofs; 12-300; UK 1.80,% 1.S0,5 1.CI 1. SO,
Whitby copper conductor 13 2.C0,% 2.C0s% 2.CO% 2.CO5%,
in marine 3.Cr 3.50,” cr
atmosphere
Vernon Copper roof on 33 UK 1. CI
church spire on the 2.COs”
isle of Guernsey 3.50,”
Freeman, Jr. Copper roofs 16-78 USA 1. S0,%
2. CO57,
Ccr
Thompson,  Copper panels 20 USA 1.80,%, 1.CO* 1.CI
Tracy & from field test cr 2.80,4 2.50,”
Freeman, Jr. 3.CO5” 3.COs”
Aoyama Copper conductor - Japan 1. NO5’ 1.80,5 1.CI
for railway 2.C0O;% 2.C05% 2.CO5*
Mattsson &  Copper-base 7 Sweden 1.S0,5 1.S0.5 1.CI
Holm materials from 2.NO;  2.COs> 2.S04
field test 3.CO5”
Scholes & Copper-base 16 UK 1.80,%, 1.CI
Jacob materials from 2.Cl, 2.50,”
field test COs*

In urban and rural atmospheres basic sulphate is predominant, while in marine atmospheres
basic chloride usually is the main component. This is in good agreement with the
thermodynamics described. Unexpectedly, however, basic carbonate is sometimes found in
practice. Fig.A.1:2c indicates that the conditions in the atmosphere would not favour the
formation of this type of patina, as the H,COj; concentration in the water film would only be
about 10~ mole/litre at equilibrium with the air. The presence of basic copper nitrate, also
found in some locations, indicates that the water film on the metal surface may contain an

appreciable amount of nitrate (fig.A.1:2d).

Generally the corrosion products first formed are Cu,O and CuO. The copper oxides react
rather slowly with airborne molecules and ions, such as SOy, CI', CO, and NOy, with the
formation of basic salts, e.g.

CIB W080 / RILEM 175-SLM

3-6



GUIDE AND BIBLIOGRAPHY TO SERVICE LIFE AND DURABILITY RESEARCH FOR
BUILDING MATERIALS AND COMPONENTS

4CL120 + 2802 + 6H20 + 302 — 8CH(OH)1,5(SO4)0,25
4CL120 + 4C1_ + 6H20 + 02 — 8CH(OH)1,5C10,5

provided the pH value of the surface moisture is sufficiently high. The corrosion products give
a non-insignificant corrosion protection to the surface.

Estimated ranges of atmospheric corrosion rates at intermediate exposure periods
(10-50 years) for copper are given in table A.1:4

Table A.1:4 Corrosion rate ranges for
copper in various types of atmospheres [6,8]

Atmosphere Corrosion rate
(umlyear)
Rural <1
Urban and industrial 1-3
Marine 1-2

For various types of copper alloys, the atmospheric corrosion rates at three different long-term
tests are shown in fig.A.1:3. The weight loss is approximately the same for low-alloyed
coppers, brasses, nickel silvers and tin bronzes.

The corrosion rate of copper decreases slowly with time, appearing to follow an exponential
decay function as shown in fig.A.1:4 [3]. This behaviour indicates the formation of a partially
protective layer of corrosion products. The protective action is probably due mainly to the
presence of basic copper salts. In a study in UK [9], six contractors were asked to estimate the
average service lives of copper roofs. The answers ranged from 60 to 100 years, and from 60
to 120 years, for harsh and mild environment, respectively. Mean values in the two cases were
83 and 92 years. However, with a sheet thickness of 0,6-0,7 mm and say, a corrosion rate of 1
pm/year that further decreases by time, service lives of hundreds of years could be expected.
Functioning copper roofs at historical buildings of more than 300 years may also be found at
many sites in Europe.

Typical corrosion rates in soil, fresh water and sea-water are 1, 10 and 50 pm/year,
respectively. An exception is soils with extremely low pH values and high salt concentrations,
where the corrosion rate can reach as much as 50 pm/year.

True corrosion defects of copper roofs are not very usual. However, bitumen may cause
drastic corrosion [10]. Unprotected bitumen oxidises in contact to oxygen, at which acid
reaction products are formed, being very aggressive to most types of metals. If bitumen is
applied at a construction part above a copper roof, rainwater acidified by the bitumen may run
down and put the copper material at risk. Such water — pH values about 1,5 have been
detected — will hinder the normal formation of protective corrosion product layers, i.e. patina.
In practice, 50 % diminishing of the thickness of a copper sheet after only 15 years has been
found.
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AVERAGE PENETRATION, um/y
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Fig.A.1:3 General corrosion rates for copper and copper alloys in the atmosphere, sloping surfaces. A =

low-alloyed Cu; B = low-Zn brass; C = high-Zn brass; D = Ni silver; E = Sn bronze [3].
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Fig.A.1:4 Penetration depth vs. exposure time for copper. A = urban, [J = marine, O = rural.
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The reduction in mechanical properties due to general corrosion is usually small, in most
cases less than 5% in ultimate tensile strength and less than 10 % in rupture strain [6]. For
high-zinc brasses, however, greater changes occur because of dezincification [3]. Zinc is
dissolved selectively from the alloy, which results in portions of porous copper with poor
mechanical properties. The diagram in fig.A.1:5 shows that (0+[3)-brasses are somewhat more
prone to dezincification than pure a- and [3-brasses, probably because of local cell interaction
when 0- and [3-phases occur together in the structure. Small additions of As — about 0.02 -
0.04 % — inhibit dezincification in O-brass.

High-zinc brasses, if under tensile stress, are also susceptible to stress corrosion cracking on
atmospheric exposure outdoors [6]. The risk of stress corrosion in brasses is greatest in
industrial and urban atmospheres characterised by high concentrations of sulphur dioxide and
ammonia. The stress corrosion susceptibility is markedly lower in marine atmospheres.
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Fig.A.1:5 Maximum dezincification depth vs. proportion of zinc in binary brasses after 16 years of
exposure in different atmospheres [1]. A = urban, 0 = marine, O = rural.
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B Natural Stone (7. Yates and A. Lewry)

B.1 INTRODUCTION TO NATURAL STONE

This chapter is primarily concerned with the characterisation of natural stone used for buildings and
associated hard landscaped areas. It does not cover the design or installation of buildings or the use
of natural stone as aggregates or as road stone.

Stone has been used in buildings both as a structural and decorative material for a long time.
Traditionally, building stone has been extracted and used within the immediate local region -
which resulted in the evolution of building design to take into account the materials available
and their qualities. The exceptions were major buildings where stone was imported for
architectural or aesthetic reasons or because of the absence of suitable local materials.
Changes in transport now allow materials to be moved across great distances and imported
from almost any country in the world - leading to their use in regions or countries which are
significantly different from their traditional areas. In some cases the initial driving force for the
use of a particular stone is the cost, availability or colour - and only then are its qualities
questioned. Some balance is needed in which the design takes account of the stone’s
properties or that only stones of suitable quality are used if the design is fixed. But this leaves
open the question of how can quality be assessed and which qualities are important for a
particular stone or design.

Natural building stones are obtained from the three basic types of rock: igneous,
metamorphic and sedimentary.

Igneous rocks (e.g. granites) are those which have crystallised from molten rock or
“magma’’. The grain size of the igneous rocks is determined by the rate at which the molten
rock cools - a slow cooling rate producing a coarse-grained rock, and a rapid cooling rate
producing fine-grained rocks. Granite is the main igneous rock used for buildings but the name
covers a wide range of rocks of various origins and mineral compositions. Granites contain
between 50 and 75% feldspars (K, Ma, Ca, or Ba aluminous silicates) [1] that mainly
determines the colour and between 10 and 35% quartz (SiO,). These rocks are usually dense
and range in grain size from fine to coarsely granular. The porosity of igneous rocks is usually
very low and this, together with their mineral composition, makes them resistant to weathering.
In the building industry the term “granite’ is sometimes used to describe a number of igneous
rocks that are not technically true granites.

Metamorphic rocks (e.g. slates and marbles) are formed by recrystallisation of the parent
rock as a result of being subjected to high temperature and/or pressure. These conditions are
usually caused by deep burial or movements of the earth’s crust.

Sedimentary rocks (e.g. limestone and sandstone) are the main source of building stones in
many countries. The formation of these rocks is a two stage process. First a sediment is
deposited; this can originate from a number of sources such as fragmentation of earlier rock,
the accumulation skeletons of aquatic animals, or by chemical deposition in lakes or seas. The
second stage is the cementing of the sediment to form a hardrock; this is assisted by
compaction and pressures generated from movements of the earth’s surface.
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Sandstones are formed by the fragmentation of earlier rocks, such as metamorphic gneisses
and igneous rocks. The particles of parent rock were transported mainly by the action of
water, leading to deposition in layers on the floors of seas, lakes and estuaries or by wind
action, leading to deposition in deserts. During transport the sediments were sorted in size; in
general the finer particles would have carried further than coarser ones, and the longer the
sediment took to deposit, the greater the degree of sorting. The degree and method of sorting
determine the texture of the sandstone.

All sandstones contain quartz (silica) along with a variety of other minerals such as mica
and feldspar. Once the sediment has been laid down it can be bound together by a number of
different cements:

siliceous — containing silica

calcareous — containing calcium carbonate

dolomitic — containing dolomite (calcium magnesium carbonate)
ferruginous — containing iron oxide

argillaceous — containing clay

M

The nature of the cementing material has a profound influence on the durability and the
physical properties of sandstones with the siliceous sandstones generally being the most
resistant to weathering.

Limestone sediments are usually formed from the skeletons and shells of aquatic animals,
from chemically formed grains such as ooliths or a combination of these. Ooliths are formed
by the crystallisation of calcium carbonate from solution around a nucleus that could be a
fragment of shell or a grain of sand. Oolithic deposits are formed in seas where there is a tidal
action that is essential for their formation and grow. Limestones whose sediments originate
from aquatic organisms are usually formed under marine conditions but can be produced in
freshwater.

Limestones are all cemented with calcium carbonate (calcite) and their durability and
physical properties are determined more by the structure of the rock (for example the porosity
and pore size) than by its chemical nature. In some cases, limestones are converted to
magnesium limestones by a process called ‘dolomitisation’. In this process the calcite is
gradually replaced by dolomite, a double carbonate of calcium and magnesium.

The characterisation of natural building stone is important as it allows the suitability of a
stone to be assessed. Characterisation tests applicable to building stone can be divided into
four groups:

1. Physical properties of the stone (for example compressive or flexural strength)

2. Durability of the stone (for example will it be frost resistant)

3. Safety of the stone in use (for example the slipperiness of paving)

4. Petrographical and microscopical properties (for example mineralogy or porosity)

Characterisation can be based on both direct measurements of some properties, where the
stone is subjected to the same conditions that it would encounter in use, and also indirect
measurements, where the internal structure of the stone is used to determine a different
property. Indirect tests are particularly common in assessments of durability. In addition, the
petrographic and microscopic properties are determined by analysis of samples that are
independent of the proposed final use.
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B.2 PHYSICAL PROPERTIES

The physical properties of natural stone vary widely, not only between the three major group
of stones but even within a single stone type. Table B.2:1 provides a summary of published
data based on [2] but with additions from others including [3] and the German Standard DIN
52100 [4]. Table B.2:1 is divided into three groups - aggregation properties, thermal
properties and mechanical properties - and these are used as the basis for the outline of each
the range of appropriate properties.

B.2.1 Aggregation properties

Porosity, water absorption and permeability are all important physical properties because they
characterise the internal structure and the way water can reach the interior of the stone. Water
ingress is the key to the weathering of natural stones as it is involved in all the major
dissolution and expansive processes that result in the decay of the stone. However, thermal
and mechanical properties must also be considered in assessing decay and decay mechanisms.

Building stones are polycrystalline mineral aggregates and therefore intergranular bonding,
cementing matrix, pore shape and pore size are often more important than the properties of
individual grains. Density, porosity (including pore size distribution) and permeability are all
determined by the relationship of the grains and their surrounding cements, but in the denser
igneous and metamorphic rocks the pore space may well be in the form of fractures or
cleavages along the grain boundaries.

B.2.1.1 Density

The density of a stone can be described in a number of ways. The first is the bulk density (1),
also termed the apparent density. This is defined as the mass divided by volume (including the
pore volume) and the units are g cm™ or tonnes m™. The second description is the real density,
which is the mass divided by the volume excluding the pore volume, for example by measuring
the stone after crushing. The third term used is the bulk specific gravity, a dimensionless
measure. Traditionally, stone with densities of between 1,7 to 2,2 tonnes m™ have been
considered as workable stone but now stones of much greater densities, often associated with
better weathering properties, can be worked with modern equipment.

B.2.1.2 Porosity

Porosity (f) is the ratio of pore volume to bulk volume. In general the porosities of igneous and
metamorphic rocks are low (<5%) compared to that of sedimentary rocks (up to 40%). With
respect to stone decay, pores are important in that they are fluid receptacles and sites of
weakness for internal stresses. Limestones, which have a predominance of pores of larger
diameters, appear to be more durable than those with a very small mean pore size.
Microporosity is defined as the percentage volume of pore with a diameter equal to or less
than 5 mm and this appears to be a critical value for durability and frost sensitivity.

Porosity is described as ‘open’, i.e., pores that form an open system and are accessible by
air and water, or ‘closed’, i.e., pore spaces that are isolated from the environment. The ‘open’
pores can also be divided into two groups: those that will readily absorb water at atmospheric
pressure, and those that are only accessible when the sample is subjected to a vacuum or
prolonged immersion.
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B.2.1.3 Permeability

The ease of fluid flow through a rock is defined empirically by Darcy’s law:
mPA
Q= vL

where:

v = fluid viscosity (poise)

= discharge (cm’/s)
permeability (darcy)

= pressure difference (bars)
flow distance (cm)
cross-sectional area (cm’)

>0 TBE O
|

This is important because the absorption of fluids in rocks depends on the connected,
effective (i.e. permeable) porosity (that is the open pores). Rock permeability can be
decreased by a factor of 10 by sealing of pores due to dissolution and reprecipitation of soluble
minerals. Permeability can be applied to liquids in the vapour phase as well as those present as
liquids.

B.2.2 Thermal properties

The term thermal properties can be used to describe a range of parameters that describe both the
movement of heat within and through a stone and the resultant effect of this movement on the
mechanical properties of the stone.

B.2.2.1 Thermal expansion

Thermal expansion is usually expressed in mm per metre per degree centigrade and table B.2:1
shows that most stones have values of between 4 and 15 which for a 60°C temperature rise would
result in an expansion of between 0,24 mm and 0,90 mm per linear metre.

In the most stones expansion (or contraction if the temperature fals) isfully reversible
when the stone returnsto its original temperature. However, there are some stones,
particularly some fine to medium grained marbles that can retain aresidual expansion when
cooled which leads to a disruption of the crystal structure and a resultant loss of flexural
strength.

Thermal stress due to differential mineral expansion and thermal gradients within a piece of
stone can lead to micro-cracking between and in the mineral grains. Damage from this process
is probably minimal when compared to frost damage though this can also be considered a form
of thermal stress. A number of mechanical or physical properties can be used to reveal the
extent of change due to thermal and frost action, these include changes in elasticity or flexural
strength. Non-destructive methods can also be used, for example, ultrasonic or acoustic
methods could measure the decrease in elasticity and continuity of the structure and as a result
the extent of weathering on building stones.
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Part Il - Building Materials and Components: characterisation of degradation

B.2.2.2 Thermal conductivity

This is a measure of the insulating capacity of a stone and it is a property that is becoming of greater
importance in constructions where thermal efficiency is important. Thermal conductivity can be
calculated using the formula:

where:

K = thermal conductivity

q = rate of heat flow

L = thickness of material

A = area of isothermal surface
t; = temperature of hot surface

t, = temperature of the cold surface

In general, dense rocks have a higher thermal conductivity than porous stones.

B.2.2.3 Diffusivity
This is a measure of the rate of heat transfer across the body of a stone. From this the extent of
temperature changes (how deep) and the magnitude across a stone body can be calculated.

B.2.3 Mechanical properties

This section describes a number of important mechanical and physical properties of stone that can
be used a basis for its characterisation [5-7].

B.2.3.1 Hardness
Engineering hardness tests measure the resistance of the surface of a material to indentation or
scratching by a hard object; the object varies from a steel sphere to a diamond pyramid depending
on the test.

Mineralogists generally determine the hardness of a mineral by reference to an empirical
scale of standard minerals. Mineral hardness is a crude scratch test and Mohs devised the most
common scale.

B.2.3.2 Tensile properties
The tensile test measures the resistance of a material to a static or slowly applied force. From this

test a stress-strain plot can be obtained where:

engineering stress: 0 = F/A (Ao = original cross-sectional area)
engineering strain: e = (-l (Iy = original distance between the gage marks)

For most materials the stress-strain curve is linear until a yield point beyond which the
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material does not undergo further plastic deformation until breaking point is reached. The
stress at the yield point is defined as the yield strength and the maximum stress as the tensile
strength. The modulus of elasticity (Young’s modulus, E) is the slope of the stress-strain
curve in the elastic region. This relationship is Hooke’s law:

E = o/e

B.2.3.3 Compressive strength

Brittle materials are generally tested in compression since this is the mode of stressing in which they
are most often used and is also the easiest mode to test. The advantage of this test is that, unlike the
tensile test where necking will occur, the true stress-strain curve can be estimated for larger strains.
As a rule of thumb compressive strength is a magnitude greater than bending strength, which in turn
is an order of magnitude greater than tensile strength.

B.2.34 Modulus of rupture

This a material dependant quantity calculated from the bending strength measured by three or four-
point loading. The specimen fails in tension and the failure load is dependant on the critical crack
size on the specimen’s surface. This can mean that the result is very dependant on the presence of
fractures or flaws on the material’s surface. Introducing a critical flaw, such as in a single notch
bend specimen, and measuring the fracture toughness of the material can alleviate this problem.

B.3 CHEMICAL PROPERTIES

B.3.1 Igneous rock

These rocks contain mainly silicate minerals that consist of crystal lattices in which metal cations,
such as Ca, Na, K, Mg, etc., are incorporated. Cations exposed at the surface may become
hydrated due to unsaturated valencies in the structure. Hydrogen ions will penetrate the mineral
surface and subsequently break down the silicate structure by a process of ion exchange. This will
“free” ions, which can be transported away, leaving gaps in the crystal lattice and a ‘weathered
structure’.

B.3.2 Metamorphic rocks

Quartzites are sandstones that have recrystallised as a result of being subjected to pressure and high
temperatures. Chemically they are largely silica with the result is that their chemical properties are
similar to those of igneous rocks.

Slates, whose parent rock is clay-based (e.g. siltstone or mudstone), are susceptible to the
same forms of ion leaching as igneous rocks. However, if impurities such as calcium carbonate
and iron pyrite are present they are also susceptible to attack by acidic gases or rainwater.
These reactions are expansive and the reactivity of these mineral impurities is dependent not
only on the amount present but the location of the mineral within the slate’s microstructure.

Marbles are derived from limestone and dolomite limestone. Their main chemical
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constituent is calcium carbonate or calcium/magnesium carbonate. These minerals are readily
attacked by acids and acidic gases resulting in dissolution and the possible formation of
expansive products particularly gypsum.

B.3.3 Sedimentary rocks

Sandstones are bound together by a number of different cements (see section B.1). In general the
nature of this cement will determine the chemical properties of the stone. However, the presence of
other minerals, for example clays, can lead to rapid deterioration if the stone is subjected to wetting
and drying cycles.

Limestones are similar to marbles but they tend to have an increased reactivity if they are
porous with a more open structure.

B.4 WHAT IS STONE USED FOR?

Traditionally, the main use of stone, such as limestone, sandstone and granite, has been in structural
masonry units, however, in recent times many stone types have been used for cladding applications.
Stones are also be used for flooring if they are sufficiently resistant to abrasion.

Traditional uses include roofing where slate, due to its good cleavage and weathering
properties, has been exploited.

B.5S FORMS OF DEGRADATION AND FAILURE MODES OF NATURAL
STONE

B.5.1 Physical weathering

B.5.1.2 Effect of moisture/temperature

The degree of moisture absorption of a stone will depend on its porosity and permeability. Due to
the heterogeneous nature of stone, a temperature gradient will lead to internal stresses that may
eventually result in degradation of the stone.

Freezing and thawing cycles will occur if the temperature change is around 0°C and includes
significant periods below 0°C. The resulting decay may be caused by:

volume increase of water below 0°C

volume increase of water to ice
displacement of water from frost front
conversion of ‘pore water’ to ordered water’

b=

Water can be considered a corrosive element with the main damage caused during the
‘drying’ phase; this could be due to the swelling and contraction of certain minerals or drying
gradients within the stone inducing mechanical stresses.
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B.5.1.3 Salt crystallisation

The crystallisation of water-soluble salts, derived from the atmosphere or the soil, can cause stresses
which may lead to the degradation of stone. Deposition near the stone’s surface can be a major
form of decay and results in surface spalling and the generation of a new fresh surface for further
physical and chemical decay.

B.5.1.4 Erosion
This is normally due to wind-borne dust or sand. It can cause damage to the surface by impact and
abrasion but except in arid areas is only a minor contributor to decay.

B.5.2 Chemical weathering

Carbon dioxide (CO,) is the only naturally abundant acidic gas, producing a pH of around 5,6 in
rainfalls in urban areas this may increase to 5,1 due to increased CO, concentrations.
Industrialisation has lead to the more acidic sulphur oxides, nitrogen oxides and their derived
compounds being a major contributor to acid attack.

Calcareous stones can be attacked by acidic precipitation that causes dissolution of the
calcite. In polluted atmospheres calcium sulphate and calcium nitrate may form and, if exposed
to rainfall, also dissolve. If calcium sulphate recrystallises gypsum will be formed which can
cause subsequent salt damage as a result of the formation of expansive hydrate salts. Problems
can occur if sandstone is in contact with a limestone and the gypsum is ‘washed’ into the
sandstone where it subsequently re-crystallises.

Silicate rocks weather by ion exchange that results in discolouring and softening of the
surface followed by pitting and crumbling.

Slates, which contain calcium carbonate and iron pyrite, are attacked by sulphuric acid
produced by the reaction between the two impurities. Calcium sulphate is produced as a by-
product and this expansive reaction results in splitting of the slate along the mica layers.

B.5.3 Biological attack
The action of higher species, such as lichens, is to degrade the stone by mechanical as well as

chemical microns. Micro organisms may deteriorate stone due to the formation of by-products such
as acid (inorganic and organic), sulphates and nitrates.
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B.6 CHARACTERISATION OF NATURAL STONE

B.6.1 Microscopic structure

B.6.1.1 Petrography

This would involve visual examination of the rock from the quarry, either of the block or a
hand specimen. The petrographic observations could include the homogeneity of the rock, e.g.
mineral veins, flaws and bedding that could affect the performance in use. Sections of the rock
are then normally taken and these can be polished or prepared so that there are optically
transparent (“thin”’). These specimens can then be examined by optical microscopy for the
gross mineral composition and microstructure of the rock.

B.6.1.2 Scanning Electron Microscopy (SEM)

The utilisation of an electron beam focused on a small cross-sectional area of a sample allows
spatial probing of composition and the imaging of topography. The introduction of primary
electrons with a sample produces signals, for example X-ray, cathodo-luminescence, back-
scattered electrons, Auger electrons, and transmitted or absorbed electrons, the energies of
which are related to elemental composition. There are also signals related to the topography of
the surface, such as secondary electrons and, to a lesser extent, back-scattered electrons. SEM
is best used to analyse rough fracture surfaces and can be coupled with semi-quantitative or
qualitative elemental analysis by the use of an X-ray detector.

B.6.1.3 Porosimetry

Examination of specimens by optical or electron microscopy coupled to an image analyser can
give information about the pore structure of a rock. However, due to the nature of these
techniques the sample area examined is very small.

Larger specimens can be examined by mercury intrusion porosimetry. Here mercury is
pumped into the sample under pressure, the volume of mercury pumped in at different
pressures can be measured and a pore size versus pore volume curve produced. These
techniques are quantitative however it can result in misleading data if the mercury intrusion
process damages the sample or the ‘porosity’ is in the form of microfractures.

B.6.2 Chemical and mineralogical properties

B.6.2.1 Petrography
Examination of polished sections by reflective and thin section by polarised/non polarised
transmitted light gives information on the mineralogical composition of the rock specimen.

B.6.2.2 Electron microprobe

This works on the same principle as SEM (section B.6.1.2) except to achieve quantitative
elemental analysis polished samples and a high resolution X-ray detector are used.
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B.6.2.3 X-Ray Diffraction (XRD)

The interaction of a monochromatised x-ray beam with a crystalline powder will produce a
characteristic pattern. Such patterns are used for qualitative analysis, leading to the
identification of the phase or compound. A mixture of crystalline solids can be analysed using
this technique, however, there are problems with superimposition and background noise which
normally leads to a detection limit of between 1-5 weight percent.

B.6.2.4 Fourier Transform Infra-red (FTIR) Spectroscopy

Chemical bonds absorb infrared radiation by stretching or bending of the bond. Every type of
chemical bond has a distinct frequency range to its bending and stretching modes. The position
of the absorption peak within the frequency range is dependent on the chemical environment.
Normal IR spectroscopy is carried out in the transmittance mode on ground samples
suspended in gel between potassium bromide/iodide disks. However, FTIR coupled with
optical microscopy allows examination of the rock specimens’ surface in the reflective mode.

B.6.2.5 X-Ray Fluorescence (XRF)
Bombardment of a target with X-rays will expel an electron from an atom by the photoelectric
process if the energy of the X-ray photon exceeds the binding energy of the electron. This
produces a vacancy that can then be filled by outer-shell electrons resulting the emission of a
characteristic X-ray. Detection of these characteristic X-rays leads to quantitative elemental
analysis of the specimen. This process is the basis of the electron microprobe except electrons
are the bombarding media. The probe is a surface technique whilst XRF is associated with
bulk analysis. Not every ionisation will result in the emission of a characteristic X-ray. This
process competes with another process in which the atom returns to its ground state by the
emission of an electron known as the Auger electron. The probability of this type of event
increases markedly as the atomic number decreases.

Auger electrons also have characteristic energies and give chemical as well as elemental
information (B.6.2.6); the maximum energy is equal to the difference between the energy of the
exciting X-rays and the binding energy.

B.6.2.6 Electron spectroscopy

This is the study of the energy distribution among the electrons ejected from a target material
being irradiated by X-rays, ultraviolet radiation or electrons. The convention for distinguishing
between electron spectroscopy methods is the mode of excitation. The two principal forms are
X-ray Photoelectron Spectroscopy (XPS) and Ultra-violet Photoelectron Spectroscopy (UPS).
A common notation is Electron Spectroscopy for Chemical Analysis (ESCA). ESCA is
probably the most used technique for chemical studies due to its sensitivity to surface
chemistry.

B.6.2.7 Neutron-gamma techniques

Neutron-gamma techniques involve the measurement of gamma rays that result from the
interactions of neutrons with the material under analysis. Neutrons can interact by inelastic
scattering from a nucleus, producing a nucleus in an excited state. Subsequent de-excitation
results in the emission of characteristic gamma rays. The constraints of the method are that it
only provides elemental data on a bulk sample but will provide information on low atomic
number elements down to and including hydrogen.
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B.6.3 Physical properties

B.6.3.1 Strength measurements

Strength measurements are important engineering properties and the mode of testing will
depend on the final usage of stone. If the block is to be in compression the compressive
strength is measured normally by crushing of a block and a failure load plus the stress-strain
curve are measured. Flexural or bending strength is normally measured by three point loading.
From the failure load a material dependent quantity, the Modules of Rupture (MOR) can be
calculated by the use of the following equation:

2F1

MOR = ——
3bd

where:

F = failure load

1 = length of specimen under the two top loading points
b = breadth of the specimen

d = depth of the specimen

Care should be taken to test sufficient samples (typically 20 or more) so that the sample is
statistically representative.

B.6.3.2 Abrasion resistance

When stone is used as flooring or exposed to an environment with high wind speeds and
particulate matter (e.g. deserts) abrasion of the surface will occur. Typical tests to quantify
this effect look at the degree of material removed when the sample is subjected to abrasion
with a metal disc or blasted with sand carried by a high-speed air jet.

B.6.3.3 Co-efficient of friction

An important safety aspect of flooring is that it should have sufficient grip or friction when it is
being walked on. Various tests have been devised to quantify this property. The two most
commonly used types are static tests, where a weight is moved across the surface (e.g. the
tortoise test), and the dynamic test, where a rubber tipped pendulum swings across the surface
of the stone.
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B.7 ASSESSMENT OF DURABILITY

When considering how to test for durability, an approach must be selected. Currently, durability
tests can be divided into four approaches:

benchmark tests

reference materials/comparative tests
environmental/stress testing

site testing

b=

These approaches are not mutually exclusive in that tests have been or can be designed to
incorporate one or more of these approaches.

B.7.1 ‘Benchmark’ tests

These are usually accelerated tests designed with a pass/fail criterion defined using historical data on
a material’s performance within a certain environment. An example of this is the British Standard
for roofing slate; a slate is subjected to three accelerated tests: water absorption, wetting/drying and
acid immersion. Ifthe slate passes all three, it is deemed to be durable in the United Kingdom
environment. The American Society for Testing and Materials (ASTM) test method for slate
carries this approach a step further by setting a series of levels for two accelerated test (see table
B.7:1); these levels are then used for service-like prediction on the basis of historical knowledge of
the material in use. Benchmark tests are relatively inexpensive and quick but are limited to a
single material and climate.

Table B.7:1 Service-life prediction for slate using ASTM C 406

Classification Modulus of rupture Water absorption = Depth of softening Service life (years)

across grain (MPa) (max, %) (max, mm)
Grade S; 62 0,25 0,05 >75
Grade S, 62 0,36 0,20 40-75
Grade S; 62 0,45 0,36 20-40
B.7.2 Reference materials/comparative tests

The Building Research Establishment salt crystallisation test simulates the effects of salt change on
limestone; reference materials are included in the test against which the unknown is assessed. The
limestone are then placed into durability classes A to F (see table B.7:2); by experience the result is
taken a stage further by defining the exposure zones of a building in which the stone can be safely
used (see fig B.7:1).
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Table B.7:2  Effect of environment on the suitability of limestone for the four exposure zones” of a building

Limestone  Crystallisation Suitability zones for various limestone in a range of climatic conditions
durability loss (%) Inland Exposed coastal
class Low pollution High pollution Low pollution High pollution
No Frost No Frost No Frost No Frost
Frost Frost Frost Frost
Zones® | Zones | Zones Zones Zones Zones Zones Zones
A <1 1-4 1-4 1-4 1-4 1-4 1-4 1-4 1-4
B 1t05 2-4 2-4 2-4 2-4 2-4 2-4 2°4 2°4
C >51t010 2-4 2-4 34 34 34 4 - -
D >15t0 35 34 4 34 4 - - - -
E >35 4 4 4° - - - - -
F Shatters early 4 4 - - - - - -
in test

& = The exposure zones are illustrated in fig B.7:1
b= Probably limited to 50 years’ life

Comparative tests are likewise inexpensive and quick, with knowledge of the material, climate
and in-service performance needed. Precision will be limited by the consistency of any
equipment used and the reference standards.

- Zone 1 Paving, steps

Zone 2 Copings*, chimneys, cornices*,
open parapets, finials, plinths*

m Zone 3 Strings, plinths*, quoins, tracery
hood moulds, solid parapets
{excluding coping stones*),
cornices*, mullions, silis

:] Zone 4 Plain walling

*A stone normally suitable for Zone 3 could be used for
copings and cornices in Zone 2 if it were protected by
lead. Similarly, a plinth in Zone 2 could be considered as
Zone 3 if there were protection against rising damp.

Fig.B.7:1 Exposure zones of a building in which a stone can be used
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B.7.3 Environmental and stresstesting

These tests try to simulate/accelerate the service environment or stress the materials by intensifying
the environmental factors it is susceptible to.

Climatic chambers such as VENUS attempt to accelerate all environmental conditions;
rainfall, sunlight, pollutants, temperature etc. Simpler chambers can be used to look at the
effects of wet/dry surfaces, pollutants and temperature on stone degradation.

These tests do not need reference materials but are slower and more expensive, requiring
confirmation of the results with on-site measurements.

B.7.4 Site testing

The building’s can be monitored ‘in-situ’ or materials can be exposed to a range of environments.
An example of large site testing project is the International Materials Exposure Programme (IMEP)
which was set up to investigate the long-term impact of acid deposition on building and building
materials (including stone). This programme provided a range of pollutant and meteorological
climates.

Site testing is site specific with a high level of confidence but a meaningful range of
environments should be selected.
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C Masonry (7. Yates and A. Lewry)

C1 INTRODUCTION TO MASONRY

Masonry is a composite material made from units and mortar joints; the units can be made from a
variety of materials. The European Standards Committee CEN/TC125, which is responsible for
masonry, has considered seven materials for units:

* clay

e AAC

* concrete

* gypsum

e natural stone
 artificial stone

This chapter will deal mainly with clay bricks and mortar; the majority of the other materials
are covered in other chapters.

C.2 CLAY BRICK MANUFACTURE AND COMPOSITION
C.2.1 Brick manufacture

Bricks are ceramic components that are generally manufactured from claystones, shales or

siltstone, moulded and then fired. Bricks are formed by three distinct methods [1]:

1. Soft mud method -soft mud are poured into moulds and dried before firing. This is not a
commonly used practice in modern brickmaking.

2. Stiff mud method - plastic clay is extruded through a die and then the bricks are cut to size.

3. Semi-dry or dry press method - clay is pressed into a mould.

During the above ‘forming’ processes additives are commonly used to colour the brick or
inhibit efflorescence.

Apart from the composition of the starting materials, the firing temperature, the kiln type
and the time kept at the temperature are probably the most important factors in determining the
nature and quality of the brick produced [2].

Three principal types of kiln are used:

1. Scone kiln — constructed of unfired bricks that are plastered on the exterior. The bricks
are stacked so that a channel allows heat to travel by convection. This kiln type is not
commonly used;

2. Periodic kiln — the shape may be beehive, rectangular or square. These kilns are dome-
roofed with fire bases around the outside of the wall base;

3. Tunnel kiln - commonly used because they are efficient and fire uniformly resulting in a
chapter, reproducible product.
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The firing process generally controls the physical properties of bricks; differences of 50-
100°C can radically alter properties. Firing is carried out by slowly raising the temperature and
allowing volatiles to escape and oxidation to occur before raising the temperature further.
Generally, water is removed by heating from 100-400°C that results in a material with a
porosity of 30-40 vol. % [3]. This is followed by the removal of clay hydroxyl water and
oxidation in the range 400°C to 800°C. Above 800°C to 1400°C sintering or densification
occurs via chemical reactions, grain growth and development of a liquid phase. The porosity
decreases as a result of sintering and leads to an increase in strength of the final product.

Generally, the ideal point to stop firing results in a brick that is ‘steel hard” with a low-water
absorption. Overfiring wastes energy and underfiring generally results in poor quality bricks.

C.2.2 Brick composition

Bricks are normally produced from raw materials consisting of at least 50% kaolins and clays that
together with water give the necessary plasticity to the material when forming it to components.

The liquid phase, produced during firing, transforms to glass without crystallisation on
cooling. The result in a brick is usually composed of a crystalline silicate phase, Mullite
(3A1,0;.2S510,), the remaining quartz from the raw materials and some minor phases, which
are all bonded together by a glassy matrix. The porosity of the brick could still be as high as
20% and the glassy phase could constitute 60% of the brick. This means that the brick is really
a composite with the crystalline phases embedded in the glassy matrix whose typical
composition is given in Table C.2:1.

Table C.2:1 The approximate composition of the glass in a ceramic such as brick [4]
Component Wt %

SiO, 71-77

TiO, 1-4

Al,O3 7-16

F6203 1-5

MgO 0-2

CaO 01

Na,O 0-3

K,O 4-8
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C3 MORTAR COMPOSITION AND MANUFACTURE

Mortar is a cementitious material made of a binding agent, such as Portland cement and/or hydrated
lime, mixed with water and sand as filler. The sand is usually screened in order to avoid too coarse
or fine particles.

Cement manufacturing processes can be wet (ground wet and fed to the kiln in a slurry),
semi-dry (ground dry and moistened before feeding to the kiln) or dry (ground dry and added
as a dry powder). The dry processes are more recent developments that consume less energy.
Cement is highly alkaline, having a pH of 12-13. Cement powder is stored and distributed in
either bulk or bag form.

Cement is derived from mixing limestone/chalk and clay or shale, together with other minor
materials that impart different properties to the resulting product. There are four stages in the
manufacture of cement:

1. Crushing and grinding the raw materials;

2. Blending the materials in the correct proportions;

3. Burning the prepared mix in a kiln to produce cement clinker, in the past, bottle or chamber,
later continuous shaft kilns were used; modern works use rotary kilns, fired by coal, oil or
gas;

4. Grinding the cement clinker together with about 5% gypsum/anhydrite in a ball mill to
produce a fine powder; the gypsum can be used to control the setting time of the cement.

The constituents of different cements are as follows:
C3.1 Portland cement
Ordinary Portland Cement (OPC) comprises approximately 60-67% lime, 19-25% silica and 3-8%
alumina, with varying small amounts of iron oxide, sulphur trioxide, magnesia, titanium oxide and

manganese oxide.
OPC in its unhydrated form consists mainly of four minerals:

1. Tricalcium silicate, 3Ca0SiO, (abbreviated to C;S);
2. Dicalcium silicate, 2Ca0OSiO, (C;S);
3. Tricalcium aluminate, 3CaALO; (C;A);
4. Tetracalcium aluminate-ferrite, 4CaOALO;FeO..
Modified Portland cements include:
* Sulphate resistant These contain less than 3% tricalcium aluminate
 Ultra-high early strength Extra gypsum is added to the mix
*  White Obtained by careful selection of raw materials
* Coloured 5-10% pigment is added to the mix
* Air entrained A plasticiser is added to improve frost resistance and
workability
* Waterproofing Small amounts of calcium and aluminium compounds
are added to the mix in the final grinding stage
* Rapid Hardening The OPC is finer
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When mixed with water, cement undergoes a sequence of hydration reactions that slowly
transform the cement paste to a hardened matrix of hydrated products. The most important
hydration reactions are those involving C;S and C,S that leads to the formation of calcium
silicate hydrate (C-S-H) gel and calcium hydroxide (Portlandite).

C.3.2 High alumina cement
A mixture of bauxite and lime containing the following:

e 35-40% lime

e 40-50% alumina

* up to 25% iron oxide

¢ 1o more than 5% silica.

C3.3 Slag cements

* Portland blast-furnace slag cement A mixture of Portland cement and 50-90%
blast-furnace slag
* Supersulphated blast-furnace slag A mixture of blast-furnace slag, calcium
sulphate and a small amount of Portland

cement
* Portland pulverised fuel ash cement A mixture of Portland cement and pulverised
fuel ash (PFA).
C34 Lime mortar

Lime is produced by burning crushed, high purity limestone/chalk (96-98% calcium carbonate) in
kilns, at temperatures of between 800°C and 1500°C. At these temperatures carbon dioxide gas is
liberated and the oxide is produced. The lime is cooled, stored and used as the burnt lime (quick
lime), or mixed with water and used as the hydrated lime (slaked lime).

Although the native of mortar has changed considerably over time, modern masonry mortar
is usually a mixture of ordinary Portland cement (OPC), sand, lime and additives (for example
plasticizers or air-entrapment agents).

C4 PHYSICAL PROPERTIES

The physical properties of brick and mortar vary widely, however, they can still be described by
those laid out in the stone chapter (B.2) — aggregation, thermal and mechanical.

Brick properties will depend on the firing temperature composition of the raw materials,
forming methods and the firing conditions. Firing of a brick does not alter the pore size
distribution but will lower total porosity, thus increasing final strength. However, insufficient
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firing will result in a differential pore structure i.e. the surface has a much lower porosity than
the interior. The raw materials control the pore size distribution of the final product; clay have
small pores but the addition of sand and crushed brick shifts the distribution towards larger
pore sizes. Forming processes such as hand moulded and pressing led to bricks with large pore
sizes whilst extrusion produces a product with small pore sizes. Although porosity is
important other factors such as water permeability and mechanical strength must be taken in
account.

Mortars have two distinct, important sets of properties, which are those of fresh mortars
and of hardened mortars. Mortar serves to cushion the units of masonry, giving them full
mutually bearing, in spite of their surface irregularities. Furthermore, the mortar seals the
space between the units and/or the wall surface, preventing water, damp and wind from
penetrating. Therefore not only the properties of hardened mortar, but also those of fresh
mortar relate to the properties of masonry. The physical properties of a hardened mortar,
determining the structural performance, will be dependent on the composition of the mix and
the setting conditions. These properties include bond strength, compressive strength,
elasticity, permeability and durability. Types of masonry mortars, classified according to
compressive strength, are given in table C.4:1 [5].

Table C.4:1 Types of mortar

Mortar type Construction stability Typical average

compressive strength
(MN/m?) at 28 days

High-strength Masonry subjected to high lateral or compressive 17,3

mortar loads, or severe frost action; masonry below ground

Medium high- Masonry requiring high flexural bond strength, but 12,4

strength mortar subjected only to normal compressive loads

Medium strength  General use above ground 5,2

mortar

Medium low- Non-loadbearing interior walls and partitions 24

strength mortar

The physical properties of a masonry wall depend on both the mortar and the masonry units,
as well as on the compatibility between the two. The relatively small part of mortar in masonry
significantly influences the total performance. Compressive strength of mortar increases with
increasing cement content and decreases with increasing lime, sand, water and air content. It is
useless, however, to use a very strong mortar the masonry units themselves are weak.
Although compressive strength is a prime consideration in concrete, it is only one of several
important factors in mortar. Since strong mortars often leads to shrinkage cracking, suitable
selection of the type of mortar needs to be done for satisfying a variety of diverse
requirements.

Adding epoxies or latexes to the mix can create mortars with exceptionally high strengths
and adhesive qualities.
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CS CHEMICAL PROPERTIES

C.5.1 Brick

The brick’s glassy matrix is similar to acidic silicate glasses and as a result is probably the most
susceptible component to dissolution by neutral, acid or alkaline solutions. Water will leach alkali
ions from the surface resulting in an alkali-ion depleted layer, which can subsequently be removed
by dissolution. Bricks can contain N,SO; if the fuels during firing are sulphur rich or the
temperature is insufficient to decompose the salt.

C.5.2 Mortar
Non-hydraulic lime mortar depends on exposure to air to harden:
Ca(OH), (s) + CO, (g) — CaCOs(s) + HO (1)

On hardening, carbonation and drying occur simultaneously resulting in a volume
contraction. In the case of dolomitic mortars magnesium phases are also present.

Hydraulic mortars contain Portland cement whose main constituents are Portlandite
(Ca(OH),) and calcium silicate hydrate (C-S-H). Naturally acidic rainfall will leach CaCOs
from the surface, however, while being detrimental to any steel reinforcement due, carbonation
has been observed to double the strength of OPC mortars and only usually changes the
appearance, i.e. staining and efflorescence.

Accelerated carbonation tests were carried out on mortars [6]. OPC was mixed with river
sand whose fineness modulus was 3,01. Two types of mortars were produced, whose sets of
water-cement ratio and sand cement ratio were 0,6 and 3,22, and 0,7 and 3,75, respectively.
Flow of both mortars was about 205 mm. Fig C.5:1 shows results of the accelerated
carbonation test, which was performed in the following condition: temperature 30°C; relative
humidity 50 %; and CO, gas concentration 10 %.
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W/C=60% W/C=70%

Depth of Carbonation (mm)
Depth of Carbonation (mm)
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Exposure Time (day) Exposure Time (day)
Fig.C.5:1 Accelerated carbonation test results

Solid lines in fig C.5:1 were drawn for different specimens using

d = a4t

where d is the depth of carbonation, a is a constant and t is the exposure time (days). Fig C.5:2
shows that the carbonation depth after exposure in the test environment for about 50 days is

influenced mostly by coarse pores larger than 75 nm.
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Fig C.5:2 Relation between total pore volume larger than 75 nm and the depth of carbonation after 50

days exposure [6]

When considering brick masonry as a whole it has been shown that the relative porosity of
the brick to the mortar is important, with the most porous material being the site of salt-

mduced attack.
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Mortars contain Portlandite that can react with sulphur dioxide to form gypsum. The
resulting result could further degrade the mortar by reacting with calcium aluminate (C;A) to
produce ettringite (3Ca0.AL0;.3CaS04.31H,0). Gypsum and ettringite formation are both
expansive reactions and can result in cracking.

CS53 Incompatibility

The porosity of the brick is also important when considering the setting of the mortar. If the brick
contains large pore sizes, the suction effect is fairly low and has been shown to produce a stronger
mortar/brick bond. However, this also produces a mortar with a lower strength that is less frost
resistant. This situation will also depend on other factors, for example the water saturation level of
the brick, the possibility of water retaining additives in the mortar, etc.

C.6 TYPICAL MICRO ENVIRONMENT AND LOADS

The micro environment and loads affecting mortar are movement of water, including moisture,
and tensile stress due to shrinkage. Rain penetration is likely to occur mainly through
shrinkage cracks rather than directly through masonry units or the mortar itself. Rain and
melting snow penetrate the surface, and the mortar is subjected to freeze/thaw cycles during
winter in cold regions. Some shrinkage of mortar is inevitable; the amount depends to some
extent on the width of mortar joints and the mixture of mortar.

Mechanical loads are of compression under the weight of subsequent courses of masonry,
and of shear and tension under wind and seismic actions. Differential settlements of
foundations also cause shear stress in the mortar.

Porosity and permeability are the most important properties when considering the
accessibility of water to the interior of the brick. It has been shown that the pore size
distribution has a critical pore size, in the range of 1-3 pm. In general large pores and low
porosity result in a durable product.

C.7 FORMS OF DEGRADATION AND FAILURE MODES OF BRICK
MASONRY
C.171 Physical failure

The most typical degradation and failure mode of mortar is cracking. Drying shrinkage and
moisture movement are the main sources of cracking, besides mechanical loads.

In larger elements, such as load bearing walls, which are restrained from movement, the
type of failure is usually attributed to cracking of the mortar. Because of tensile induced stress
due to shrinkage, cracking tends to be in the vertical direction. In walls built with small
masonry units, the cracking may take place along vertical and horizontal joints, thus forming a
step pattern.

Degradation of mortar due to frost action is mainly associated with fine cracks. However,
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these cracks normally are of less significance in comparison to cracks that may result from
thermal and moisture movement. The use of finely graded sands in the mortar mix has been
shown to increase strength and frost resistance. Differential pore structures, between the
surface and interior, can cause spalling in brick due to prevention of water migration by the
lower porosity surface.

C.7.2 Chemical weathering

Water-soluble salts, derived from the atmosphere or the materials themselves (e.g. Na,SO, from
brick), will degrade brickwork; the result is spalling of the surface.

Acids will attack the glassy matrix of brick and it has been estimated that weathering due to
pollutants in industrial area will increase the dissolution of brick 10-fold. However, the
maximum dissolution of brick is approximately 1%.

C.8 CHARACTERISATION OF BRICK MASONRY

In general bricks can be characterised, after production, using the techniques used in the stone
chapter (B.6). However, mortar is an in-situ material and therefore mixes with known properties
have to be prepared or in-situ testing has to be done on the setting material before application.

The most typical degradation monitoring method for mortar may be to observe the cracking
properties, i.e. pattern, density and width distribution. From the cracking pattern the reason
for the degradation can be judged. Information on crack density and width distribution may
help to estimate the service life and suggest repair methods.

While the traditionally method to observe cracking by eye and sketching is still used,
advanced systems have been developed in which crack properties recorded with camera are
assessed using an image analyser.
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D Clay (H-J. Schwarz)

D.1 INTRODUCTION

One third of mankind lives in earth buildings. Such dwellings are especially found in the dry
and hot tropical countries, where the manpower is cheap and modern building materials,
requiring a huge amount of energy to produce, are very expensive. But one might also find
such dwellings in central Europe, mainly for the construction of half-timbered homes, and in
these instances, clay is used as a building material.

The service life of clay constructions can be much more than 100 years if carefully protected
against water erosion. All other environmental attack is insignificant.

Clay as a building material is very easy to use and to repair, and no specialist is necessary
for the construction work. Everybody is able to do it and in addition, the costs are very low in
most countries. Only in the industrialised countries is clay a bit more expensive than some
other building materials.

Clay is an ecological product with a very good eco-balance. It is usually used close to the
excavation site and the transport costs are low. Only a little energy is needed to manufacture
clay building materials and in most cases no energy demanding additives are necessary.

D.2 CLAY AND ITS COMPOSITION

Clay as a building material is a mixture of gravel, sand and pure clay. The latter is formed by
the weathering of consolidated rocks into fine particles. Clay as a primary weathering product
at the place of the formation of the original rock should be distinguished from secondary clay
deposits, to which the clay is moved after the weathering. Secondary clays often show a finer
grading curve.

Clay as a building material is a tenacious mineral rock from which the smallest fraction of
clay minerals is responsible for the tenacious character. Depending on the composition and the
origin of the clay, many types of clay with different characteristics could be distinguished, for
example morainic clay, slope wash, meadow loam, loess clay.

The classification of constituents of the clay by their grain size means that also in the clay
fraction minerals could be found, which do not contribute to the tenacious character. Only the
fraction of the clay minerals itself has to be considered if the tenacious character is the
question.

Clay minerals are mainly water-bearing alumosilicates. They are formed essentially at
weathering of silicates. In addition, iron minerals like hematite and goethite, titanium dioxide
as anatas, and in the tropics aluminium hydroxides — mainly gibbsite, are frequently found.

Clays also contain weathering residuals and other newly formed minerals. Weathering
residuals are mainly resistant minerals as quartz, muscovite and feldspars, sometimes biotite
and rarely chlorite.
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The accessory minerals of the original rocks, as zircon and rutile and to some extent apatite,
are enriched in the sediments. Newly formed minerals frequently found in clays are the silicate
glauconite, the carbonates calcite, dolomite, siderite, the iron sulphides pyrite, markasite and
chalcopyrite and galenite. The oxidation of the sulphides gives secondary sulphates like
gypsum, jarosite and alunite [1].

Responsible for the typical properties of clays — the soapy consistency, the water binding
power, the swelling ability, high adsorption capacity for many inorganic and organic materials,
the thixotropy, the plasticity — are the siliceous clay minerals.

According to the main mineral constituents, clays are divided in kaolinite rich and smectite
rich (bentonites) clays. The common clays mainly contain illite and some chlorite, kaolinite,
smectites and mixed layer minerals (smectite/illite and kaolinite/illite). The last ones are the
usual clays for building materials, while the other, more pure clays are rather used in the
ceramic, paper and food industry.

The different properties of clays with the same amount of clay-sized particles are based on
the mineralogy of the clay minerals. Characteristic is the small mean grain size, which for the
smectites falls far below 2 um. Kaolinic clays are much more coarse and contain in many cases
nearly no fraction < 0,2 um. The mineralogical composition of a clay alters with the grain size
of the particles, that means a finer clay has a different composition than a coarser clay.

Kaolinite often forms more or less well-shaped six-cornered plates, which are put together
book or money roll like. Illites are mostly lath-like. Montmorrillonites form thin crystals that
look like pieces of foil with irregular edges, bent, sometimes folded or rolled at the edges.

A characteristic property of the clay minerals is their cation exchange ability; the anion
exchange ability is rather low and is found only in acid environments. The kaolinites have
exchangeable ions only at the surfaces. The exchange ability of the smectites and vermiculites
is determined by the inter layer cations and their cation exchange capacity is much higher
compared to the kaolinites. In the micas the potassium ions are strong bonded between the
silicate layers and the ion exchange requires very strong reaction conditions.

The crystal structure of the clay minerals is not very complicated. Clay minerals are made
up of [SiO,4] tetrahedrons and [Me(O,0H)s] octahedrons (Me — metal cation). The
tetrahedrons and octahedrons are linked together by common atoms.

The so-called two layer clay minerals, like kaolinite, are composed of layers of one
tetrahedral and one octahedral layer. They have aluminium in the octahedral layer and the
formula is {AL[S,Os(OH)4]}. In the so-called three layer minerals the octahedral layer lies
between two tetrahedral layers. The group has a very great variety in the composition. In the
three layer minerals the layers are negatively charged. To compensate this negative charge
cations are bonded between the layers. In addition, water molecules can be present between
the silicate layers, which leads to complex formulas. For this reason no formula is given here.

D.3 PLASTICITY OF CLAYS

The tenacity is decisively influenced by the exchangeable cations. For example, with calcium
ions house-of-cards and ribbon-like structures are formed and kaolinite is able to bond more
than 50% water by volume.
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In moist conditions the mineral plates could be moved against each other. After moving,
the plates always find new positions where they are fixed by the calcium ions. The clay is
plastic.

The cavities survive the drying to a great extent, i.e. the mineral plate structure resists the
shrinkage to a dense mass.

Clays always contain a certain amount of quartz that can be bond by the clay minerals. The
clay mineral plates surround the quartz grains and create large contact surfaces, which are
preserved on drying and give the high strength. The fewer cavities the mass has after drying,
the stronger is it. The more thin and flexible the plates are, the less clay is necessary for a
strong bonding. Therefore the grading curve of the clay is an important parameter. The
smectites have very good properties in this respect.

If sodium ions are solved in the water present, the structure of the kaolinite plates brakes
down; a ceramic mass could become a slurry, which can be poured and later on formed to a
mass with very high density and dry strength. This mass is no longer plastic.

D4 CLASSIFICATION OF THE CLAY BUILDING MATERIALS
(TECHNICAL PARAMETERS )

The clay building materials can be divided according to their clay content and their technical
parameters.

In general, building clays are divided in fat clays with a high content of clay minerals, lean
clays with a low content of clay minerals and medium fat clays in between.

Some important characteristic parameters are collected in table D.4:1. The technical
parameters are explained in more detail below.

Table D.4:1 Characteristic parameters of clays
Parameters Lean Medium fat Fat
Clay content low middle high
Uptake of water high middle low
Swelling up/shrinkage weak middle high
Tenacity low middle high
D.4.1 Sieve and sedimentation analysis

The constituents of clay are classified according to its grain size. The percentage of each
fraction is determined by a sieve analyses which gives the grading curve, represented
graphically in fig D.4:1.
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Fig.D.4:1 Grading curve of a silty clay

D.4.2 Atterberg consistency limits

The different states of tenacious soils, referring to the consistency, are divided according to
Atterberg [2] in fluid, plastic, semi-solid and solid.

The "liquid limit" w; is determined by the water content at the transition point from the
liquid to the plastic state. In the laboratory the liquid limit is measured by an apparatus for
plasticity test after Cassagrande [3].

The "plastic (rolling-out) limit" wp is determined by the water content at the transition point
from plastic to the semi-solid state. It is measured by the rolling-out test [3].

The "plasticity index" I, is the difference between the liquid limit and the plastic limit, w;.wp,
and characterises the plastic behaviour of a tenacious soil like a building clay.

D.4.3 Compressive strength

The compressive strength of dry building clay is determined by its cohesion (depending on the
clay content) and the grain friction. For the fine building clay materials the compressive
strength increases with the clay content. For the coarse building clay material the clay fraction
can be lower to get the required compressive strength (due to grain friction).

The compressive strength can be increased by suitable treatment of the building clay
(ramming, kneading, suspending, compressing). An increase in compressive strength can also
be obtained by additives. It should be kept in mind that additives not only have positive effects
on the properties of a building clay but also negative ones.

Usually the compressive strength as estimated by the simple compressive experiment is
sufficient reliable. In the simple compressive experiment the "cross" tensile strength of the
material is dominant and is measured simultaneously. Therefore it is not necessary to measure
separately the tensile strength, the tensile bending strength or the shear strength. Only for the

CIB W080 / RILEM 175-SLM 3-37



Part Il - Building Materials and Components: characterisation of degradation

testing of clay plaster and to assess the stability of the edges of clay building stones the tensile
bending strength is important. The bonding strength plays a part when testing clay plasters.
The compressive strength of dry clay building units varies generally between 0,5 to 5,0
N/mm’. Load bearing clay building units should always be tested for their compressive
strength. It should be at minimum 2 N/mm’.
Closely connected to the strength parameters is the modulus of elasticity, in the range 6000
to 7000 N/mm’.

D.4.4 Proctor density and the best water content

Proctor density and the best water content are the result of the Proctor test [4].

The water content of a building clay mixture is optimised when the maximum dry-density is
reached with minimum compression energy. If the water content is too low, the compression
energy will be higher. If the water content is too high, the compression energy cannot be
absorbed and the dry-density will be reduced.

In the Proctor test a building clay sample is compressed under well-defined boundary
conditions. The water content of the sample is varied several times during the experiment.
After each run the water content and the dry-density of the sample are measured. At the end
the dry-densities could be represented as a function of the water content.

The peak of the Proctor curve gives the maximum dry-density under the defined
compressive conditions, the so-called Proctor density op.. This is estimated for:

» "fat" clay (more than 50% clay) as Orr = 2000 kg/m’
* sandy clay (more than 50% sand) as O = 2200 kg/m’
» gravely clay (more than 50% gravel) as Orr = 2500 kg/m’

The corresponding water content is the best water content wp,. If the water content is
lower or higher compared to we,, the dry-densities obtained will in both cases be lower than
Prpr.

The best water content wp, is important especially for rammed earth constructions.
According to the Proctor curves this water content is reached at about 12,5%. Is the clay
rammed at a higher water content, in addition to a lower dry-density, more shrinkage cracks
and settlement movements occur. At a water content of more than 2% below the best value,
the required compressive strength cannot be reached by ramming.

These best values obtained with the compressing experiment are the basis for the
compression that should be reached during the realisation of the construction. The Proctor
test is suitable to building clays for rammed earth constructions and pressed adobes.
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D.4.5 Capillary uptake of water

Basis for the method to determine the uptake of water coefficient is the DIN 52617 [5], which
has to be modified in the application to water-sensitive clays.

According to DIN 52617 the uptake-of-water coefficient w of a wet sample is related to the
water uptake per unit area and time according to:

w=wRlt

where:

W [kg/m’] uptake of water per unit area
w [kg/m*h”] uptake-of-water coefficient

t [h] time

For the determination of the uptake of water, a sample, watertight at the side faces, is
initially dried to mass equilibrium, and then dipped in water to wet the suction area. By
weighting the sample before and after the wetting in distinct time intervals, the amount of
water taken up can be found.

During the examination of several heavyweight clays uptake of water coefficients (w)
between 1,1 to 5,5 kg/m*h”* have been found [6]. The capillary water capacity (@) of these
clays was between 0,18 to 0,32 m’/nr.

Bentonite-sand mixtures and fat clays with a high content of swelling clay minerals have low
w-values, see fig D.4:2.

The experimental results concerning the investigations of the influence of the compression
on the capillary uptake of water are not clear. Considering fat and silty clays, the w-values for
stamped samples with a high raw density are lower than those of hand-made samples.

Sandy clay samples behave in the opposite way. Here the w-value of the stamped samples
— with a higher raw density as well — lies clearly higher than the values of the hand made
samples.

Obviously several phenomena overlap, such as the mineralogical composition and the pore
distribution. Uncompressed very sandy clay has such great pores that the capillary force is
substantially diminished.

Compared with other building materials with similar pore structure, the capillary uptake of
water is a very slow process. This reduced absorption rate is caused by the swelling
characteristic of the clay minerals and the associated sealing effect.

Stabilising building clays by adding about 2% cement alters the pore structure to such an
extent that the uptake-of-water coefficient increases up to 22,5 kg/m’h”, some 16 times higher
than for non-stabilised clays, and thus in parity with the absorption rate of a weak burned clay
brick.

The absorption rates of light-weight and heavy-weight clays are of the same order, see fig
D.4:2-3. In the region of low bulk densities < 500 kg/m’, a marked difference between straw
light-weight clays and mineral light-weight clays exists. For straw lightweight clays the
capillary absorption capacity of the plant fibres and the higher portion of capillary pores
become effective. The expanded clay aggregates, on the other hand, show a very high degree
of closed pores. Even more obvious is the difference of the water capacity.
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Clay sandy 1920 kg/m*
Clay sandy 2000 kg/m*

Clay silty 1900 kg/m?

B uptake of water coefficient w
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B water capacity [m®*/m?) x 10

Clay silty 1980 kg/m?

Clay fat 1940 kg/m?®

Clay fat 2050 kg/m?®
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Kaolinite/Sand
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Fig.D.4:2 Uptake-of-water coefficient and capillary water capacity of heavy-weight clays [6]
expanded clay light
weight clay
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550 kg/m® Duptake of water coefficient w
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B water capacity [m*/m?) x 10
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1100 kg/m?®
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450 kg(m®
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Fig.D.4:3 Uptake-of-water coefficient and capillary water capacity of light-weight clays [6]
D.4.6 Water vapour diffusion

Basis of the method is according to DIN 52615 [7].

The relative water vapour resistivity u represents the capability of a building material to
hinder diffusion of air humidity. The u-value is the ratio of the thickness of an air layer to the
thickness of a layer of the building material considered, both layers yielding the same water
vapour resistance. For air, by definition x4 = 1, and for solid materials u > 1, see table D.4:2.

There are two different methods to measure the relative water vapour resistivity: the wet
cup and the dry cup method. The results differ between the methods, see table D.4:3. For
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example, for heavyweight clay with the wet cup method the p values vary between 6 to 8,
whereas with the dry cup method the p values are higher, varying between 15 to 23.

Table D.4:2 Bulk density and relative water vapour resistivity according to [8]
Material Bulk density M- mean
[kg/m’] at 20°C / 60% RH

Heavy-weight clay 2000 10-11
Light-weight clay 1200 8-10

” 900 6-8

600 5-6
300 4-5
Brick 1100 4-6
Lime sandstone 1600 10-25
Gas concrete stones 400 3-5
Wood (spruce, fir) 450 - 500 20-40
Wood wool building slabs 350 - 500 2-5
Table D.4:3 Bulk density and relative water vapour resistivity according to [6]
Material Bulk density M- mean
[kg/m’] at 20°C / 60% RH
dry cup method

Heavy-weight clay, fat 2050 23,0

” 1960 19,5
Heavy-weight clay, silty 1980 15,5

” 1890 15,1
Heavy-weight clay, sandy 2060 22,5

” 1880 18,2

wet cup method

Heavy-weight clay, fat 2050 7,0

” 1960 6,8
Heavy-weight clay, silty 1980 6,0

” 1890 5,9
Heavy-weight clay, sandy 2060 7,5

” 1880 7,2
Expanded clay,
light-weight clay 650 6,8

” 800 8,1
Straw, light-weight clay 450 2,2

” 950 3.1

” 1250 44
Clay plaster, silty 9,8
Clay plaster, fat 8,0
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D.4.7 Uptake of water — hygroscopicity

Building clays have very favourable hygroscopic properties. They can exchange great amounts
of humidity with the environment and have better humidity regulating properties than all other
building materials.

To facilitate good interaction with water vapour, materials with poor hygroscopic or
diffusion hindering properties should be avoided, e.g. tight coatings.

Usually climatic conditions are not stationary, and then materials are not in equilibrium with
their environment. In this case, the limiting factor for the rate of vapour exchanged between
the environment and a hygroscopic component is normally the transport rate at the surface
rather than any interior gradient of the material moisture concentration.

To determine the equilibrium humidity, small samples should be put above saturated salt
solutions. The difference between the mass of the sample in equilibrium with the saturated salt
solution and the dry mass measured afterwards gives the moisture content.

The time dependency of water absorption is determined by measuring the mass increase as a
function of time of a sample, put in higher relative humidity after drying at about 50% RH.
Comparing unburned bricks with bricks of the same shape, the unburned material takes up
about 30 times the amount of water than the burned material in two days [9], rising the relative
humidity from 50% to 80 % (see also fig. D.4.4.).

Absorption and desorption take place first at the surface of the building component.
Subsequently deeper zones will be affected.

3
—&@—clay silty
_ 2,5 —3—clay fat
E 2 —aA—clay sandy /
"g /
£ 1,5
o
o / /./
g 'L —
3
0,5
0 t t |
20 34 58 81
relative air humidity [%]
Fig.D.4:4 Equilibrium humidity of heavy-weight clays [6]

Straw light-weight clay shows increasing equilibrium humidity with decreasing bulk density,
as can be seen in fig.D.4:5. This can be explained by the increasing straw content. Expanded
clay lightweight clay shows decreasing equilibrium humidity with decreasing bulk densities,
caused by the closed pores of the mineral aggregates.
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Fig.D.4:5 Equilibrium humidity of light-weight clays [6]
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The type of the clay minerals has also a great influence. Thus the equilibrium humidity of a
mixture of montmorillonite and illite (60% RH, 14,8 M% water content) lies by the factor 17
higher than the equilibrium humidity of kaolinite (60% RH, 0,8 M% water content) and
reaches nearly the same value as loose rye straw (60% RH, 12,8 M% water content) [9].

The absorption rate of all clay samples is greatest just after the change in air humidity and
decreases continuously. The water amount absorbed is approximately proportional to the

square root of the absorption time Vi

D.4.8 Shrinkage — drying

Corresponding to the uptake-of-water propensity of clays, during the drying of clay building
materials a corresponding shrinkage takes place. Fat clay with the same consistency as a lean
clay takes up more water because of its higher clay content.

In case of a very fast and intense drying, the shrinkage leads to tensions in the clay that
result in fissures and cracks. This fact has to be considered especially with clay rendering. Fat
and very fat clays with a high shrinkage potential are not suitable for rammed earth
constructions. To keep the shrinkage within limits, clays with a high portion of clay minerals
have to be shortened by aggregates.

Another possibility to prevent the disadvantage of the shrinkage is to work with small
prefabricated building units where the shrinkage has taken place before the construction.

The linear dry measure of shrinkage is determined with test samples (prisms) with a length
of at least 20 cm, starting with a water content near the rolling out limit.
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The dry measure of shrinkage results from the mean value of at least three test samples of
the same clay. This measure could also be used to classify building clays, confer table D.4:4.

Table D.4:4 Dry measure of shrinkage of clays [8]

Clay Dry measure of shrinkage
Lean <2%
Medium fat 2-4%
Fat 4 - 6%

Beside the dry measure of shrinkage also the time dependent change of drying is of great
importance. As can be seen in table D.4:5, usually 50% of the absorbed amount of water is
released again in the first five days. Only with bricks and vertical coring bricks this period is
exceeded considerably, somewhat with normal concrete. Further drying occurs only with
samples of aerated concrete and expanded clay lightweight clay in a comparable short period of
time. These samples dry completely in 28 days at the most. Heavyweight clays and straw
lightweight clays lose their rest humidity very slowly, so that the time to the complete dryness
reaches within 40-80 days. With brick samples, normal concrete and lime-sand stone the
drying curve is linear and flat after 2-5 days, and equilibrium humidity is not reached after 110
days. Wetting periods of one and 24 hours are distinguished only by the amount of loss of
water and not by the time factor.

Table D.4:5 Drying time at 23°C, 50% RH after one hour wetting [6]

Material Bulk density [kg/m’] Drying time [days]

Drying level 50% 100%
Clay stone 1900 3 60
Clay stone silty 1950 5 80
Straw light-weight clay 1200 4 60
Straw light-weight clay 550 2 40
Straw light-weight clay 450 3 40
Expanded clay, light-weight clay 750 4 28
Expanded clay, light-weight clay 700 3 28
Brick 1850 13 >110
Vertical coring brick 1200 14 90
Lime-sand brick 1800 5 >110
Aerated concrete Hebel 600 2 21
Aerated concrete Ytong 450 4 28
Normal concrete B25 2200 7 >110
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D.4.9 Heat conductivity and heat capacity

The heat conductivity A and the heat capacity ¢ are dependent on the dry-density p. Clay
without light aggregates shows good heat accumulation properties. The heat conductivity is in
this case relatively high. The heat resistance can be improved by adding lightweight
aggregates, lowering the A-value of clay from 0,9 down to 0,1. The heat capacity of massive
clay building parts is of the same magnitude as those of bricks and concrete (see table D.4:6).

Table D.4:6 The relation between the bulk density and the heat parameters of clays [9]; comparison to
other building materials [8]

Material p [kg/m®] A [W/mK] c [kJ/kgK]
Heavy-weight clay 2000 0,95 1,0
Light-weight clay 1200 0,47 1,0

” 900 0,26 1,1

600 0,15 1,2

” 300 0,09 1,3

Brick 1100 0,37 0,9
Insulating brick 1200 0,47 0,9
Lime-sand brick 1600 0,80 0,9
Gas-concrete stone 600 0,18 1,1
Wood (spruce, fir) 450-500 0,14 2,0-2,4
Wood-wool board 350-500 0,09 1,6

0 — bulk density, A — heat conductivity, ¢ — specific heat capacity
D.4.10 Thermal expansion

The temperature dependent changes in length are of importance in clay renderings. To avoid
damages the coefficients of expansion of the rendering and the support should be the same if
possible. For clay building parts and other materials the values in table D.4:7 were found
experimentally [9].

Table D.4:7 Thermal expansion coefficient for building materials
Material Thermal expansion
[mm/mK]
Heavy-weight clay 0,0043 - 0,0052
Clay masonry 0,0062
Lean clay mortar 0,007
Lime mortar 0,005
Cement mortar 0,01
Concrete, gas concrete 0,01
Lime-sand stone 0,007
Resin plaster 0,13-0,3
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D.4.11 Sound insulation

The sound insulation property of clay building materials depends on their dry-density (air-
borne sound) and their composition, especially their elastic additives (structure-borne or
impact sound), respectively.

Good air-borne sound insulation values have clays with a bulk density between 1000-2000
kg/m’. The impact sound insulation value of clay without any additions is much better than of
other harder building materials of the same bulk density, because of the elasticity of the clay
minerals.

D.4.12 Fire resistance

Clay is fire resistant even in the case of minor addition of plant fibres like straw as long as a
density of 1700 kg/m’ is not exceeded.

D.5 FIELD TESTS FOR BUILDING CLAYS

D.5.1 Appearance, smell

In principle building clay has to be free of humus, roots and other organic constituents. The
ionic balance of the clay minerals could be influenced negatively by processes of fermentation,
which develop from the decay of organic constituents.

The colour gives a hint on the kind of clay minerals. The smell, particularly when freshly
dug, helps to recognise organic compounds.

D.5.2 Sedimentation test

By shaking clay in a glass with much water (1:3), the gravel and the coarse sand fraction settle
down quickly at the bottom, while the silt- and clay particles need much more time. From the
thickness of the sedimentation layers the fine and coarse fraction of the clay can be estimated
roughly. Usually several layers are visible. The organic parts float at the water surface.

D.5.3 Nibble test

This is an easy way of assessing the presence of sand, silt or clay: take a pitch of earth and

chew it lightly between the teeth:

« Sandy soil: Hard sand particles feel disagreeably gritty between the teeth, even if the sand
is very fine.

«  Silty soil: The silt particles are much smaller than those of sand and although they still feel
gritty, the sensation is not disagreeable. Silt is a lot less gritty than sand.

« Clay soil: the clay particles are not at all gritty. On the contrary, clay feels smooth and
floury between the teeth. A small lump of dry earth containing a lot of clay will stick to the
tongue and be difficult to work free.
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D.5.4 Sticking test — rubbing and wash test

The clay sample is wetted with water and kneaded. Then the wetted clay is placed in the palm
of one’s hand and left to dry, after which the clay is scraped off. Depending on the behaviour
of the clay during this process, sandy, fat, or silty building clay may be distinguished.

If the clay only sticks somewhat to the hand (easy to get rid of the dried clay by slight
rubbing and the rest with a small amount of water), the clay has a high content of silt. If the
clay remains firmly attached to the hand (impossible to get rid of by rubbing and with water a
lot of time is needed), this clay has a high content of clay minerals.

D.5.5 Shaking test

Like the sticking test this test is used to distinguish between building clays that are sandy, silty
and fat in texture. The sample should be earth moist. The clay sample is shaken to and from in
the palm of the hand and pressed between the balls of the thumb. Depending on the
composition the surface of the clay thereafter looks more or less shiny. A dull surface is
characteristic of fat clay.

D.5.6 Kneading test / consistency test

This method is used to distinguish between fat, medium fat and lean building clays. The
sample, which should be earth moist, is kneaded and rolled on a porous support to a small
spindle of about 3 cm in diameter. By kneading and rolling over and over again, more and
more water is extracted from the sample. Eventually the clay spindle crumbles. At this state
the stiffness of the sample is proved by pressing together the sample between the fingers. The
greater the stiffness, the greater is the content of the clay fraction.

D.5.7 Ball test

This is another method to distinguish between fat, medium fat and lean building clays. The
sample should be plastic. A ball, about 5 cm in diameter, is formed and dried. The dry ball is
brought to fall down on a hard base from a height of about one meter. If the building clay is fat
the ball stays complete.

D.5.8 Cutting test

A clay ball made of wet building clay is cut with a knife in two parts. If the cross section

surface looks dull to moderate shiny the building clay is silty, while a very shiny surface
indicates a clay with a high content of clay minerals.
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D.5.9 Hydrochloric acid test

Lime containing clays usually have a whitish appearance, have a low tenacity and are for this
reasons unsuitable for clay constructions.

To determine the lime content, a droplet of 20% hydrochloric acid is placed on the sample.
The development of carbon dioxide leads to foaming and bubbling. If no foaming is visible the
lime content is lower than 1%. If weak and quickly decaying foaming is evident the lime
content is about 1-2%; whereas the lime content is 3-4%, if clear and lasting foaming is
present, and 5% with evidence of an intense and lengthy foaming action. Also, dark lime-free
clays rich in humus can show a carbon dioxide development.

D.6 REQUIREMENTS ON CLAY BUILDING TYPES

D.6.1 Construction with sun dried earth blocks, adobes

An adobe construction is a solid wall made by sun dried bricks or blocks of clay. The material
used is a medium fat to fat building clay with at most a small portion of light-weight
aggregates, by which high compressive strength and heat capacity are reached. The shape of
adobes is in principle free of choice. The form of the adobes has to be 3-5% greater than the
intended final size because of the great dry shrinkage.

There are three methods to produce sun dried earth blocks:

Adobes extruded:
This material stems usually from brickworks as the preliminary stage to the burned brick. Here
the plastic clay passes an extrusion press and is cut in blocks on leaving it.

The composition of the material and the manufacturing method are usually those chosen for
making a burned product and not an unburned adobe. However, when using such adobes for
an exterior wall caution is advised. To produce adobes by extrusion, manufacturing methods
that are specially designed for producing unburned adobes is instead recommended, e.g. no
compression in vacuum (a greater amount of pores which gives a stronger frost resistance and
a better heat insulation).

Adobes pressed:

This kind of clay building material is formed in small hand or motor operated presses using
earth moist clay as raw material. Gravels greater than 10 mm are sorted out. The building
stone produced in this way are nearly non-plastic and can immediately be stacked to dry out.

Adobes filled in forms:
The plastic building clay is put in a form manually and smoothened, and then immediately taken
out. The formed clay has to start drying before it is stacked to dry out completely.

The fat or medium fat building clay for the adobes is shortened with sand. Often organic
additions are added in small amounts (chopped straw, chaff, saw dust, etc.). An addition of a
greater amount of mineral or organic lightweight building materials leads to a lightweight
adobe that cannot be used for supporting constructions.
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Additives like cement or bitumen can be mixed in if an increased strength or reduced water
sensitivity is required. These measures alter as mentioned also other physical properties related
to construction, like heat and humidity transport, and therefore are not always advisable.

For hand made adobes the following specific requirements should be fulfilled [8]:

* Clays medium fat to fat

* No particles greater than 5 mm

» Test bricks of the desired size, prepared with the suitable mixture, should not warp after
drying or show shrinkage cracks greater than 50 mm and/or 3 mm width

+ Compressive strength not less than 2 N/mm’.

During manufacturing the produced adobes have to be controlled regularly.

D.6.2 Rammed earth construction

”Rammed earth” constructions are made by ramming clay into shuttering. The building clay
used for this work is normally rather lean and earth moist. With this construction type, large
building units could be build up which form a monolithic structure after drying, with a high
heat capacity and a sufficient compressive strength for supporting walls.

The natural occurring lean clay needs no shortening for rammed earth constructions.
Mineral additions are merely added to fat building clays or if the coarse grain fraction is
missing. Then the dry shrinkage rate is diminished to a tolerable amount and the stability of the
building unit is increased. Non-mineral additions are not tested in praxis of the rammed earth
constructions and are not recommended.

For rammed earth constructions the following specific requirements should be fulfilled [8]:

* Clays lean to medium fat

* Grading curve with a good mixture of different grain sizes until 1/8 of the wall thickness or
50 mm

* Prepared clay mixture earth moisturised

* Preparation of cubes of 20x20x20 cm’ of the specific mixture for testing (see below)

+ Minimum compressive strength 2 N/mm’; testing of the samples has to be in the direction of
ramming

» Shrinkage at drying not greater than 2%.

The clay building material has to be controlled regularly during the construction.
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D.6.3 Lightweight building clay as fillings

In this technique the lightweight clay is used as a non-supporting filling material. The loads
have to be born by an independent bearing structure.

Lightweight building clay is a mixture of clay and lightweight additions that lower the
density of the clay, improve the heat insulation properties and reduce the measure of shrinkage.
For this reason exterior walls made of lightweight clays could be erected without any
additional heat insulation. The rough surface of the dried clay mixture is a non-slipping
support, suitable for rendering.

As organic additions are suitable, e.g. straw, reed, wood chaff, wood-wool and cork-meal.
As mineral additions expanded clay, perlite and similar materials are possible. If straw is used
as addition, attention should be paid to the length of the straw that should correspond to the
width of the building unit. The straw should be stable and tear-resistant. The best choice is
rye and wheat straw.

For lightweight clay constructions the following requirements [8] should be fulfilled:

* The get a sufficient tenacity to bind all additives the clay has to be medium fat to fat

* Tenacity proved by hand tests

 Stability, drying behaviour, compressive strength and bulk density tested on suitable
specimens, corresponding to the intended construction unit

+ Bulk density below 400 kg/m’ is not recommended for construction technique reasons

« Compressive strength, not less than 0,5 N/mm’, proved by test samples

* Gravel and sand with grain sizes greater than 2 mm sorted out to get a low bulk density.

The clay portion of a lightweight clay mixture is governed by the tenacity and the bulk
density required, in its turn depending on the target value of the heat conductivity of the
construction.

D.6.4 Clay mortar and clay plaster

To get a mortar or a plaster the building clay is shortened with sand or other aggregates. Clay
plasters can be reinforced by suitable additions. For clay mortars and clay plasters the
following specific requirements should be fulfilled [8]:

* Fat or medium fat building clay

* Balanced grading curve, i.e. all grain sizes should be present; no grains greater than 5 mm.

* Not too fat mortar to get good working properties and to avoid shrinkage cracks; very lean
mixtures have low tenacity

* To examine the clay mortar or plaster, test mixtures should be applied to wall elements

* Clay mortars shall have a strong connection to the adobes

* Clay plasters have to be abrasive resistant, crack formation is not tolerable.

In addition a great number of possibilities exist to work with clay as a building material, not
presented in this paper. Please refer to the specialised literature [9, 10].

CIB W080 / RILEM 175-SLM 3-50



GUIDE AND BIBLIOGRAPHY TO SERVICE LIFE AND DURABILITY RESEARCH FOR
BUILDING MATERIALS AND COMPONENTS

D.7 IMPROVEMENT OF MATERIAL PROPERTIES

The improvements of the material properties of building clays are necessary only in special
cases. In many cases some clay properties can be improved by suitable additions and additives,
but possible, negative side effects has to be checked always.

D.7.1 Reduction of crack formation on drying

The formation of cracks during the drying of a clay plaster should not be accepted. The most
important factors in this respect are the water content, the grading curve, the clay content and
the type of clay used. Reducing the water content is the easiest way to reduce the tendency to
crack. Because there is a lower limit in the water content — the minimum processing water
content — other possibilities have to be considered.

A further possibility is the increase of the non-clay part, the shortening of the building clay.
The higher this content, the less is the shrinkage. Especially the addition of fibrous materials
leads to a reduction of the linear dry measure of shrinkage. The reason for this is the lower
clay content as well as the fibre property to fix a certain amount of the mixing water.

The addition of very small fibres increases the tensile strength of the clay in the plastic state.
The crack formation is reduced in general. The formation of large cracks is blocked at the
expense of the formation of more small cracks at the same place.

Constructive measures could be used all the time by choosing the right drying conditions for
the clay, e.g. to allow the raw adobes a slow and constant contraction. Raw adobes shall not be
put in the sun and have just very little contact to the support.

D.7.2 Improving the water resistance

Only clay building parts and clay plasters that are exposed immediately to weathering have to
be protected against the influence of water. In many cases a waterproof coating is enough. But
if the surface is damaged, especially with clay plasters, the water input leads to severe damage
by swelling and frost action. Waterproof clay building parts allow construction works in
humid environmental conditions.

A rule is that cement and bitumen are suitable for rather sandy building clays while lime is
suitable for a building clay rich in clay minerals. Furthermore, it is to consider that kaolinite
rich clays do not behave exactly as montmorillonite rich clays do.

According to [9], the additives for stabilisation enclose the constituents of a clay, thus
hindering the water to penetrate and consequently also the swelling and softening of the clay.
In addition to that, and for many centuries, animal products as blood, urine, excrement,
casein, bone glue and other stabilising additives have been used to increase the weather
resistance of a clay surface. If applied in the right manner, this effect is confirmed [9].
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D.7.3 Improving the tenacity

The higher the tenacity of a building clay, the greater is the compressive and abrasive strength
in the dry state. No special requirements concerning the tenacity are made on building clays.
If the tenacity is insufficient it can be raised by the addition of fat clay or pure clay minerals but
also by a better processing, e.g. by kneading and souring. Just a prolonged stirring and
kneading of a clay, say ten instead of one minute, leads to an improved tenacity by 50%.

Also the mineral, animal and plant additions, which were added to increase the weather
resistance, change the tenacity — in most cases positively, but in some cases negatively. The
suitability and necessity of such additions and additives have to be proved for every single case.

D.7.4 Improving the dry-compressive strength

The compressive strength of clay depends on the grading curve, the water content and the
static or dynamic compression during the processing of the clay building part, as well as on the
type of the clay minerals. If the sand has a grading curve corresponding to a highly dense
packing with a minimum of pore space, that is the clay and silt content is just enough to fill the
pore space between the sand grains, then the greatest density is reached which in most cases
coincides with the greatest compressive strength.

A higher compressive strength for adobes is needed only to increase the edge strength,
which is important looking to the transport, stacking and the walling up. Damages of the
edges of the adobes occur not so easy.

The optimum grading curve corresponds nearly the so called "Fuller-parabolic curves", as
used in the determination of the additions to concrete. They should be applied to clay only for
the grain fraction greater than 0,002 mm.

During the processing of building clay the hand-made adobes often have the same strength
as the ones compressed with mechanical presses, because the latter not always end up with the
best orientation of the clay particles.

When compressing clay, ramming by beating or vibrating is more effective than a static
pressure.

As for clay constructions in general, not the maximum dry-density and thus the optimum
water content according to the "Procter curve" but the processibility and the tenacity are
decisive. Therefore in most cases a higher amount of water should be used. For the
manufacturing of greater adobe blocks a value of the "best value" after the Procter test plus
10% has approved.

The kind of clay minerals has the effect that, e.g. for kaolinitic adobes, a higher compressive
pressure leads to a 50% higher compressive strength, while at the same conditions a
montmorillonitic clay result in a 100% increase. An addition of montmorillonite to lean clay
made its compressive strength higher. Also the mineral addition like lime and cement
mentioned above, which contribute to an increase in the water resistance, make the
compressive strength higher.
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D.7.5 Improving the abrasion resistance

The abrasive resistance of clay surfaces can be improved by many additives like sodium water
glass, bone glue, cottage cheese, lime, paraffin, floor polishing and linseed oil varnish.
Furthermore, after traditional recipes a clay floor can get a very durable, abrasive resistant
surface by painting it with bull’s blood, strew Fe,O; over it and hammer this cover in the clay.
In the past also other materials as tar and bull’s gall were used [9].

D.7.6 Increasing the heat insulation

The heat insulation properties of building clay are improved by addition of porous materials. In
use are plant parts as straw or coarse cork and natural and artificial expanded mineral products
as pumice, expanded clay, expanded glass, etc. The greater the amount of pores, the lighter
the mixture and the higher is the heat insulation effect.

It is much more difficult to build up a wall with a high insulation factor using straw light-
weight clay than with mineral products, because the plant parts have higher equilibrium
humidity content, and furthermore, they tend to mould. Good heat insulation and a high
material strength can only be reached by mineral products.

D.8 WEATHER PROTECTION OF CLAY SURFACES

D.8.1 Constructive measures

As being the most durable and difficult to subsequently modify, first of all and from the very
beginning constructive solutions should be sought before taking further measures against the
weather. To the constructive measures all constructional actions are counted which prevent
(rain)-water from reaching the external surface of a building, i.e. roof overhang.

D.8.2 Compacting the surface

By compacting and smoothing the surface it will be enriched by clay particles, leading to a
surface which is much more resistant to rain than otherwise.

D.8.3 Coatings

External coatings should be water repellent (see table D.8:1) and have an open porous
structure at the same time, i.e. the water vapour diffusion should scarcely be influenced. This
is required to facilitate moisture, soaked by the wall during driving rain, to escape outwards.

Appropriate products can be used but not in half-timbered houses, because compartment
fillings made of clay usually have a lime plaster.
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For internal walls any kind of coating could be used. Since building clay surfaces are very
absorptive, water-soluble colours stick especially good.

Many historic coatings are made at a lime base. This type can be used as pure lime coating
or together with casein, borax and other organic additives and shows good properties.

The common glue-water colours and limewater colours are suitable only for interior
surfaces.

Table D.8:1 Uptake of water coefficients w of clay plasters with surface treatment [9]
Coating Amount used [ g/m’]  w-value [kg/m®h*]
None 0 9,5

Boiled linseed oil 400 0,0
Lime-casein 1:1 420/350 0,6/1,5
Lime-casein 1:8 300/300 0,7
Silin-paint (van Baerle) 700/250/310 0,3
Hydrophobic (Herbol) 390/390 0,0
Baysoline LD (Bayer) 400/290 0,2

Syltrit (Metropark) 350/320 0,0

BS 15 (Wacker) 450/430 0,1
Steinfestiger H (Wacker) 290/290 0,0

D.8.4 Hydrophobing

Hydrophobing agents are colourless, in organic solvents or water dissolved products, which
penetrate a building material in the sense of an impregnation medium to give water-repellent
properties. The hydrophobing agents reduce strongly the capillary absorbency while the water
vapour diffusion is only slightly diminished. In most cases they are silanes, siloxanes and
siliconates. Hydrophobing agents in common organic solvents usually yield a good result with
a sufficient penetration depth. The penetration depth could be a problem with very fat clays.

The application of this product can be recommended only in very special cases, because
they do not allow capillary water transport. Like coatings they should not be used with half-
timbered houses. In addition hydrophobing agents are very expensive.

D.8.5 Plasters

For external plastering on unshielded windward sides no clay plaster but a lime plaster should
be used. It should be applied on a key reinforced with fibres (straw, etc.) [11]. Cement
plasters show usually a too high strength and are not suitable. Plasters should have a low
relative water vapour resistivity ¢ (see table D.8:3) to allow the possible entering moisture to
dry out. According to [12] plasters should be up to the standards as given in table D.8:2.

CIB W080 / RILEM 175-SLM 3-54



GUIDE AND BIBLIOGRAPHY TO SERVICE LIFE AND DURABILITY RESEARCH FOR
BUILDING MATERIALS AND COMPONENTS

Table D.8:2 Requirements of plasters on clay masonry [9]

Parameter Limit value

Consistency/slump 17£0,5cm

Water binding ability > 90%

Bonding strength S > 0,05 N/mm?

Relative water vapour resistivity y <12

Uptake of water coefficient w < 0,5 kg/m?h”

Compressive strength S, 3 -5 N/mm?

Tensile bending strength (g 1-1,5 N/mm?

Tensile strength £ > 0,5 N/mm? resp. according to the

E-modulus

Modulus of elasticity Eq,» < 8000 N/mm?

Shrinkage &; < 0,3 mm/m

Density <2,0 glem®
Table D.8:3 Relative water vapour resistivity 4 of lime plasters with additives [9] (plaster composition in

parts by volume)

Lime powder Trass Screed sand Skimmed cot- Boiled lin- Fatclay Cowdung p-value
tage cheese seed oil
1 3 11,2
1 3 10,8
1 6 0,5 6.2
1 15 0,5 3 9,7
1 3 0,05 15,2
1 3 0,25 0,05 28,5
1,5 10 2 6 8,0
D.8.6 Facing, cladding

In addition to coatings and plasters as weather protection for clay wall constructions, linings
and covers made of boards, shingles and faced masonry made of burned bricks are used. These
solutions are obvious when additional heat insulation is required.
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D.9 DURABILITY AND SERVICE LIFE

Clay and clay products for construction work are very sensitive to water, particularly running
water. For this reason all the measures which prevent direct contact of a clay construction to
water, as described in the previous chapters, are very important to prolong the service life and
to enlarge the durability of a clay construction. The service life of clay constructions can be
hundreds of years if carefully protected against the attack of water. All other environmental
attack is insignificant.

If clay constructions are maintained in the best way, the service life is of the same order
magnitude as for other inorganic building materials. In contrary to these building materials like
concrete, the strength and the durability against erosion and wetting increases with the age of
the clay building parts. Although no scientific investigations concerning this topic are available
at the moment, this statement is based on the observations of old clay building parts and the
reuse and use of earth stones tens of years old [13]. The assumption can be made that a
considerable after-strengthening occurs. Old clay stones show hardness and properties like a
fine conglomerate that could hardly be separated by tools.

The consolidation of clay parts under pressure (clay petrification) could explain the
existence of buildings like the clay pyramids, the Great wall if China and the Ziggurat of
Babylon, should not exist at all on the basis of strength calculations of single clay stones.

More research is needed in these fields to better understand the strength of clay building
materials and the development with time, to use this knowledge for construction purposes.
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E. Wood (K. Odeen)
E.1 PHYSICAL PROPERTIES
E.1.1 Main parts of the wood log

In a cut of'a wood log a number of main areas can be identified as shown in fig E.1:1. Inside
the bark is the cambium layer where the main growth takes place. The rest of the cross section
contains the sapwood and the central heartwood. In the very centre is the pith and sometimes
the so called juvenile wood.

Quter bark
Inner bark
+ Cambium
Sapwood
Pith
Core
Growth ring
Sapwood Pith ray

18

Fig E.1:1 Cross section and main parts of a log

The border between sapwood and heartwood can be clearly seen in some species, e.g.
Scotch pine, whereas it can hardly be visually identified in others, e.g. Norwegian spruce. The
sapwood contains both living and dead cells, and serves as nutriment store and for fluid
transport. The heartwood contains only dead cells and a lot of extractives and resins that
decrease the moisture absorption. This in turn influences many important properties, e.g.
moisture deformations and durability. In the figure can also be seen the pith radius through
which nutriment is transported in the radial direction.
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E.1.2 Sawn timber
After felling, the tree is cut into logs of suitable lengths and transported to a saw mill where it

is further fragmented. This process can be made according to different principles. A typical
cutting pattern is shown in fig E.1:2.

( 7
el 8 218 /el 8 | 8|S
<] = x i *lix < % X x
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2
19x100 v 25«\15
Fig E.1:2 Cutting pattern [1]

E.1.3 Drying

The sawn timber has high moisture content and must be dried before further use. The drying is
a very crucial process and there is a high risk of damages of various types, such as cracks and
deformations. Mostly timber is dried in industrial processes under controlled conditions. A
typical drying program for conifer wood (pine or spruce) takes 3 to 6 days depending on
dimensions. Drying of hardwood takes longer time. After drying, the wood is conditioned
under rain cover outdoor or in special chambers, allowing the moisture content to be equalised
and the stresses relaxed. This part of the process takes 2 to 3 days.

E.1.4 The wood structure

The wood structure varies significantly between wood species. In particular there are large
differences between softwood and hardwood.

E.1.4.1 Cell types
The following description refers to conifer wood. Softwood has a slightly different cell
structure.

E.1.4.1.1 Tracheids

Tracheids are dead cells and they form about 95% of the wood volume. They are shaped as
long tubes with closed ends. The length is 3-5 mm and the thickness 25-45 mm. The strength
of'the wood is basically constituted by the tracheids, which also are responsible for the water
transport in the tree.
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E.1.4.1.2 Parenchyma cells

The living cells in the wood are called parenchyma cells. They contain nutritient agents and
form 1-2% of the total volume. They are shorter and have thinner walls then the tracheids.

E.14.1.3 Resin ducts

The resin ducts are inter-cellular spaces surrounded by specialised parenchyma cells (epithelial
cells) producing resin.

E.1.4.14 Rays

The radial transport of water and nutritious substances goes from the periphery into the pith
via the rays. They are formed by both tracheids and parenchyma cells and may also contain
resin ducts. The cavities in the different cells are called lumen. An overview of the cell types
is given in fig E.1:3.

Fig E.1:3 Cell types in softwood: a) pine, earlywood; b) pine, latewood; ¢) Norwegian spruce,
earlywood; d) and e) ray tracheids, spruce and pine, respectively; and f) and g) parenchyma cells, spruce and
pine, respectively [2]

E.1.4.2 Pit system

The wood contains pits of different types. The two main types are simple pits and bordered
pits. Simple pits basically exist between parenchyma cells. They are covered by a partly
permeable membrane, formed by the middle lamella between the cells.

The bordered pits connect the tracheids and are a lot more complicated, both structural and
regarding their function. They are covered by a membrane containing a central, non-permeable
part (torus) attached to the surrounding cell wall with an open, fibrous structure (margo).
There are also combinations of the two basic pit types (half-bordered pits).

An overview of the pit types is given in fig E.1:4. In the status shown in the figure, the
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bordered pits are permeable (via margo) and water can be transported between the pits without
obstruction. When the wood is drying the capillary water meniscus will draw the torus
towards the pit wall and the pit is closed. In this position the torus is fixed by chemical bonds,
which makes the process irreversible. The mechanism is called aspiration. One effect is that
dried wood has other permeability properties then green wood. However, all bordered pits do
not aspire and there are large variations between species. For example, in sapwood of pinus
sylvestris a large amount of the bordered pits are not aspired, whereas in picea abies they are.
A practical effect of this is that it is a lot more difficult to impregnate the latter wood specie.

Profile of various types of pit pairs

A. Simple B. Bordered C. Half-bordered
Pit ou',ter
aperture Margo
Torus
Pit inner ; é
Y aperture Pit
Pit chamber
memb‘rane Pit canal
Secondary
wall
{ Middle
§ From Mark (1967 i lamella and
4 primary wall
FigE.14 Pit types
E.1.5 Wood properties
E.1.5.1 Density and porosity

The gross density of the wood can be expressed in different ways. As both mass and volume
depends on the moisture content, this must be mentioned together with the density. A
common method is to give the density at a moisture content of 12% by dry weight. The gross
density of Scandinavian species of softwood varies within a wide range both between trees and
within a single tree. Approximate values are 400-500 kg/m® for pinus sylvestris and 370-440
kg/m’ for picea abies.

The compact density for all wood species is approximately 1500 kg/m’. The density and its
variation has large impact on most properties relevant to, for example, the end-use. These are:
* strength
* modulus of elasticity
* moisture deformations
* cracking
* surface treatability
impregnatability
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E.1.5.2 Moisture properties
Wood is a highly hygroscopic material and most essential properties vary strongly with the
moisture content. Water may be bound in the cell walls, or appears as free water in the cell
cavities or as water vapour.

The moisture content is usually expressed relative the dry weight of the wood — the

moisture ratio. It can be determined directly by weighing and drying at 103-105°C or by some
indirect method. A well established method of this type is to measure the moisture dependent
electrical resistance between two nails driven into the wood.

The properties of wood are mainly influenced by the water bound in the cell walls up to the
so called fibre saturation point. For Scandinavian softwood this is in the region of 25-30%.

E.1.5.2.1 Moisture fixation

The relation between surrounding climate and moisture ratio at equilibrium is given by sorption

isotherms. A typical example is shown in fig E.1:5. The curves have been determined at 20°C.
The influence of the temperature may be significant.
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Fig E.1:5 Sorption curves for wood [3]

E.1.5.2.2  Moisture transport

The moisture is transported in wood both as liquid and as vapour (diffusion). The capillary
transport in liquid phase takes place in the cell cavities (lumen) and through the pits, whereas
the diffusion also penetrates the cell walls. The diffusion is a much slower process than the
capillary transport. It takes about one week for a 25 mm thick panel to reach equilibrium with
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the surrounding climate. The dependence on thickness is approximately quadratic so the
corresponding time for a 50 mm thick panel is one month.

The rate of capillary transport in the longitudinal direction is 10-20 times higher than in the
transverse direction. Therefore, it is very important that the ends of wood panels or other
components are protected from contact with liquid water by constructive measures or by
suitable treatment.

The moisture transport by diffusion can be characterised by the moisture diffusivity. It is
strongly dependent on the moisture content.

E.1.5.2.3 Moisture induced deformations

Above fibre saturation, hardly no deformations occur when the moisture content is changed.
However, below fibre saturation the wood swells and shrinks when the moisture content is
varied. The deformations are highly different in different directions. For Scandinavian
softwood the following deformations values for fibre saturated wood relative completely dried
wood are typical:

Direction %
Tangential 8,0
Radial 4,0
Longitudinal 0,3
Volume 12,0

The difference between the tangential and radial deformations causes a panel to deform
according to fig E.1:6 when its moisture ratio is changed.

AN

(CCCE

Fig E.1:6 Deformation of a panel during drying [1]
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E.1.5.3 Strength and elasticity

As wood is a highly anisotropic material, its strength and deformation properties vary
significantly in different directions. They are also influenced by test conditions, e.g.
temperature, moisture and rate of load application.

E.1.5.3.1 Stress — deformation curves

Typical stress — deformation curves for wood loaded parallel to the grains are shown in fig
E.1:7. It can be seen that the tension strength is roughly twice the strength at compression. At
tension the curve is nearly linear up to failure. At compression the curve shows a horizontal
part, where the deformation increases at constant stress. The reason is that the shear strength
is reached and there are formed two distinct parts and an inclined "slip surface" will develop,
see fig E.1:8.

Stress

- ]
Strain

Fig E.1:7 Stress — deformation curves for wood Fig E.1:8 Detail of compression failure in wood [1]

The strength varies strongly with the angle between the grain direction and load, the
strength perpendicular to the grains being only about 10% of the strength parallel to the grains.
In fig E.1:9 is shown typical curves for the strength of pinus sylvestris at different loading
modes as well as the influence of moisture ratio. It can be seen from the figure that the
strength decreases with increasing moisture ratio up to fibre saturation and then remains
constant.
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Fig E.1:9 Influence of the moisture ratio and load direction on the strength of wood [4]
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E.1.53.2  Modulus of elasticity (Young’s modulus)

The slope of the linear parts of the stress — deformation curves is approximately the same for
tension and compression that means that the modulii of elasticity are the same. For
Scandinavian softwood it is in the region 11-12 GPa parallel to the grains and 4,5-5,5 GPa at
perpendicular loading. It should be underlined that characteristic values of strength and
elasticity taking the statistical variations into account may be significantly lower than indicated
above.

E.1.54 Rheology (creep)

The creep deformations of wood must generally be taken into account. The visco-elastic
behaviour is important both for load-bearing structures and for the development of
deformations and cracks when the moisture content is changed. The creep number (creep
deformation vs. short time elastic deformation) after one year is of the order of magnitude of
1 -1,5 parallel to the grains and at constant moisture content.

The creep deformations increase with increasing moisture content. In special the increase is
dramatic when the moisture content is changed during the loading. One example of this is
shown in fig E.1:10. The lower curve is determined on test specimens at constant moisture
conditions, whereas the upper curves holds for test specimens where the moisture has been
chanced cyclically. It can be seen that the deformations in the latter cases are much higher than
when the moisture is constant. The phenomenon is explained by so-called mechano-sorption.
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Fig E.1:10 Creep deformations of wood at different moisture ratios [5]
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E.1.6 Internal factors of inherent solid wood properties

Wood is generally considered to be more resistant to deterioration by micro-organisms than
most other plant tissue. The natural resistance of wood to the biological agents is due to the
presence of toxic substances in the wood. Other reasons include that the woody cell wall
consists of highly complex, insoluble polymers of high molecular weight. These substances
must be depolymerised by enzymes, produced by the attacking organisms, into simpler
products that can be assimilated by them. The action of depolymerising enzymes is restricted
mainly to the non-crystalline region of the cellulose. As the cellulose in wood is more
crystalline than that of most other plant tissues, it provides greater resistance to fungal and
bacterial degradation. Higher moisture ratio is required to initiate deterioration in wood than
in other plant tissues. For instance, in cotton fibres, 10 percent is adequate to initiate
degradation by micro-organisms, while nearly no decay can be initiated in wood below the
fibre saturation point, i.e. 26 to 30 percent [6].

Besides the above mentioned characteristics with wood, many other inherent wood
properties have a close correlation with the durability of the material. Some of the important
properties are density, uniformity of growth rings, fibre length, percent of clear bole,
straightness of grain, proportion of heartwood, percentage of vessels (in hardwoods),
extractives, chemical composition, and presence of juvenile and reaction woods, etc.

E.1.7 Factors associated with wood growth characteristics

E.1.7.1 Density

Many heavy woods are highly durable. This fact may suggest that the wood density is often
used as a criterion of decay resistance. That this does not necessarily prevail all the time is
indicated by the fact that a number of light woods are among the most durable woods. On the
other hand, the heartwood of the relatively heavy woods, such as beech, oak, and maple, is
among the least decay-resistant woods. This is because there is no significant difference in the
decay resistance of the extractive-free wood substance, irrespective of the species. The
superior durability of some woods, including those of light density, is traceable directly to the
presence of toxic ingredients in sufficient quantities to inhibit deterioration. Unless the higher
durability is correlated with the greater accumulation of toxic substances, there is no
convincing and conclusive evidence that variations in density within species or a given tree
have much effect on wood durability.

Although wood density has no direct relationship with wood durability, in practice density
of wood is still used as one of prime determinants of wood quality (or durability). This is
understandably dependent upon the fact that the more dense a timber is, the more substance
there is present to be decayed, and for this reason it may endure longer than a more porous
one.

Forest growth rate can significantly affect density. This is particularly true for ring- and
semi-ring porous hardwoods that tend to show increased density and hardness with increased
growth rate. It is commonly believed that softwoods decrease in density with an increase in
growth rate despite some studies published reject this notion [7,8]. For hardwoods, regardless
of growth rate, the width of the earlywood portion of the ring tends to remain relatively
constant.
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E.1.7.2 Sapwood and heartwood

The sapwood of nearly all wood species is readily decayed by fungi, and it is only the
heartwood of the durable species that is resistant to decay. The susceptibility of sapwood to
deterioration by biological agents, besides the fact that it lacks extractives in sufficient quantity
or toxicity to inhibit the growth of micro-organisms, is also dependent on that the presence of
reserve foods in the parenchyma cells of sapwood may increase its susceptibility to decay, and
particularly to bacteria and staining fungi.

The greater durability of heartwood, in comparison with sapwood of the same species, is
attributable largely to the presence in the former of a wide variety of toxic extractives such as
essential oils, tannins, and phenolic substances. When these are present in sufficient amounts,
they prevent or at least considerably minimise the severity of the attack by destructive
organisms. This resistance ability of heartwood attributed to the presence of extractives toxic
to decay fungi, is often referred as the natural durability of wood. The effect of natural
durability on prolonging the service life of wood materials has been demonstrated
unequivocally.

Other factors that may explain the greater durability of heartwood includes its lower
moisture content, its lower diffusivity, and the blocking of cell cavities by gums, resins and
tyloses in the vessels, and tylosoids in the resin canals. Any of these might conceivably and
adversely affect the balance between air and water necessary for the growth of fungi.

It is very clear that as the heartwood is more durable, the proportion of heartwood being
important where wood materials are exposed outdoors. The lack of well-developed
heartwood, for example, in species such as walnut and cherry, would negatively affect the
durability. It is also fairly obvious that, even in a wood specie with relatively durable
heartwood, the service life of an untreated wood component is determined to relatively large
extent by the amount of sapwood present. The disintegration of the less-durable sapwood,
especially if it completely surrounds the heartwood, as in poles, may result in functional
failures, even though the heartwood remains unaffected. On the basis of many research studies
conducted in Sweden and other European countries, the commercially important Swedish
timber species for buildings, e. g. pine and spruce, belong to the classes of moderately resistant
and slightly or non-resistant species.

E.1.7.3 Lignification

Lignification was the important development in higher plant evolution that provided stiffness to
stem tissues, facilitating wood stem aerial growth and protection against destruction by micro-
organisms. Lignin type and amount have significant influence on the rate and types of decay
found in wood. Lignin contents often vary widely between wood species and within individual
portions of the same tree, rendering some portions of the wood, such as the primary cell wall
and middle lamella, more resistant to microbial attack. Hardwood lignin is composed of both
syringyl and guaiacyl lignin, whereas coniferous lignin only contains guaiacyl residues.
Hardwood lignin also differs from coniferous lignin in the types of linkages between the
phenyl-propane units.

Wood lignification creates a physical barrier to enzymatic attack on the polysaccharides.
Therefore only those organisms which possess enzymes capable of destroying the lignin, or at
least of altering its protective association with the polysaccharides, are capable of decaying
wood.
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Many studies have noted that the resistance of softwoods to soft-rot attack is decreased by
partial delignification [9]. Lignin type , content, and pattern of deposition appear to play
critical roles in the inception of soft-rot attack. Minor changes in lignin content can produce
large decreases in decay resistance. These effects suggest that the pattern of lignin deposition
in wood cell wall may be as critical as lignin type in determining natural decay resistance to
certain fungi.

E.1.74 Uniformity of growth rings

Uniformity of growth rate has an effect upon wood structure and density variation both within
and between growth rings. It is indicated that lack of uniformity represents one of the greatest
wood quality problems facing wood-using industries[10-12]. Wood characterised by
significant within-ring density variation (i.e. by bands of very dense latewood and alternate
zones of low-density earlywood) can present a problem when painted and exposed to the
elements. The paint film tends to flake off after a period of weathering. The very dense wood
shrinks and swells more than the low density wood, thus causing a relative movement between
the film and wood surface. Such wood is also difficult to machine to a smooth condition
because of the different hardness between early- and latewood bands. The uniformity of wood
structure both within and between growth rings is determined to a great extent by growth rate
and conditions under which growth occurs. Silvicultural treatments can affect the uniformity
as well as density of wood.

E.1.7.5 Straightness of grain

Grain orientation that is not parallel to the long axis of a stem often results in slope of grain in
manufactured products. This can drastically reduce strength. This kind of grain orientation
also adversely affects machining properties and the nature of moisture-induced dimensional
changes. Spiral grain and other kinds of non-normal grain orientation are thus to be avoided if
possible. A number of investigators have noted an apparent connection between development
of spiral grain and growth conditions. It appears that intensive culture practices, and irrigation
in particular, tend to reduce the occurrence of spiral grain [13].

E.1.7.6 Knots

From the standpoint of saw-timber and veneer production, size and frequency of knots is
perhaps the single most important aspect of wood quality. Knots greatly affect both
appearance and strength, and because of this their presence is a primary factor in determination
of'log and lumber grades. A number of silvicultural practices can influence knot development,
including spacing at time of planting, timing of thinning, treatments to accelerate rate of
growth, and pruning.

E.1.7.7 Occurrence of juvenile and reaction woods
Juvenile wood tends to be low in cellulose and high in lignin compared to mature wood.
Acceleration of growth early in a rotation increases the proportion of juvenile wood and tends
to cause a reduction in cellulose. Numerous investigations about the effect of growth rate on
mature wood have yielded conflicting results.

Acceleration of growth can affect the properties of juvenile wood in a stem. Proportion of
juvenile wood that develops in a stem is related to the growth rate at a young age. Stem
grown rapidly during the juvenile period will have a relatively high proportion of juvenile
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wood, as compared to those grown more slowly, early in the rotation period. Reaction wood
formation is also apparently affected by growth conditions.

E.1.7.8 Fibre length

Fibre length, like grain orientation, has an effect on wood strength properties. Numerous
experiments [14,15] have shown reduced fibre length in softwoods as a result of intensive
culture. In contrast, studies involving hardwoods almost invariably show longer fibre lengths
after growth stimulation [16,17]. While more information is needed, it is nevertheless clear
that fibre length is affected by forestry practices.

In both hardwoods and softwoods, rotation age and growth-accelerating treatments such as
fertilisation and irrigation have an effect upon average fibre length in a stem. Rotation age
affects fibre length for two reasons. First, juvenile wood near the core is made of shorter fibres
than those characterising subsequently formed wood.

E.1.7.9 Forest decline

Ecological problems, such as the genetic decline of the forest resources and the negative
impact of air pollution on soil and ground water, have damaged forestry and caused forest
decline. This tends to negatively influence the wood quality, and in the end the durability of
wood building materials. In an investigation comparing wood properties of healthy and
diseased trees from a same stand in Sweden, it was concluded that the sapwood percentage in
diseased trees was clearly smaller than in healthy ones, diseased trees had higher moisture
deficit in the inner sapwood, and discoloration on wood from the diseased trees started earlier
and more intensively [18]. It was also found that phenol compounds in outer heartwood of
diseased trees was higher than that in healthy trees. The phenol extractives are important.
They strongly influence the natural durability of wood materials.

One factor related to natural durability that has become very important is the decay resistant
of second-growth timber. Until recently, naturally durable species were primarily cut from old-
growth forests. However, these stocks are nearly depleted, and we now harvest many trees
from second-growth stands. Preliminary results suggest that the wood from these second-
growth trees lacks the natural durability found in the old-growth trees [19,20]. As timber
today is produced largely from managed, second-growth forest, it is necessary to change our
reliance on natural durable woods, or develop methods for encouraging the growth of these
woods at earlier stages within a rotation age. Increased attention should be paid to decay
resistance as an important property to be selected for and enhanced in tree-breeding process.
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E.2 CHEMICAL PROPERTIES

E.2.1 Chemical composition

Wood consists basically of carbon, oxygen and hydrogen. There are also small inorganic
content. These basic elements are combined into a number of organic polymers viz.:

e Cellulose
¢ Hemicellulose
e Lignin

These agents are formed in the photo-synthesis.

E.2.1.1 Cellulose

Cellulose is built up by glucose units (C¢H;20¢), Where n (the degree of polymerisation) is of
the order of magnitude of 30 000. The length of the longest cellulose molecules is about 10
mm. The diameter is less than 1 nm (10°m).

E.2.1.2 Hemicellulose

Also the hemicellulose is a polymer, however with a much lower degree of polymerisation than
cellulose. The number of units in the molecule is some hundreds. The polymer is ramified in
contrary to the molecules of the cellulose that are of the chain type.

E.2.1.3 Lignin

The lignin molecule is rather complicated and has a high molecule weight. The basic element is
of a phenol-propane type. The composition varies highly between species. In the wood
structure the lignin appears between the single cells as well as in the cell walls. It acts —
together with pectin — as adhesive between the cells and it is therefore of major importance for
the mechanical properties of the material.

E.2.1.4 Structure of the cells

The shape of the wood cells is complicated and rather fascinating. The cellulose molecules are
bundled into tube-shaped structures — microfibrils — where the single molecules are bound
together with hydrogen bonds. The cellulose molecules in the fibrils appear both as parallel,
almost crystalline and as unorganised amorphic parts. The structure is shown in fig E.2:1
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Acdapted lrom Esau (1965)

Fig E.2:1 Schematic structure of the microfibrils [21]

In the cell walls a number of parts can be seen, and a cross section of a mature wood cell is
shown in fig E.2:2. The primary wall is lignin-rich and reinforced by a net of randomly
oriented microfibrils. In the secondary wall the microfibrils are oriented in a direction that
varies during the formation of the cell. First the angle between the fibrils and the length axis is

50-700 (layer S;). Later the direction is changed to 10-30° (layer S,) and finally almost
perpendicular to the axis (layer S;). Therefore, the secondary cell wall has a very pronounced
spiral structure.

Léyering of a
mature cell wall
=

f Secondary wall

Primary wall (P)

Adapted trom C3u¢ (1967)

Fig E.2:2 The different parts of the cell wall [21]
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Wood has a low nitrogen content, ranging from 0,03 to 0,1 percent by weight, in contrast
to the herbaceous tissues that normally contain 1 to 5 percent. The low nitrogen content in
wood reduces its susceptibility to decay.

Acceleration of growth can affect chemical composition of a stem. Some studies suggest
that fertilisation using high-nitrogen-content fertilisers can adversely influence durability. In
theory, fertilisation should increase tree growth, producing a wider band of decay-susceptible
sapwood. Furthermore, higher nitrogen levels are often correlated with increased susceptibility
to fungal attack [22].

E.3 TYPICAL USAGE

Wood and wood based materials are used in a wide variety of applications in modern buildings.
It is found in load-bearing structures, lightweight partitions and facades with or without
surface treatment. It is highly appreciated by architects as a valuable material when creating an
attractive external and internal environment. It is also a dominant material for doors, window
frames, cabinets and kitchen furniture. Critical properties that sometimes restrict their use are
related to fire protection, biological attack and moisture-induced deformation checking and
cracking.

E.4 TYPICAL MICRO ENVIRONMENT AND LOADS

E.4.1 Durability

Wood forms part of the natural cycling and is influenced by biological and other processes,
deteriorating the material. This causes obvious problems and requires special measures in
buildings that normally are expected to have a significant service life.

E.4.2 Deterioration mechanisms

The dominating deterioration mechanisms for wood in buildings are biological, mainly rot fungi
of various types but also insects and sea organisms. Some observations of attack from bacteria
are also reported. Also UV-radiation affects the wood structure.

E4.2.1 Fungi

There are a large number of fungi that attack wood. They can be separated into two main
groups, staining fungi and decay fungi. They all need high moisture content (fibre saturation)
or higher and a suitable temperature. One consequence of this relationship is that if the
moisture content can be kept sufficiently low, no deterioration of this type will occur and,
accordingly, dry wood structures have demonstrated very high durability. Well known
examples are some Norwegian wooden churches which are about 1000 years old. On the
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other hand, if moisture and temperature conditions are favourable for the fungi, the
deterioration can be very fast (a few years).

E4.2.1.1 Staining fungi

Staining fungi as such are rather harmless. They do not attack the wood substance but is living
from nutrition agents solved in the cell lumen. However, the existence of stain is an indication
of high moisture content and that the conditions for development of the far more dangerous
decay fungi may be present. Important discoloration is caused by staining fungi of
Ascomycotina and Deuteromycotina that invade mainly parenchymatous cells in the sapwood,
and the discoloration result from the masses of pigmented hyphae in wood cells.

E.4.2.1.2 Decay fungi

The main types of decay fungi are brown rot, white rot and soft rot. In buildings, brown rot is
the far most common. The most important decay fungi causing brown rot are:

» Serpula lacrymans

» Coniophora puteana

* Paxillus panuoides

* Antroida sinuosa

* Lentinus lepideus

*  Gloeophyllum sepiarium

E.4.2.2 Insects and sea organisms
The most important insects attacking wood components in buildings are:

* Hylotrupes bajulus (Long-horned beetle)

*  Anobium punctatum  (Common furniture beetle)
* Callidium violaceum

» Camponotus spp (Carpenter ant)

e Termites

Termites exist approximately between the 50th latitudes (north and south) and can cause
very rapid and extensive damage to wood structures. In Europe their presence is to be
regarded in the Mediterranean area but generally not north of the Alps.

The wood destroying sea organisms require high salt content (above about 3%) and is
therefore not a problem e.g. in the Baltic Sea. The most well known organisms of this type is
Teredo navalis.
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E.S TYPICAL DEGRADATION AND FAILURE MODES

E.5.1 Variations in durability within and between trees

Wood is a highly anisotropic material. There are many variations in the natural durability
within and between wood species.

E.5.1.1 Variations within individual trees

The decay resistance of heartwood generally tends to be at maximum in the outer heartwood
and decreases inward to the pith [23,24]. This pattern is particularly marked in the butt log of
the tree in natural durable softwoods and in hardwoods of both temperate and tropical regions,
with heartwood that is resistant to deterioration. The variation in durability of heartwood in
the radial direction is due to the kind and concentration of toxic chemical constituents of
heartwood [25]. That any appreciable difference in durability of heartwood exists in the same
growth increment of the tree, as determined at different height of the stem, is fragmentary and
inconclusive. Reduction in durability of heartwood within the same increment with increased
distance from the base of the tree has been reported [24,25].

E.5.1.2 Variations between trees

The natural durability of the wood of individual trees of the same species may vary within wide
limits. Such variability is thought to be largely genetically controlled, although tree vigour and
the fertility of the soil on which the trees are grown are known to influence fungal resistance of
the heartwood. In addition, size and age of trees also have some effect.

E.5.2 External factors associated with environment in service

The external factors, in contrary to the internal factors that are associated with various wood
properties, are related to the environmental conditions in service, which the wood materials are
subjected to. When wood is exposed outdoors, it undergoes two kinds of deteriorating
processes: (1) natural weathering or ageing process, which is caused by a complex combination
of chemical, mechanical, and photo energy factors; and (2) decay and discoloration process,
which results from decaying and discolouring micro-organisms acting in the presence of excess
moisture for a relatively extended period of time.

As wood exposed outdoors mainly experiences the two degradation processes, the external
factors can, accordingly, be further divided into two kinds of degrading agents, e.g. factors
associated with the natural ageing process and micro-organisms, respectively.

Besides internal factors (the natural durability of wood derived from distribution and
quantity of extractives, and wood properties such as moisture content, density, texture, resin
content, width and orientation of growth ring, etc. as discussed previously) and the external
factors (the natural ageing process and biological decay attack), the service life of wood
building components exposed outdoors is also dependent on many other contributing factors.
These factors include the property of finishes used, application techniques, building design,
pretreatments, and maintenance. The influencing factors and degrading effects are summarised
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in fig E.5:1. As the attention here is focused on the durability evaluation of wood materials,
other influence factors on wood materials used in outdoors buildings associated with
architectural design, maintenance, and protective coatings are excluded in this discussion.
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Fig E.5:1 The stressing and influencing factors for wood in buildings
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E.5.2.1 Ageing process and its effect

Like all other building materials, when wood is unprotected by finishes and exposed outdoors,
a slow chemical and physical disintegration occurs near the surface. The colour of the wood
turns to grey and silver, the cells at the surface are roughening and slowly broken down, and
the wood surface is gradually eroded. This degradation is commonly termed as natural ageing
or weathering process of wood. The ageing process and its effect on wood is schematically
shown in fig E.5:2.
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FigE.5.2 Weathering and ageing process of wood exposed outdoors

The major deterioration mechanism associated with the natural ageing process is
photochemical degradation (UV-light) to wood cell-wall constituents, photo-oxidation of the
breakdown substances, leaching of the soluble decomposition products, and related mechanical
damage of surface elements from the constant swelling and shrinking of the wood associated
with surface wetting and drying.

Wood ageing is a complicated natural process and its mechanism is not fully understood.
Wood ageing results from a series of combined factors. The initial colour change is the result
of lignin and extractive photochemical decomposition, forming free radicals, which lead to
further decomposition of the structural carbohydrates and oxidation of phenolic compounds.
Light usually does not penetrate wood more than 200 pm in depth. The natural degradation
reactions, therefore, are surface phenomena. Xylans are decomposed and leached more readily
than cellulose or glucan-rich hemicelluloses. Continual wetting and drying of wood surface
with its concomitant swelling and shrinking, lead to surface checking and erosion. These
ageing losses are negligible over the service life of most wood assemblies. However, they may
become significant for long-term uses of wood materials in outdoor applications [26].

E.5.2.2 Decaying and discolouring organisms and their effects

Many changes in other physical and chemical properties are caused by decaying organisms.
These changes range from drastic effects on wood to subtle modifications in properties such as
density, and hygroscopicity, electrical conductivity, acoustics, calorific values and dimensions.
These changes and their rates of development in wood building materials vary with wood
species, the environmental conditions and the organisms involved. It is important to remember
that changes in one property are invariably associated with changes in other properties. For
example, a loss in wood weight decrease its strength properties. Some subtle changes in
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properties such as moisture permeability may increased decay susceptibility and set the stage
for further colonisation of other more destructive agents of decay.

Strength and volume reduction are the principal losses associated with decay. Drastic
strength losses occur in the incipient decay. At high-stress utilisation of wood, such as in
outdoor applications, failure to detect early decay can lead to serious losses. Drastic
alternation in dimensions and chemical and physical changes of wood adversely affect many
properties, including decreased volume and mass resulting in dimensional collapse of
supporting timbers or reductions in many strength properties, increased permeability to liquids,
aesthetic losses due to abnormal colours, rough textures or pulled fibres.

E.5.3.3 Protection of wood by chemicals

When the conditions do not ensure that the moisture content can be kept below critical values —
by design or surface protection — a chemical treatment with fungicides can be applied. This
treatment can be performed in different ways depending on the situation and the required level of
protection. The most efficient method is to get the fungicide agent into the wood structure by
an industrial vacuum/overpressure technique. There are a large variety of agents and processes
for this purpose. Environmental concerns have led to restrictions on certain agents and there are
on going and extensive R&D activities to develop new agents, tailor-made to specific
applications and with an acceptable impact on the environment.

It is common to distinguish between pressure and vacuum impregnation depending on the
type of industrial process. At pressure impregnation water based agents based on salts of
chromium, copper and/or arsenic are used which give the wood a characteristic green colour.
Vacuum impregnation is normally made with uncoloured agents solved in white spirit. It is
solely used for joineries such us windows, doors and outdoor furniture.

E.6 DEGRADATION MONITORING METHODS

E.6.1 Evaluating weathering resistance

When discussing the durability evaluation in the present chapter, both deteriorating factors
associated with ageing process and micro-organisms should be considered in accordance with
the author's definition of durability of wood building material. There is no apparent standard
method for evaluating the ageing resistance of wood building material. For the evaluation of
natural resistance ability to micro-organisms, many standard laboratory test methods have been
developed, for instance, ASTM D 2017-81(1986).

E.6.2 Evaluating natural durability
For wood building materials exposed outdoors and above-ground, the most important property
which largely determines its performance is its resistance to microbial attack. This resistance

ability for untreated wood materials is principally dependant on the natural durability of wood
material itself.
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In general, natural durability has been evaluated by exposing wood samples to the decay
agents for various periods and rating the resultant degree of degradation. These tests are
sometimes supplemented by extracting the wood and evaluating the toxicity of various
fractions against specific organisms. Field trials of natural durability were prevalent beginning
in the 1920s, as scientists began to evaluate the properties of many wood species [27,28].
These tests reflected a desire to identify wood with properties similar to existing natural
durable species. In USA the toxic nature of heartwood extractives was first established and
posed as the reason for decay resistance [29].

Laboratory assay to evaluate natural durability began in the 1940s in an attempt to further
explain the durability and identify the toxic compounds [30-35]. In most cases, water, ethanol,
or other solvents were used to remove extractives from the wood. These extractives were then
tested for activity against a variety of decay and non-decay fungi. In addition, these extracts
were often tested for activity against common wood-destroying insects [36]. Most tests were
performed in petri dishes or decay chambers using nutrient agar. Although such tests provide a
relative guide to chemical toxicity they cannot evaluate more subtle effects such as variation in
deposition of extractives in the wood or interactions between different extractives that must
also play roles in natural wood durability.

Much of the laboratory research was performed to identify chemicals that could be
synthesised as natural preservatives under the premise that such chemicals would be inherently
safer and more effective than other biocides. In fact, many of the chemicals responsible for
natural durability are as toxic or more toxic than existing wood preservatives. The major
advantages of employing naturally durable woods over artificial wood preservatives is the
elimination of the need for treating facilities to deliver chemical into the wood. Natural
durability, however, can never completely replace the need for wood pressure-treated with
chemicals, since some hazards, such as outdoor exposure, are too severe for adequate
performance of even the best naturally durable wood species [37].

Improved chemical assay methods, using such techniques as radioisotope labelling, C"
nuclear magnetic resonance (NMR) spectroscopy and ion magnetic spectroscopy, have
enhanced the study of natural durability, but methods for studying in situ deposition of toxic
extractives are still lacking. The use of tissue-culture techniques may improve our knowledge
of synthesis of heartwood extractives, but it will be difficult to study subsequent deposition
processes using these methods. Developing an improved understanding of the nature and
distribution of extractives related to durability could be especially useful for identifying new
approaches to depositing chemicals in wood and protecting it. This approach is particularly
interesting because of evidence that the decay-resisting extractives in some very durable woods
are distributed in the wood in a manner more resistant to leaching than fungicides that are
applied artificially.

However, as concerns about the use of artificial wood preservatives increase, we may come
to depend increasingly on natural durability for wood used in some locations, such as outdoor
exposure, even under higher decay hazards. This increased demand comes at a time when
supplies of durable species are declining and when concerns are being raised about decreased
durability of second-growth timber. These trends suggest that renewed efforts must be made
to identify methods for improving the genetic capabilities to produce durable heartwood and
develop silvicultural practices that favour maximum production of this wood in the shortest
period.
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E.6.2.1 The British standard BS 1982
One of most widely accepted and used standards for evaluating natural durability of wood is
the BSI standard (1980:1990, part O, part 1, part 2, and part 3) "Fungal resistance of panel
products made of or containing materials of organic origin", which specifies a common soil or
agar/block test. This test is often not suitable for some types of wood panel products, e.g.
wood-based board. The method in part 2 involves small stakes partially buried vertically in
non-sterile soil. The moisture gradient that occurs in these stakes allows the test fungi to
attack in the area of most suitable moisture content. It is well known that some chemical
constituents provide temporary protection against wood decay fungi. This protection is
eventually lost in service. The ageing effects on wood durability and the relation between
ageing of wood and fungal susceptibility of wood material is not considered in the standard. It
is essential that ageing effects on durability should be included in the durability evaluation.

The test samples are usually small blocks. Comparison of test results from small block with
that from larger full-size products in practice can be difficult to be used as indication of relative
performance of the wood materials in service.

E.6.2.2 The American standard ASTM D 2017-81(1986)

The American standard for evaluation natural decay resistance is ASTM D 2017-81(1986):
"Method of accelerated laboratory test of natural decay resistance of wood". This method is
similar to the BSI standard and has almost the same limitations. None of the methods is
specially designed for testing of wood materials exposed outdoors and above-ground. It is not
suitable to use this method to assess the combined effects of ageing in service conditions and
the decay fungi on the durability. The methods are also too simple to evaluate the multiple
actors and their inter-reactions on the durability. They are mainly designed to clarify effects of
one or two detrimental factors.
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A I ntroduction

Al GENERAL

In the developed countries, the building stock and infrastructure constitute more than 50 % of
each country’sreal capital. The built environment is currently in a deteriorating state. After
the “build and let decay” age during the last 30 years, the concern is not only the
environmental impact on the cultural heritage. Generally, the damages to building materials
and constructions have become an enormous economic, cultura and environmental problem.

The wasteful consumption of energy and materials linked to the degrading built
environment makes this a major environmental problem in the context of sustainable
development.

To safeguard our built environment, action is urgently needed, seefig A.1:1. Inprinciple,
there are two possibilities — and both should be pursued in parallel. Firstly, the society should
try to improve the exposure environment surrounding the materials, and secondly, better
products, processes, methods and standards should be developed. Thefirst action is being
pursued by the environmental research area via cost-benefit analysis of degradation of
materials and buildings, while the second issue is the concern of many R& D and
standardisation programmes around the world [1-4].

An international standard for estimation and prediction of service life of building
materials/’components and buildingsis currently in the process of being elaborated within
| SO/TC59/SC14, previoudly 1SO/TC59/SC3/WG9 [5-6]. This group was set up from the joint
initiative for standardisation of service life methodologies by the EUREKA umbrella project
EUROCARE and CIB/RILEM, towards CEC and CEN in 1991. The work is based upon the
generic RILEM recommendation for prediction of service life [7]. In Europe, the entry into
force of the Construction Products Directive (CPD) also creates an urgent and increased need
for standards addressing the issue of durability [8].

The service life prediction models for building materials and components are based upon
knowledge of degradation mechanisms and dose-response functions. For industry to respond
to the standards and requirements, a lot of data and knowledge in thisfield need to be
compiled or generated. Asshown in the following, much of these data could be provided for
through extensive co-operation with the meteorological and environmental research
community.

! Currently, Adjunct Professor, University of Gavle, Gavle, Sweden
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FigA.1:1 The two principal actions for improving the durability of the built environment
A.2 AIM, SCOPE AND SUMMARY OF PART I1

Theaimis*“to present state of the art and research needs regarding characterisation of
degradation environment, including methods and equipment for micro climate monitoring”.

The scopeis “to identify methods for measuring and characterising these primary
environmental factors, to demonstrate how these measurements can be related to laboratory
measurements, and identify areas in which standards are necessary to improve the precision
and accuracy of these measurements’.

Characterisation of environmental degradation factors should be linked to the knowledge
of degradation mechanisms and dose-response functions. Therefore the knowledgebase of
such functions will also be reviewed.

Further it will be discussed what measuring methods and data that are available for
characterising the ambient exposure environment, and how these data can be classified.
Focus will then be put on micro environmental measurements and data, the lack of which are
one of the main barriers for reliable service life predictions of building materials and
components.

Section B introduces an overview of the content of thispart. A generic model for degradation
of materials and the important concepts of dose-response, damage and performance-over-
time functions, and their relationship are presented. Dose-response functions transfer to
damage functions when the performance requirements or limit states for allowable
degradation areimplied. The establishment of the limit state is complicated and should
involve consideration of technical, economic and environmental aspects.

Levels of geographical scale are defined, and the requirements for characterisation,
classification and mapping of environmental degradation factors are described. The
importance of exploitation of information technology in building assessment is emphasi sed.

In order to be able to characterise and report the right type and form of the environmental
degradation factors, they have to be related to the degradation mechanism and dose-response
functions for the specific materialsin question.
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Section C isareview of recommended dose-response functions produced in important
environmental field studies during the last three decades. These are:

1. NAPAP Lipfert study, who composed a data base of atmospheric corrosion test results
for metals, together with environmental variables published from eight test programmes
at up to 72 test Sitesin many countries[9];

2. Kuceraet al. established dose-response functions for carbon steel and zinc via exposure
at 32 test sitesin Scandinavia[10];

3. Feliu and Morcillo in Spain surveyed and compared data from 250 test sitesin 28
countriesin many parts of the world, and devel oped dose-response functions for carbon
steel, zinc and copper [11]; and

4. The UN ECE ICP on materials, who is evaluating the effect of airborne acidifying
pollutants on corrosion of materials, involving exposure at 39 test sitesin 12 European
countries and in the United States and Canada [12].

Section D provides basic characterisation of the principal agents that affect the durability of
building materials, and some knowledge on the degradation mechanism. It followsthe
characterization in standard SO 6241-1984 (E) [13] of agents relevant to building
performance and requirements. The degradation factors are classified according to their
nature as mechanical, electromagnetic, thermal, chemical and biological agents, and to their
origin (external to the building: atmosphere and ground - internal to the building: occupancy
and design consequences), and not to the nature of their action on the buildings or
components. In this part an overal emphasisis on the outdoor atmospheric exposure
environment.

Thereisaclear lack of data on quantitative characterisation of degradation factorsin their
relevant type and form, and in geographical resolution. It will require much more research on
guantitative damage functions, also incorporating the relevant degradation mechanisms, for
the right characteristics to be provided. Another problem is the identification of the right
performance characteristics or degradation indicators. Although quite afew good examples
on the right approach are shown [14-16] and a whole ot of good studies on dose-response
functions exist from the environmental research area, it isaclear lack of relevant functions.
Thislack of systematic approach isamajor barrier for further progressin the area.

Section E contains an overview of international programmes for measuring, modelling and
mapping environmental degradation factorsin the environmental research area of air quality.
Point measurements are very expensive, and for a broader assessment of air quality, required
for policy development and assessment, public information etc., measured data need to be
combined with modelling based on emission inventories. Thiswould allow proper
assessment of exposure, and of the effects of the pollution on public health and on other
receptors, such as buildings. In the context of assessing building performance, a huge bulk of
data on global, continental (macro) and national (meso) levelsistherefore available for
exploitation. In order the UN Global Environment Monitoring System (GEMS/AIR), the
Transboundary UN EC EMEP Programme [17] and the tasks organised under the European
Environmental Agency in Copenhagen are described, and some data are given.
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The European policies and directives on air quality monitoring, including a status of the
European Air Quality Monitoring Networks and the European Environment Agency, is given.
On the regional scale about 750 sites are in operation totally in Europe, with very extensive
monitoring of sulphur and nitrogen compoundsin air and deposition, while ozone data are
available from about 500 monitoring sites in 14 member states.

On the local urban scale, monitoring is carried out at a very large number of sitesin
Europe, totally close to 5000 sites, where compounds of the EU directives (SO,, particles,
NO,, ozone, lead) are extensively covered. The extensive reporting of events of exceeding
threshold values should be of extreme importance also for the building society, when
threshold values for damage to building materials could be established.

Further on, the section contains overviews of 1SO standards for air quality and of
measuring devices for continuous monitoring of emissions and ambient air quality.

Fully integrated information and management systems for air quality are now rapidly
entering the market, and one such system is described. The system also contains effect
modules alowing for assessment of damages due to population and building exposure, and for
evaluation of recommended abatement strategies. A module for modelling and calculating
buildings degradation, service lives and maintenance costs has been developed and used.

Section F describes the principle in the classification and mapping of environmental
degradation factors and corrosivity. Classification as described in the international standards
| SO 9223-26 “Classification of atmospheric corrosivity for metals’ [18] employs two
approaches:. classification in terms of the corrosion determining environmental parameters;
and classification based on corrosion rate measurements of standard samples exposed in the
environment concerned. In thisreport emphasisis put on thefirst approach. These ISO
standards have improved maintenance as their prime objective, and represent a huge step
forward as they for thefirst timein this context describe a system for quantitative
characterisation and classification of the important environmental degradation factors. These
standard approaches can aso be used for other types of materials, and such standards are
beginning to emerge.

Examples of mapping are given according to the service life (and 1SO 9223-26 [18])
approach from Japan, UK, Spain, US and the worldwide ISO CORRAG programme.

In the recent years the environmental concern and the strive for sustainable development
have aso generated a need for mapping the corrosivity of the exposure environment, in order
to provide input to environmental regulations. Thisis done both by using corrosivity
mapping for proper cost-benefit analysis of building degradation, and now also mapping
according to the critical-load/level approach being used in environmental research.

The mapping procedure developed in UN ECE [17] and the interesting, related
Environmental Assessment Level approach in UK are described, and examples of
implementation of these approaches are given for the urban area of Oslo and for UK,
respectively.

The mapping of dose-response functions and acceptable corrosion rates would be of
extreme value for the building society. Such maps can easily be transformed into maps for
service life and maintenance intervals, if the performance requirement is defined for the
material in question. Input from the building society in this context is a necessity, and could
then serve as atool for maintenance planning for individual users etc. These maps would
therefore be most important for the standardisation work going on within CEN and
| SO/TC59/SC14 Design life of buildings. In that respect the question of transformation and
validation of the dose-response and damage functions to the microenvironment on the
building surface has to be addressed.
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Section G overviews some of the monitoring systems available for measurement of important
degradation factors in the microenvironment on buildings. Multi-sampling instruments with
automatic data handling presentation tools are now available for temperature, wetness and
UV, and passive samplers for gases and particles dso exist. Other methods are certainly
available around the world. Examples of results and use are given for methods described.

The air quality and exposure of buildings can aso be modelled by available dispersion
models for roads and street canyons. In the environmental research, traffic planners often
require practical tools for studying the effect of abatement strategies on air quality in streets
where people are exposed. A PC-based model exists that calculates total emissions,
concentrations along each road segment and the air pollution exposure of the population and
buildings along each road.

Section H lists the proposed needs for R& D and standardisation concerning the issue of
characterisation of environmental degradation factors, as follows:

1. Thereisalack of systematic knowledge of the right type and form of degradation
factorsto be characterised. In order to produce this knowledge, extensive service life
research based on damage functions approach has to be carried out. It should involve
models for degradation mechanisms and should be tested out in well-monitored
relatively short exposure programmes in field and in laboratory.

2. Damage function based research and proper characterisation of degradation factors both
in field and laboratory is one absolute criterion for relevant coupling of field and
laboratory tests.

3. Some methods for automatic and continuous monitoring of important degradation
factors in the microenvironment on buildings exist, but testing and further development
of methods are strongly needed.

4. Quite afew dose-response functions exist today after extensive research in the
environmental research area. However, these functions have to be tested and validated
in the microenvironment on buildings. Measuring and modelling methods for micro
environmental loading and materials degradation have to be developed and extensive
measurements carried out.

5. The dose-response functions produced so far often stems from the environmental
research area. They are therefore limited in terms of choice of degradation indicators.
In addition, they do not contain identified limit states, and are therefore not damage or
service life functions.

6. Interdisciplinary co-operation between the building and environmental research
community isamust.
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B Servicelife prediction concept — need of data

B.1 MODEL FOR DEGRADATION

With reference to the “ definition” and “preparation” stepsin the generic servicelife
methodology [6-7], data are needed on the (see fig B.1:1):

+  Performance-over-time functions for materials and products;

+ Dose-response or damage functions for materias; and

« Degradation agents at a macro-, meso- and microenvironment level.

A

measured values

Performance characteristic

Time

FigB.1:1 Performance over time functions

Materials degradation and loss of characteristic properties, as described by performance-
over-time functions (fig B.1:1), are in most cases due to chemical or physical deterioration or
corrosion. The corrosion can be expressed by a mathematical model consisting of a power
function of degradation factors and elapsed time:

M = atb (1)

where:

M corrosion at timet

a rate constant, which is afunction of the deposition of pollutants or other degradation
agents to the surface

b power exponent governed by diffusion processes, where b = % for the case of

corrosion products forming a protective layer through which fresh reactants must
diffuse (fig B.1:2)
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In the present context eg. (1) will be defined as a dose-response function, aiming to
describe the physico/chemical relationship between material degradation and degradation
factors of the exposure environment. Thisterminology is not in accordance to astrict
definition of dosage [19], but the term is already established in the environmental research
area, where the generic eg. (1) has been used to analyse and reconcile a great number of so-
called dose-response functions. In the environmental area a huge amount of studies have been
performed aiming to find the corrosive effect of air pollutants and to establish the relationship
between materials decay and the environmental degradation factors. Although generating a
lot of useful data and knowledge about the effects, the studies lack a homogeneous approach
in terms of measurements, time frames and data-analytical procedures. A survey of many of
these studies and their reconciling is given in section C.

Ex_posure Physico- Dose-
environment chemical
(dose) mechanism response

deposition [ f“ljlnfgczllf

Corrosion

product

Material
(Response)

FigB.1:2 Degradation model

After having generated experimental data from long-term and/or short-term tests [20], the
dose-response functions can be elaborated by regression analysis. This can be done smply by
screening the best fitting function, or, even better, adopting the regression analysis to the best
available model for the degradation mechanism. Examples of both approaches are shown in
section C.

The dose-response functions are not directly suitable for service life assessments. To
transform the degradation into service life terms, performance requirements or limit states for
allowable degradation before maintenance or complete renewal of material or component,
have to be decided. The dose-response function then transforms into a damage function,
which is also a performance over time function, and a service life assessment can be made.

The establishment of the limit state is complicated, and can be discussed both from a
technical, economic and environmental point of view. Within the building society, the first
two aspects have so far been dominating [8,13]. However, within the environmental areathe
discussion has started on fixation of the limit state from a*“ sustainable requirement” point of
view [21], see section F. A convergence of these requirements would have great interest and
impact in the building sector.

A major barrier for further progress concerning the durability and service life aspects
within the building community is the lack of knowledge and implementation of the damage
function approach. This approach isthe basisfor the level of knowledge in, for instance,
high-tech industries and in the medical, biologica and agricultural community [16]. Until
this approach is taken serioudly and adopted by the building community on a broad scale, no
substantial improvementsin the field of durability of building materials and components can
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be anticipated. The lack of this systematic approach has become quite evident during the
preparation of this part.

The mathematical dose-response function approach has been used, eqg. (1), and developed
into a cumulative damage model as a computer software application [15]. It was feasible to
use the right type and form of the environmental degradation factors, and therefore also to
predict and compare degradation rates from long term field exposure and laboratory
exposures. These results are convincing and very promising.

The same approach is advocated in [ 16] where methodologies for predicting the service
lives of coating systems are discussed and proposed. A set of criteria for assessing the
adequacy of the current durability methodology and a reliability-based methodology is
established, which includes the ability to:

1. Handle high variability in the time-to-failure data for nominally identical coated panels
exposed in the same service environment;

2. Anayse multivariate and censored time-to-failure data;
3. Establish a connection between laboratory and field exposure results; and

4. Quantitatively predict the service life of a coating system exposed in its intended
service environment.

They conclude that in order to implement areliability based methodology substantial
changesin the current experimental procedures will be required. These changes result from
the quantitative nature of the service life data, and will include:

1. More systematic characterisation of the initial properties of a coating system;

2. Quantitative characterisation of each of the weathering variables comprising the in-
service environment;

3. Quantification of macroscopic degradation via cumul ative damage function models;

4. Utilisation of experimental design techniques in planning and executing short term
laboratory based experiments; and

5. Development of computerised techniques for storing, retrieving and analysing the
collected data.

A lot of knowledge can also be transformed from the many studies that have been
performed in the environmental research area to establish dose-response and damage
functions [22]. However, it should be pointed out that the dose-response functions that are
currently available are very limited in terms of choice of degradation indicators and
establishment of performance requirements.

Another major barrier to reliable predictions of service life and/or maintenance intervalsis
insufficient knowledge of the relevant exposure environment. However, substantial
knowledge and data exist on the environmental exposure conditions on the macro and meso
level. Itisaserious problem that these tend to be in a generalised form such as a contour map
of average data, for example mean temperature, humidity etc., while researchers and
designers need to consider the specific form, for instance time of wetness (see section
D.4.1.1), and also the local- and micro-environmental conditions of the building (see section
B.2.1).

A third barrier isjust this adaptation of data and knowledge to the local and micro
environmental conditions. The complexities of a structure can result in very different climatic
and environmental conditions on a single structure and greatly affecting damage rates [23-27].
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A main problem would also be the differences of the standardised surfaces and real surfaces
of components connected with the object [23]. The dose-response functions are primarily
established under more or less controlled experimental conditions, and a major task would be
the trangition to real constructions. The dose-response functions must be validated for micro
environmental conditions, and testing under in-use conditions have to be done. Measuring
and modelling methods for micro environmental |oading and materials degradation have to be
developed and extensive measurements carried out.

B.2 CHARACTERISATION AND MAPPING OF THE MOST IMPORTANT
ENVIRONMENTAL DEGRADATION FACTORS

B.2.1 Definition of scale

The proper use of dose-response functions requires characterisation and mapping of the
relevant degradation factors on the different geographical scales.

One frequently used basis of classification for climate, and environment, isthe division
into macro, meso, local and micro scales[28]. Thisdivision means adefinition of different
scales describing the variations in the meteorological variables. There exist no common and
exact definitions of the different scales, but in this report the following will be used (fig
B.2:1):

By macro is normally meant the gross meteorological conditions described in termslike
polar climate, subtropical climate and tropical climate. The descriptions are based on
measurement of meteorological factors such as air temperature, precipitation etc. [29].

ko
Macro-Europe map Meso-urban area Local-road / building Micro-building
Fig B.2:1 Exposure environment on different geographical scales

When describing meso climate, the effects of the terrain and of the built environment are
taken into account. The climatological descriptionis till based on the standard
meteorological measurements.

In this report we also use the term the local scale. By that is meant the local conditionsin
the building proximity, such as for example in the streets around the building. The
microclimate describes the meteorological variables in the absolute proximity of a material
surface. The microclimate or microenvironment is crucial to a material's degradation.

CIB w080 / RILEM 175-SLM 2-9
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B.2.2 Systemsfor describing degradation agents

Various systems have been used to classify the degradation agents. The standard 1SO 6241-
1984 (E) [13] presents a detailed list of agents relevant to building performance. The
degradation factors are classified according to their nature as Mechanical, Electro-magnetic,
Thermal, Chemical and Biological agents, and to their origin (externa to the building:
atmosphere and ground - internal to the building: occupancy and design consequences). The
same set-up will be used in this report with the overall emphasis on the outdoor atmospheric
exposure environment.

However, in order to characterise and report the right type and form of the environmental
degradation factors, they have to be related to the degradation mechanism and dose-response
functions for the specific materialsin question [14,16]. Thiswill facilitate comparisonsto be
made between field and |aboratory measurements.

In the discussion of environmental characterisationin [16], it is stated: “With respect to
statistical characterisation, it is known from laboratory based studies that weathering factors
act synergigtically in causing a coating system to degrade, and that often, for values below
some threshold, the rate of degradation related to aweathering factor is so low that the
degradation at level below this threshold can be neglected for all practical considerations.
The existence of synergistic effects, the effects of wet-dry cycles, and the possible presence of
threshold values raise serious questions as to whether characterising weathering factors by
their mean value and viewing the degradation effects of these factors as acting independently
is meaningful in the context of servicelife prediction. Asan aternative, it isrecommended
that until more is known about the effect of the individual weathering factors on the
degradation process, time series for each of the primary weathering factors be ssmultaneously
monitored and characterised.

The quantitative characterisation of in service environment raises some critical questions
including:

+ Can the weathering factors causing the predominant degradation of a coating system in

a specified in service environment be isolated from the factors which have only a
secondary effect?

« Isthe average intensity of each weathering factor sufficient for characterising the
severity of an in service environment, or will amore precise knowledge of each of
these factors be necessary?

« Can the value of weathering factor be converted into some common metric of
degradation (e.g., total dosage, which isthe same for both laboratory and field
studies)?

In addition to changing the way weathering factors are statistically characterised, it is
recommended that changes be made in the way they are physically characterised. For the
purposes of the service life prediction of coatings, metrics for expressing the severity of the
outdoor weathering factors of temperature and UV degradation are proposed.”

It isinteresting to see that the European Organisation for Technical Approval (EOTA), in
their Guidance Paper on “ Assessment of Working Life of Products’ to the Convenors of the
Technical Committees has adopted the service life methodology of RILEM [7], the 1ISO 6241
[13], the damage function approach and that it emphasises the specific need for characterising
the exposure environment on the geographic scales of Europe [30].
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B.2.3 Sour ces of data

The measuring, testing and evaluation of air quality are assuming growing importance in
developed countries as elements of a comprehensive clean air policy, geared into sustainable
development. A huge bulk of datais therefore generated on the various geographical levels.

In the context of assessing building performance, data on global, continental (macro) and
national (meso) levels are available for exploitation. To some extent data are also availablein
the local scale, while most is lacking for the microenvironment on buildings.

Section E, therefore, contains an extensive state-of-the-art report on availability of data and
methods from the atmospheric environmental research area on the global and, as an example,
the macro and meso scale in Europe.

Methods for making micro environmenta characterisation are also available, as discussed
in section G.

B.24 Environmental classification concept

Based on knowledge of dose-response functions (see B.1), the environmental degradation
factors can be characterised and from this characterisation it should be possible to classify an
exposure environment relative to its severity. This can be mapped and exhibited in
geographical information systems software applications. Such classification systems already
exist for some metals[18]. They have been developed for the classification of atmospheric
corrosivity and employ two approaches. Either environmental classification in terms of the
corrosion-determining parameters, Time of Wetness (TOW) and pollution, or classification
based on corrosion rate measurements of standard metals exposed in the micro environment
concerned.

The above-mentioned standard approach for classification can aso be used for
classification of other materials corrosivity if the dose-response functions/degradation
mechanisms are known.

Degradation of non-metalsis generaly caused by other mechanisms than those responsible
for the corrosion of metals, even if oxidation processes are important in most cases. For
example, ageneric classification of degradation environments for polymeric materialsin
outdoor use calls among other things for improved knowledge concerning surface
temperature, UV-radiation, moisture periods, and the influence of air pollutants [15].

Corrosivity mapping and environmental characterisation were basically undertaken to meet
the needs for better maintenance and design of constructions.

However, in the recent years the environmental concern has generated a need for mapping
the corrosivity of the exposure environment, in order to provide input to environmental
regulations.

A review is made of the various classification approaches used today. According to the
scope of this part, the emphasisis on systems for classification of the environmental
degradation factors (see section F).
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B.3 USE OF INFORMATION TECHNOLOGY IN BUILDING ASSESSMENT

Monitoring and assessing the performance of a building and its components will require
extensive amounts of data. Theinability to integrate the accumulated information has hitherto
been a serious barrier to further development. With the recent leap forward in information
technology this delimitation is no longer present. Micro environmental multisampling
techniques, user-friendly on-line presentation and complete facility information and
management systems are available for managing and integrating geographical information.
Examples of the development and use of such systems will be described (see sections E.8 and
F.6).

CIB w080 / RILEM 175-SLM 2-12



GUIDE AND BIBLIOGRAPHY TO SERVICE LIFE AND DURABILITY RESEARCH FOR
BUILDING MATERIALS AND COMPONENTS

C Review of dose-response functions

Many studies have been performed to establish dose-response functions[21,22]. Conclusions
from some of the most important studies are presented in Table C.4:1.

Cl NAPAP —LIPFERT

In the US National Assessment Program for Acid Precipitation (NAPAP), acompilation of a
database of atmospheric corrosion test results for metal s together with environmental
variables, published from eight test programmes carried out at up to 72 test sites and dating
back to the 1960’ s, was carried out [9]. A substantial part of these data were obtained from
the Scandinavian countries. Statistical regression analysis was used to infer dose-response
functions using severa different basic model formulations.

In [9] it is concluded that time of wetness is most important for steel and that SO, seems to
be the only pollutant that is important for the four metals (see Table C.4:1), on the basis of
confidence limits calculated for the various coefficients.

The critical level of relative humidity for corrosion to occur differs among the four metals,
indicating differing corrosion behaviour. Thefinal conclusion was that large numbers of
observations are required in order to generate statistically robust dose-response functions
based on essentially uncontrolled field exposures. Regression analysis indicates the
predictability to be only within afactor of two or more, for any given time period and location
with weight loss of the specimen used as the damage indicator.

Lipfert has also surveyed corrosion data and environmental data for cal careous stone from
nine field testsin USA and other countries[31]. The theoretical dose-response function
developed is based on recognition of three basic mechanisms for stone degradation:

1. Normal calcite dissolution in cleanrain (pH < 5,6);
2. Dry corrosion by deposition of gaseous air pollutants, notably SO2 and HNO3; and
3. Wet corrosion acceleration due to rain acidity.

C.2 SCANDINAVIAN STUDIES

In aNordic field exposure programme sponsored by NORDFORSK from 1975-1984, dose-
response functions for carbon steel and zinc were established via exposure at 32 test Sitesin
Scandinavia[10]. Dose-response functions were developed for carbon steel and zinc by linear
regression anaysis.

NILU performed, on contract for the Norwegian Pollution Control Authority, detailed
corrosion assessment studiesin four areasin Norway. Linear statistical analysis was used to
develop the dose-response functions, of which the ones for metals in the urban area
Sarpsborg/Fredrikstad are presented in Table C.4:1. For this district the steel corrosion was
modelled from the developed dose-response function, based on the modelling of SO,
distribution by means of NILU’ s air dispersion model [32].
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C.3 FELIU AND MORCILLO

In Spain, Feliu and Morcillo surveyed and compared data from 250 test sitesin 28 countries
in many parts of theworld [11]. Statistical analysis was performed to establish the dose-
response functions for carbon steel, zinc and copper shown in Table C.4:1.

C4 UN ECE ICP

The most wide-ranging and best-designed test programme is the International Co-operative
Programme (1CP) undertaken within the United Nations Economic Commission for Europe
(UN ECE). The programme, started in September 1987, aims to evaluate the effect of
airborne acidifying pollutants on corrosion of materials and involves exposure at 39 sitesin
12 European countries and in the United States and Canada. (fig C.1:1).

Samples have been withdrawn after one, two and four years of exposure and dose-response
functions have been developed for carbon steel, zinc, aluminium, copper, bronze and
calcareous stone [12], as shown in Table C.4:1. The equations should at present be seen as
provisional and may be subject to further elaboration when the results after eight years of
exposure will be available in 1996.

For unsheltered exposure most of the dose-response functions have the same form:

ML or Ml = a+ b TOW[SO,J[O,] + cRain[H'] (2

Thisisthefirst time asynergistic effect of O, and SO, has been indicated in afield exposure.
However, there are also other very complex interactions between O,, SO, and also NO,. The

mechanisms for chemical interaction and degradation mechanisms for the materials will be
dealt with morein detall in section D.4.2.5.
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TableC.4:1 Universal dose-response functions for building materias[2]

Material Equation Corr. No.

NAPAP [9]

Data from eight test programmes comprising 72 test sites in many countries. In the dose-response functions
recommended for assessment use, My, is mass loss (g/mz), [H'] the acidity (meqv/mzyear) based on 1 m of
precipitation per year and f is the fraction of time above the critical relative humidity x. Assumed values are for the
chloride concentration [CI] 10 mg/mzd and for the dust-fall (50 mg/mzd).

Zinc Mz = (t*77° + 0,0456In[H"])(4,534 + 0,54735[SO;] + 0,0293[H"]) 3)
(galv. steel)
Copper Mc, = 2,23t°°%°(0,492 fy[SO;] + 0,016[H"] + 3,04)*%" @)
Aluminium Ma = 0,203t %¥7(0,099 + 0,139fx0[SO] + 0,0045[H"])**"° 5)
Carbon steel Mre = 300,4(faot) ' (fao[ SO2]) 2" [H**0%" )
Lipfert [31]

Dose-response function for carbonate stone developed from experimental data from nine field tests in USA and sites
from other countries, where ER is the erosion rate (mass loss/m rain), [SO,] and [HNOj3] the pollutant concentrations

(pg/m3), V)? the deposition rate (cm/s) of pollutant X, and r, the rainfall (m).

Carbonate stone ER=18,8 + 0,016+ 0,18( VsdO2 [SO2] + VI-7N03 [HNO3])/r (7)

Scandinavia [10]
Eight-year exposure of carbon steel and zinc at 32 test sites in rural, urban and marine environments. Dose-response

functions developed by linear regression analysis, where Cye is the reduction of thickness (um), [SO;] (pg/m3) and [CI']
(mg/mzd) are the pollutants concentrations, and ¢ the time.

Carbon steel Cro = 1% (0,77[SO2] + 0,42[CI] + 14) R=094  (8)

Zinc Czy = 1(0,023[SO,] + 0,011[CI] + 0,53) R=089 (9

Haagenrud et al. [32]

The corrosion in urban Sarpsborg/Fredrikstad area (Norway) was modelled and mapped in a four year exposure
programme at 13 sites with specimen withdrawal monthly, quarterly, yearly and after two and four years. Dose-
response functions for yearly corrosion developed by linear regression analysis, where Kye (g/mzlyear) is the corrosion
rate and TOW (h/year) the time of wetness (hours per year with T> 0°C, RH = 80 %).

Carbon steel Kre = 7,6[SO2] + 172,0 R=0,93 (10)
Zinc Kzn = 0,35[SO,] + 0,01 TOW - 21,8 R=0,94 (11)
Copper Kcu =0,14[SO;] + 0,007 TOW - 16,9 R=0,91 (12)
Aluminium Ka = 0,01[SO,] + 0,00053TOW - 1,2 R=0,78 (13)

Feliu and Morcillo [11]

Data from 28 countries comprising 250 test fields in various parts of the world, where C is the corrosion depth (um), ¢
the time (years), [CI'] and [S] are the yearly average deposition rates (mg/dmzld), T the yearly average temperature
(°C), D the number of days/nights of precipitation, RH the yearly average relative humidity (%) and R the multiple
correlation coefficient.

Carbon steel Cre = At", where (14)
A =330+ 57,4[CI'] + 26,6[S] R=073
n=0,57 +0,0057[CI']T + 7,7-10*D - 1,7-10° R=0,40

Zinc Czn = At", where (15)
A=0,785 + 5,01[CI] + 2,26[S] R=073
n=0,53 + 0,55[S](1-0,068T) + 0,025T R=0,62

Copper Ccu = At",where (16)
A =1,03 + 1,45[CI'] + 2,00[S] R=0,60
n=0,82-0,0687(1-0,011RH) R=0,47
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Table C.4:1 cont.

Material Equation Corr. No.

UN ECE ICP [12]

Exposures at 39 sites in 12 countries in Europe, USA and Canada. Dose-response functions below, where *ML and
*MI are mass loss and mass increase (g/mz), respectively, while ‘CD is the spread of damage from scratch in coatings,
all after four years of exposure, TOW is the time of wetness (RH>80 %, T>0°) as time fraction of a year, [SO;] and [O3]
are the concentrations (pg/m3), [CIT] is the concentration (mg/l), Rain is the precipitation per year (m/year) and [H'] is
the concentration (g/l).

METALS

Weathering steel

Unsheltered “ML =85+ 0,26 TOW + 432TOW R=0,67 17)
Sheltered “ML =106 + 0,54 TOW [SO,][O3] R=0,59 (18)
Zinc

Unsheltered ‘ML =145+ 0,043TOW [SO.][03] + 80Rain[H?] R=0,83 (19)
Sheltered *ML =5,5 + 0,013TOW [SO,][O3] R=0,72 (20)
Aluminium

Unsheltered ‘ML =0,85+ 0,028 TOW [SO,][O3] R=0,49 21)
Sheltered ‘ML =-0,03 + 0,053TOW [SO,][O3] + 74[CI] R=0,47 (22)
Copper

Unsheltered ‘ML = 19,3 + 0,01 1[SO,][05] + 162Rain[H?] R=0,49 (23)
Bronze

Unsheltered ‘ML=11,8+ 0,047TOW [SO,][O3] R=0,59 (24)
Sheltered *ML =5,3 + 0,024 TOW [SO,][O3] R=0,52 (25)
STONE

Limestone

Unsheltered ‘ML =344+ 5,96 TOW [SO,] + 338Rain[H?] R=0,66 (26)
Sheltered *MI = 2,536 + 0,80 TOW [SO,][O3] R=0,40 (27)
Sandstone

Unsheltered ‘ML = 29,2+ 6,24TOW [SO;] + 480Rain[H"] R=0,63 (28)
Sheltered ‘MI=2,84 + 0,88 TOW [SO;] R=0,69 (29)
PAINTED ‘cD=-6,1+ 0,18[SO,]+ 0,18[04], R=0,35 (30)
COATINGS

C5 COMPARISON OF A RANGE OF DOSE-RESPONSE FUNCTIONS

REPORTED FOR ZINC

A comparison of the different published dose-response functions for each type of materia will
determine the reliability of the functions and the decay rates calculated. However, comparison
of dose-response functionsis not straightforward as the units and forms of the variables and
therefore the functions are different.

Table C.5:1 shows a set of recommended functions for zinc, taken from Table C.4:1. To
allow auseful comparison, Zn-losses using Odo as an example have been calculated with the
following set of environmental variables:

« CI” deposition 10 mg/m°d

« dust deposition 50 mg/m‘d

« ran 0,6 myear

. [H7 0,025 mg/I (15 meqv/m°year)
- pH 4,5
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. 0,23 (2000 h/year)
. TOW 0,32 (2785 hiyear)
- T 8°C

. 1%0) 1) 0pgm’

2) 10 yg/m* (12,5 mg/ m‘d)
3) 100 pg/m’ (125 mg/m’d)

TableC.5:1 Comparison of arange of dose-response functions reported for zinc
Study Zinc Loss equation
1. Lipfertet. al. [9] Mz, = (%77 + 0,0456In[H"])(4,534 + 0,547f55[SO,] + 0,0293[H"])
2. Saunders [33] (from Shaw
data for average UK Mz, = 1,806 + 0,022[SO;]
conditions)
3. Haynie [34] Mz, = 2,36 + 0,022[SO]

4. Atteraas & Haagenrud [35] Mz, = 1,58 + 0,078[SO]

5. Mikailovskii [36] (assuming Mz, = 3,92 + 0,067[SO,]
temperature of 15°C)

7. UN ECE [12] *ML = 14,5 + 0,043TOW [SO,][O;] + 80Rain[H"]
8. Feliu & Morcillo [11] CZn = (0,785 + 5’01[C|‘J + 2,26[8])t 0,53 + 0,55[S](1-0,068T) + 0,025T

Fig C.5:2 displays the results, and average values of dose-response functions for Zincin Odlo.

Dose-response functions for Zn in Oslo
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FigC.5:2  Comparison of different dose-response functions published for zinc
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D Characterisation of Key Environmental Degradation
Factors
D.1 INTRODUCTION

This section provides basic knowledge and characterisation of principal agents affecting the
durability of building materials. In principleit follows the detailed classification in the
standard 1 SO 6241-1984 (E) [13] of agentsrelevant to building performance and
requirements. The degradation factors are classified according to their nature as Mechanical,
Electro-magnetic, Thermal, Chemical and Biological agents, and to their origin (external-
internal to the building, atmosphere, ground etc.). The same classification isused in this
report for outdoor atmospheric exposure environments.

This classification implies that the agents are listed according to their own nature and not
to the nature of their action on the buildings or components; for example, athermal agent
may have a physical action (for example thermal expansion) or a chemical action (for
example catalysis); achemical agent like water may have a physical action (for example
swelling) or achemical action (for example hydration dissolution); moreover the agentsin
combination may have additional physical actions (for example wetting followed by freeze-
thaw cycles), chemical actions (for example photo-oxidation by atmospheric oxygen and solar
radiation) or biological actions (for example spread of roots at high humidity).

The standard thus provides lists the agents to be taken into account when defining
performance and specifying requirements. The agents that apply in any particular situation,
and their magnitudes, will depend on the building’s situation, form, intended use and the way
it isdesigned to perform.

In other words, in order to be able to characterise and report the right type and form of the
environmental degradation factors, they have to be related to the degradation mechanisms and
dose-response functions for the specific material and material characteristic in question.

Reference is made to the survey in section C, and when possible there is an explanation of
the process that takes place and examples to illustrate the data needed.

D.2 MECHANICAL AGENTS

D.2.1 Snow loads, rain and water loads

The most significant action on buildings of water in solid form, i.e. snow (or ice), is structural
loading on horizontal surfaces. The effect of snow on wallsis minimal unless when drifting
takes place. Problems can sometimes occur when snow is blown into buildings, particularly
into roof-spaces, through small holes. The availahility of data on snow is sparse since
snowfall is normally measured as equivalent rainfal [37].

Precipitation in the form of hail is seldom in most parts of the world and may, apart from
the rare instances of impact damage from exceptionally large hailstones, be regarded in the
same category asrain. Inthe US, however, hail damage is a mgor source of damage to
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asphalt shingled roofs. The annual damage to these shingles is approximately one thousand
million dollars per year [38].

Publications are available that contain data on creep and fatigue factors for most traditional
building materials under loading. However, for many plastics and other modern composite
materials, manufacturers may need to carry out tests on specific building components. When
considering these factors, the expected design life for the structure must be taken into account.
Tall reinforced concrete structures are particularly subject to contraction in height during their
early life, not only from shrinkage but also from creep under self-loading. Sufficient forces
may consequently develop in infill clay brickwork or cladding, or rendering applied to them,
eventually causing cracking or loss of adhesion. Other examples of long-term movements
that may lead to damage to adjacent construction are the expansion of clay bricks and butted
floor and wall tiles due to absorption of moisture.

D.2.2 Ice formation pressure, thermal and moisture expansion

D.22.1 Daily temper atur e difference

All external construction materials experience diurnal, seasonal and annual temperature
fluctuations [16,39,40]. Building materials are heated by sunshine in the daytime and are
cooled by thermal emission from the materia at night. The fluctuations of temperature induce
movements in the joints between building el ements or cracks in concrete. Sealants and
exterior finishing materials suffer from repeating tensile and compressive and shear stresses
and are fatigued sufficiently as to deteriorate.

One specia temperature variation that may greatly affect, for example, the micro cracking
of coatings, israpid drop in surface temperature. A dark coating on an insulated sheet metal
facade with a surface temperature of approximately 70°C, when exposed to cold heavy
rainfall may fall 50-60°C in temperature in afew minutes.

The mgority of available temperature data originates from measurements of the ambient
atmospheric temperature. From measurements at meteorological stations, data are readily
available on mean temperatures, temperature extremes and differences between maximum and
minimum temperatures for specified periods of time. However, the relations between data on
ambient temperature, surface temperature and temperature in the bulk of materials are very
complex.

The daily temperature difference of building elements can be treated as a mechanical
deterioration index. Tomiita[14] collected daily maximum and minimum BPTs (Black Panel
Temperatures), T __ and T, . (°C), respectively, and expressed them as functions of climatic

pmax Pmin
data:
T, =1,143T_ —2244W,, + 0,928S, + 5214 (31)
T, =1049T_ +0,022W, —2,389C, — 3,056 (32)

where T__ isthe daily maximum ambient temperature (°C), W,, the wind velocity at 12.00
hours (m/s), S, the daily total solar energy (MJmd), T, the daily minimum ambient
temperature (°C), W, the daily average wind speed at night (m/s):

W, = (W, + W,/2 + W, /2 + W, + W, )/4
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and C, the clearnessindex (the ratio of total daily solar radiation to extraterrestrial solar
radiation).

By inserting the meteorological data observed at 66 points during 1976-1985 into egs. (31)
and (32), the daily maximum and minimum BPTswere estimated. The yearly averages of the
daily differences of BPTs are then classified and mapped for Japan (section F.4.1). By
multiplying the length of abuilding element by itsthermal expansion, the daily movement in
the joint or crack can be cal cul ated.

D.2211  Freezelthaw
When water freezesit expands, and when it thaws the effects of this expansion can become
apparent in the form of frost damage.

Frost damage occurs when thereis sufficient water entrapped in the pores of the material to
freeze. The necessary conditions therefore include wetting (tending towards saturation) and
freezing.

The wetting may be due to rainfall, but melt-water from partial thaw of snow or iceisa
common precursor to damage, asit islikely to saturate the pore structure of the material and
to start freezing. The air temperature at which frost damage occurs can be substantially below
freezing, since temperatures just below zero may not freeze water in small spaces, and the
temperature of the material is often higher than the surrounding air. For this reason the
number of zero transitions (air temperature changes passing through 0°C) isnot likely to give
an accurate indication of the number of freeze thaw cyclesin the material. Zero transitions
may, however, provide a useful means of ranking the frost resistance of porous materials.

Recent research on the risk of frost damage to exposed concrete has found the following
factors were more critical than either the air temperature at the time of thawing, or the
duration of the frost:

1. Severity of frost (lowest air temperature);

2. Speed for freezing (rate of fall of air temperature, and therefore rate of thermal change
in the material);

3. Change of air temperature during periods of frost; and
4. Number of frost cycles (i.e. daytime thaw after frost at night).

Data on freeze-thaw cycles may be used as indicators of the risk of frost damage to porous
materials. Organic coatings may also be affected through movementsinice layers on the
coating surface and by water freezing in cracks. Asthe thermal expansion coefficient of most
polymeric systemsis 10 fold greater than that of most metals, the volumetric contraction of a
coating would greatly increase the tensile load within the coating, thereby fostering cracking
[38].

In the UK there are at present two approaches to identifying sites susceptible to frost
damage. One approach classifies a site as severely exposed to frost when all of the following
factors apply [41]:

1. The average annual frost incidence isin excess of 60 days,

2. The average annual rainfall isin excess of 1000 mm; and

3. The altitude of the siteisin excess of 91 m above sealevel. (Thisfactor islikely to
reflect the greater liability to wind driven rain on higher ground).

The other approach isbased on driving rain only. It recommends that suitable grades of
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mortar and bricks or blocks should be used in areas subject to severe driving rain, as defined
in the map of the al direction driving rain index drawn from BS 7543: 1992 [42] (see fig
D.2:1).

In both approaches the saturation of material by rain is an important factor. Frost damage
can be reduced by protecting a structure from saturation by detailing projecting eaves,
cappings etc.
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FigD.221  Maximum directiona annual driving rain index map for UK

D.2.2.2 Moisture

The presence of moistureislikely to enable physical, chemical and/or biological degradation
reactions to take place. Different processes occur:

D.2.2.21  Drivingran

The quantity of water falling on the vertical faces of buildingsisrelated to the combined
effects of wind and rainfall [43], (seefig D.2:1).
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Most organic materials and many inorganic materials absorb moisture to varying degrees.
The direct effect of water alone on a building part can be as follows:

1. Volumetric expansion;

Change in mechanical properties (e.g. strength);
Development of bending and twisting forces;
Change in electrical properties,

Change in thermal properties; and

o 0o~ WD

Change in appearance.

Quantitative dose-response functions exist between driving rain and some of these
functional characteristics. In Germany 140 I/m’ is given as the maximum amount of driving
rain that atimber-framed houses can withstand without special protection being necessary for
sealants [44].

D.2.2.22  Differential wetting or drying

Internal forces may be generated within a construction as a result of differential wetting or
drying or from variations in moisture characteristics of the in-going materials. Consideration
should be given to dimensional tolerances to avoid such development.

Examples of the water absorptivity of a material are given in percentage mass fraction:

1. Brickscan absorb up to 30 %. However, it should be noted that there is no direct
relationship between water absorptivity of abrick and its durability [45,46].

Natural stone and dense concrete can absorb up to 10 %.
Nylon can absorb 2 - 10 %.
Glassreinforced plastic can absorb approximately 0,5 %.

a kM w DN

Wood — the maximum amount of moisture absorbed by wood varies according to
species. However, in general terms wood swells as it takes up moistureto it’s
maximum content. This maximum is the content beyond which any additional moisture
isaccumulated in the cell lumina as free water. Maximum moisture content is highly
dependent on the specific gravity of the wood. After it has reached it’s maximum water
content, more moisture will still be absorbed but the wood will remain dimensionally
stable. Sapwood can absorb its own weight in water (see section D.5.1.2).

For guantitative dose-response functions reference is made to section C, where time of
wetness is shown to be a significant variable for the degradation of many materials. In
D.4.1.1 thisvery important variable is defined and discussed in detail.

On the macro and meso scale, general meteorological data on the various forms of water
are available from national meteorological institutes.
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D.2.3 wind

The major considerations relating to wind loads and durability include:
1. Effect of driving rain and incursion of particulate solid matter;

2. Effect of differential pressures that may be developed in localised positions on a
structure; and

3. Catastrophic failure.

The former isamajor cause of erosion and rain penetration into the vertical structures.

Differentia pressure may be built up in large areas such as roof coverings, cladding panels
and glazing. This may cause deflections or loosening from fixings. It can also affect flashing,
joints and seals.

Only generalised data relating to wind loads can be obtained. Local topography, including
the influences of nearby structures, especially tall buildings, considerably affects the direction
of the local airflow, and there are wide variations in wind speed over periods of time.
Generalised data are avail able from the meteorological community.

BRE Digest 346 [47], which isin seven parts deals with different aspects of wind loads,
includes, in Part 7, fatigue loads caused by oscillation of a structure by the wind and fatigue
due to the repeated gusts.

Examples of other intermittent stresses include earthquakes and man-made vibrations such
as those due to road traffic, trains, music, dancing, and machine induced vibrations.

D.24 Usefactors (wear and tear, abuse)

Wear and tear is abrasion resulting from traffic, the action of detritus and contact with
moving parts.

The severity of abrasive action is dependent on the nature of the abrasive materid, its
quantity and the influence exerted by the agency bringing it into contact with the building.
The cleanliness of the environment also has an important effect. Abrasion caused by the
combined action of traffic and detritus is considerably greater than that of traffic alone.

What is considered normal wear and tear for one type of building may be seen as untypical
or excessive for another. For walls and flooring materials there are recognised grades that
will withstand the expected levels of use, washing down etc., that are likely to occur in
particular situations. For example, The British Carpet Manufacturers' Association use a six
level classification from “extra heavy wear” to “light wear” and the UPEC classification used
by the British Board of Agreement for thin plastics floorings identifies four separate
properties: resistance to wear, to indentation, to water and to chemicals.
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The frequency and nature of cleaning and maintenance needs to be assessed in relation to
the likely conseguence on the service life of a component, particularly in cases such as:

1. Masonry, where the actual cleaning procedure may lead to deterioration;

2. Plastics surfaces that can be scratched by abrasive cleaning materials, e.g. unsuitable
graffiti-removal processes and solvents; and

3. Porous masonry when a coating of impermeable paint can lead to increased moisture
contents and consequently to frost damage.

Uninformed and uncaring use of a building can accelerate its deterioration. An exampleis
condensation caused by the combination of blocking of ventilation grilles and the excessive
guantities of water vapour produced by the heavy use of liquid petroleum gas (L PG) room
heaters, cooking and washing equipment.

With some components in certain types of buildings (e.g. school windows) breakage has to
be considered as part of normal wear and tear. BS 6262 [48] gives the extra precautions to be
taken in areas where there are added risks to children, whose more active behaviour islikely
to lead to more frequent accidents.

D.3 Electromagnetic agents

D.3.1 Solar radiation

The energy that reaches the earth’ s surface from solar radiation is concentrated in certain
wavebands. Fig D.3:1 shows the variation in the energy received at different wavebands from
direct sunlight. A portion of solar radiation is absorbed or reflected by the earth’ s atmosphere.
This portion varies from one waveband to another and is affected by cloud cover. The degree
of shading from direct sunlight also affects the quantity of the radiation received in each
waveband.
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FigD.3:1  Curves showing the distribution of energy in the solar spectrum outside the atmosphere and at sea
level [42]
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D.311 Infrared radiation (approximately 700 nm to 3000 nm)

Infrared radiation is absorbed to some extent by all forms of matter and this causes an
increase in temperature, thus creating surface temperatures greater than that of the
surrounding air (in some cases markedly so). The opacity, texture and colour of asurface
involved have considerable effect on the amount of radiation absorbed. The absorbed
radiation will raise the temperature of a material by an amount dependent upon the specific
heat and thermal conductivity of the material and the structure behind (see D.2.2.1.1).

For a given surface texture the colour of a surface considerably affects the absorption of
solar radiation. An assumed, perfectly black surface has an absorptivity of 100 %, whereas
the absorptivities for the following real colours are[42]:

1. Ordinary black 80 %

2. Dark green or grey 70 %
3. Light green or grey 40 %
4. White 12-20 %

D.3.1.2 The visible waveband (400 nm to 700 nm)

There is no distinction made in most published data about the spectral absorption of visible
light. The majority of published information concerns solar radiation measured either as
bright sunshine or as total radiation. For most purposes the intensity of solar radiation on
clear cloudless days istaken as the significant design value but it should be remembered that
there would be considerable variation in the total radiation received at a given place on the
ground depending upon:

1. Cloud cover both in type and quantity;
2. Season of the year; and
3. Local topography.

Peak solar radiation islikely to occur around noon inland, and during the late morning at
the coast. Surfaces normal to midday summer sun, or those receiving substantial reflected
radiation from adjacent surfaces, experience the highest temperatures. A value of 1.36 kw/m’
+3,5 % can be taken as the total radiation intensity at the mean distance of the earth normal to
the sun, the variations being due to seasonal distance variation factors. Thisvalue ignores
losses due to scattering by dust and water vapour particles and by the earth's atmosphere that
will significantly reduce the value for alarge proportion of time. In approximate terms, the
radiation received on an overcast day is about one third of that received if it had been
cloudless. On very dull days the proportion would be much less.

D.3.13 Ultraviolet radiation (290 nm to 400 nm)

A large proportion of the ultraviolet (UV) waveband is scattered by the atmosphere, the
remainder reaching the earth's surface has no adverse effect on inorganic materials. However,
UV radiation is significant by its potential for deterioration of some organic materials.
Although UV radiation constitutes no more than 1-7 % of the total solar radiation intensity, in
practice it decides the service life of polymeric materialsin outdoor use. The penetrating
power of the UV radiation is not great, and the action is consequently confined to surface
layers exposed to radiation [49].
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Measurements of total UV radiation over the spectral range are of limited value because of
the sengitivity of materialsto specific narrow wavebands. For instance, polystyrene shows a
maximum senditivity at about 318 nm whereas polypropylene peaks at about 370 nm. Asa
genera rule it has been found that radiation shorter than about 360 nm tends to cause
yellowing and embrittlement. Radiation of longer wavelength tends to cause fading [50].

Many organic dyestuffs are degraded by UV radiation, which may affect appearance.

Bituminous materials and some other polymers are also degraded by UV radiation, and the
changes of surface properties may ater the performance of the material.

UV radiation can also play an important role in initiating a degradation reaction which is
then propagated under suitable conditions of moisture and temperature, for example the
yellowing and surface denudation of glass fibre reinforced polyester roofing sheets caused by
the combined actions of UV radiation and moisture.

The UV intensity varies with the atmosphere, local weather, air pollution, time of day and
other factors. Due to the environmental ozone-UV problem there are now extensive intensity
measurements being carried out on a global scale (see E.2.4).

Estimates of the UV environment for a certain geographic location can be made from
meteorological data on global solar radiation or number of sunshine hours.

Tomiita[14] has used a photodiode sensor (range 305-390nm) to measure the hourly solar
UV energy on ahorizontal planein an outdoor exposure in Japan for ayear. Thiswas
expressed as afunction of the entire range of solar radiation, observed by a pyranometer, and
solar altitude as follows:

Upy = —0,89427%275,  +0,7962 165 §0-968 (33)
where:

U, hourly solar UV energy (MJm’h)

Z solar atitude (degrees)

S. hourly entire range of solar radiation (MJm’h)

By applying this equation to the hourly solar energy calculated from the percentage of
sunshine at 141 pointsin Japan, the hourly solar UV energy was estimated and the yearly
solar UV energy integrated. The results were classified and mapped (see section F.4.1).

Tomiitaaso produced quantitative dose-response functions for some polymeric materials,
using the service life methodol ogy with short- and long-term exposure to estimate the
constants in the functions. Thiswould be avery valuable approach on abroad basis, but at
present there is a considerable gap of knowledge concerning quantitative dose-response
functions for solar radiation influences on the performance characteristics of various types of
materials and components.

Martin et al. [16] similarly proposed the following metric for UV dosage, quoting:
“Ultraviolet radiation is deleterious to most organic materials. The medical, biological, and
agricultural communities characterise the degradative effects of ultraviolet radiation using a
different approach from the one used in the coatings community. They relate the degradative
effects directly to total effective UV dosage, D, whereas the coatings community tends to
use total UV irradiance. Thetota effective UV dosage is defined by:

t Amax
D= EAr)i-e)o()mdr (34)

04

min
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where:

AandA Minimum and maximum photolytically effective wavelengths,
respectively

E, (A1) UV spectral irradiance to which the material is exposed at timet
(W/mnm)

1™ Spectral absorption of a material (dimensionless)

)] Spectral quantum yield of the material (dimensionless)

Thus, the total effective UV dosage is computed by integrating the product of the spectra
irradiance, E (A1), the spectral absorption coefficient, 1-e*”, and the UV solar spectral
efficiency of the absorbed radiation, ¢(A), over both the range of photolytically effective
wavelengths and the duration of the exposure. Experimentally, the spectral absorption and the
gpectral quantum yield coefficients are determined from laboratory-based experiments. The
spectral irradiance measurements are monitored in both the laboratory and field. The total
effective dosage, D, ,, can then be related to biologic damage using a damage function. The
possible application of this approach to coatings has been discussed by Martin et a. [16] and
some preliminary analyses of spectral UV irradiance measurements have been performed.”

D.3.2 Thermal radiation

Heat accelerates the degradation of materials. By using the service-life approach, Tomiita
[15] has expressed the change in aproperty of a building material as a function of
temperature, utilising the following dose-response function based on the Arrhenius equation:

In(P/ By) = Cyte ™%

where P isthe current property of the material, P, the initial property of the material, Cy the
thermal deterioration constant of the material, E, the activation energy of thermal
deterioration (kJmol), R the gas constant (8,31410° kJ/mol K), T the absolute temperature of
the material (K), and t the elapsed time.

By various assumptions Tomiita has been able to calcul ate the degradation curve as a
function of solar radiation energy, S,, daily average wind speed, W,, average daily
temperature in the daytime, T,, and night-time, T, and the daily equivalent black panel
temperature, BPT. The percentage degradation over aten-year period has been mapped for
the various parts of Japan (see section F.4.1).

Quoting Martin et al. [16], who proposed to compute the panel temperature for coated
panels: “In laboratory experiments, the temperature of the coated panels can be monitored
directly by outfitting each panel with athermocouple or indirectly by controlling the exposure
conditions. Obvioudly, such methods would be expensive if the number of specimens was
large, as at many commercia outdoor exposure sites. A more economical and practical
approach to monitoring panel temperature, but one that is dependent on the availability of
adequate models, would be to determine the thermal properties of a coating system before its
exposure in its expected in-service environment. Additionally, common meteorol ogical
variables like ambient temperature, sky temperature, background temperature, wind speed,
and total solar radiation during its exposure need to be monitored. Then the panel
temperature for al the coated panels at an exposure site can be computed by solving for T_for
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each panel using the following energy balance equation:

AH,a =2hA(T, - T,) -edo (T ~T;}) ~edo(T -T}) (36)
where:

A the surface area of a panel (m”)

H, total solar radiation (W/n)

absorptivity of the coating

convection coefficient (W/m°K), which is afunction of wind speed
Stefan-Boltzmann constant that is 5,67010° W/m’K*

ambient temperature (K)

background temperature (K)

panel temperature (K)

sky temperature (K)

panel emissivity

»w o T o

m A4 -q T

The feasibility of this approach has been demonstrated [51].

Accurate techniques to measure surface temperature on exposed plates have been
developed [52]. Although detailed analysisis not yet complete, preliminary results indicate
that generaly aplateis not in thermal equilibrium with the environment. Compared to the
ambient temperature the surface temperature of the plate can be appreciably lower during the
night and the early morning and appreciably higher during the day, the deviation depending
on the material and the climatic conditions. The implication of these resultsis that the state of
wetness on plates is as much controlled by the surface temperature as by ambient conditions.

D.4 CHEMICAL AGENTS
D41 Water and temperature-humidity, condensation, precipitation
D411 Time of wetnessor critical wetnessfor deterioration

The term “ Time-of-Wetness” (TOW) is very much used, and often misleadingly so. To avoid
misunderstanding, the original definition, originating from the field of atmospheric metal
corrosion, should be remembered. Here TOW is defined as the period of time during which
the materia surface is subjected to enough moisture for the corrosion rate to be significant.
Thisleads to the concept of atime above a critical wetness, i.e. that both the level and
duration of wetness is important.
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Therefore, to avoid misinterpretation, the term should generally include the word “ critical”,
and perhaps be called "the time of critical wetness' (TOW _ ), and should be defined asa
material specific property.

The total time of wetness, TOW, is described as the time during which the surface is
covered with afew adsorbed (possibly incomplete) monolayers, T_, (below 80 % RH), and/or
the time during which there is a substantial moisture film on the surface, T .

crit.

TOW=T_+T,,

Table D.4:1 shows the relationship between the occurrence of various humidity eventsin
ambient air and the thickness of the wetness film on the materia surface.

TableD.4:1 Various humidity conditions and resulting wetness film thickness on the material surface

Humidity event 70 % RH 85 % RH 100 % RH dew rain
Wet film thickness (um) 0,01 0,1 1 10 100

Now, depending upon the material critical wetness properties, the TOW_, may contain
only the T term if pronounced wetness is needed, and so on. It aso implies that a material
can have different TOW,_ -values, depending upon the performance characteristic or
degradation indicator in question (see also section B.1).

For metals the corrosion is caused by electrochemical reactions on the surface, where the
formation of an electrolyte is essential. Thisformation depends on humidity and the
pollutants available, asillustrated in fig D.4:1 for carbon steel. 1n extremely clean laboratory
conditions, 100 % relative humidity (RH) and dew are needed to initiate the corrosion
process. In practice the electrolyte will be formed at lower RH dueto pollutants. In areas
where gas pollutants like SO, are present, acritical humidity level of 80 % for corrosion is
observed, and in areas having sea-salt aerosols present in the air, the critical humidity level
will be even lower.

From thisfigureit is also obvious why Lipfert et al. in their reconciliation process found
best correlation with various expressions of the time of wetness [9], (see section C.1).
Practically all dose-response functions contain aterm expressing the time of wetness, or more
precisaly, the time above critical wetness.

From empirical observations, theterm TOW for metalsis defined as the time when the
relative humidity is greater than 80 % at temperature above 0°C. Thisdefinitionisused in
| SO standard 9223 "Corrosion of metals and alloys — corrosivity of atmosphere —
classification” [18], where the TOW is calculated together with selected climatological
characteristics of the macro-climatic zones of theworld. This classification is extracted from
the standard |EC 60721-2-1 [29], (see section F.2).

The level and duration of moisture in the immediate vicinity of the material surfaceis
also crucial to the degradation of non-metallic materials, if they are prone to deteriorate
under the influence of moisture. Condensed moisture on coating surfaces during longer
periods of time s, for example, considered to have a more deteriorating effect than shorter
periods of rain [49,54].
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Fig D.4:1 Corrosion attack on carbon steel at increasing relative humidity, based on work by W.H. Vernon [53]

The effect of humidity is aso observed for porous materials such as wood, stone,
rendering and concrete, underlining the extreme importance of the fact that the concept also
accounts for the wetness inside porous materials. For example, for wood the degradation
process of rotting takes place after a prolonged period of time above a moisture mass fraction
of 15-20 %.

An extensive study of temperature and humidity in wall cavities of housesin Australia has
been carried out [55,56]. Calculations of existing equilibrium moisture contents (EMC), and
comparison with required EMC levels for growth of wood decay fungi were used to assess
probable differences in material durability in the microenvironment.

D.412 Data on “time of critical wetness’ —TOW _,
Monitoring methods and data for TOW _, are very important and should be the subject of
extensive research. Data can be established indirectly from measurements of air temperature
and relative humidity, or directly through measurements with electrochemical cells.

With the indirect method, TOW_, is calculated as the time when the RH exceeds a certain
level, normally 80 %, during periods when the temperature is 0°C or higher. The dataon
temperature and RH may originate from daily measurements, or even be monthly mean
values. The TOW_, according to the ISO criterion from available meteorological data have
been calculated [14,32,57], as has the number of wet-dry cycles causing condensation [58,59].
These values have been classified and mapped for Japan (see section F.4.1).
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In direct measurements el ectrochemical cells are used, attached to the material surface.
Also, in direct measurements the TOW _, depends on the predefined level of wetness
expressed as acritical current in the cell [60].

D.41.3 Factorsinfluencing TOW in the building envelop

In the actual microenvironment for constructions, TOW_, will vary enormously.
Consequently, there is a great need for devel oping monitoring methods for mapping the level
and duration of wetness in the microenvironment for the various constructions and materials
inuse. The WETCORR instrument can be used for such a purpose [24,61], (see G.1.1).

In an Australian context, Cole [56] investigated the conditions in a number of wall cavities
in the different climatic zonesin Australia. These studies indicated that high humidity could
occur in wall cavities, particularly in tropical and sub-tropical Australia, and that these high
humidity levels gave rise to relatively high time of wetness values, which have the potentia to
promote corrosion. In further work, amore extensive study of the factors controlling building
envelope microclimate in houses located in tropica and sub-tropical Australia was completed
[25]. It was found that in non-marine locations, wetness within the building envelope was
primarily controlled by condensation cycles. These cycles were promoted by temperature
differences between different building spaces and between exterior surfaces and building
envelope air spaces. The surface wetness (on sensors) within the building envel ope of
buildings located in areas of high airborne salinity was controlled by deposition of
hygroscopic salts.

In an early work, a model of the mass transfer from ametal plate to the air was derived
[62]. The application of this model to conditionsin the building envelope and on the exterior
demonstrated that while the time taken for a surface to dry following wetting was likely to be
minimal in the open air, it could be significantly longer within the building envelope.
Accordingly, the total TOW in the building envelope should be considered as the time of
active wetting plus the time of drying, with these two components having similar magnitudes.

D.4.2 Oxidising agents

D.421 Oxygen

Photochemical oxidation of organic materials, such as coatings, is a synergistic degradation
reaction where the agents are oxygen and sunlight. When an oxygen molecule in the ground
state absorbs a photon with high enough energy, it may transfer to an excited state having a
new electron configuration. The effects of oxygen in different states (molecular oxygen in the
ground triplet state (O,) and in excited singlet states (O, ), respectively, atomic oxygen (O)
and ozone (O,)) on the photochemical degradation of polymers have been studied in several
investigations. Thefollowing isabrief summary of the dominating photochemical
degradation mechanisms [63], involving oxygen in different states and ozone, of common
polymers such as polystyrene, polyvinyl chloride, polyethene.

D.42.11 Molecular triplet and singlet oxygen, and atomic oxygen

In the oxygen-rich atmosphere, in combination with UV radiation, photochemical oxidation
of polymers occurs. The process propagates in two steps. first an absorption of UV quantain
the polymer, when double bonds are excited and free radicals formed, which in a second step
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react with molecular oxygen inits ground triplet state, resulting in formation of hydroxy,
hydroperoxy, ketone and aldehyde groups. The reactions lead to chain scission and a
molecular weight decrease affecting the technical and aesthetical properties of the polymer.

In the atmosphere the usua state of molecular oxygen is the ground triplet state. However,
molecular oxygen in excited singlet states is also present through a number of photolytic
processes:. direct absorption in molecular triplet oxygen of sun-light quanta; photolysis of
ozone under elevated pressure; and photolysis of air pollutants combined with an energy
transfer between the pollutants and molecular triplet oxygen.

Molecular oxygen in singlet states is quite reactive by its own, and no further UV radiation
is needed to oxidise a polymer (the photo excitation has already taken place but with the very
oxygen molecule as the target). Otherwise the mechanism for photo-oxidation of polymers
with molecular singlet oxygen as the reactive constituent is similar to that involving
molecular triplet oxygen, leading to the formation of free radicals, hydroxy and peroxy
groups, and chain scission of the polymer molecules.

Atomic oxygen forms naturally through photolysis of ozone. Photo-oxidation with atomic
oxygen occurs by the formation of akyl radicals, unsaturated chain ends and, finaly, chain
scission.

D.4.212 Ozone

Ozone is one of the most important oxidising constituents and reacts with many polymers
such as polyethene, polybutadiene, polystyrene. The effects are normally discoloration and
embrittlement. Ozone attacks double bonds in the polymer, causing chain scission and
crosslinking reactions. The degradation reactions occur via the formation of peroxy radicals,
which photochemically may be excited to other free radicals. The reactions take place on the
material surface.

There are great variations in the occurrence of ozone in the atmosphere. At high altitudes,
more than 20 km above earth level, the amount is more than one thousand times higher than at
the earth level.

Ozone may exist in nature as an effect of solar irradiation of oxygen in the presence of air
pollutants. This has caused major concern in the last few years, and evidence for damages to
health and vegetation has triggered off a European Council Directive (92/72/EEC) for
monitoring and warning of ozone. Thisis dealt with more closely in section E.4.

D.4.2.2 Carbon dioxide

In the presence of moisture, carbon dioxide will attack susceptible inorganic materials since it
forms a dightly acidic solution.

Atmospheric carbon dioxide isamajor cause of deterioration in exposed reinforced
concrete structures. The penetration of the concrete by carbon dioxide from the atmosphere
neutralises the alkaline calcareous materials that inhibit corrosion of the steel reinforcement.
Thisprocessis called carbonation. Therate of carbonation depends on the quality and type of
concrete, the level of humidity in the concrete cover, the content of CO, in the ambient air,
etc. [64]. When the carbonation has reached the depth of the embedded steel, moisture can
cause corrosion with severe expansion disruption of the concrete.
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The rate of carbonation increases rapidly with increased CO, content, as shown in
fig D.4:2. Therateistherefore substantially higher inindustrial than in rural atmosphere.
The average global CO, concentration for 1994 was 358[10° (0,0358 %), undergoing a yearly
average increase in the last decade of 1,5[10° [65].
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FigD.4:2 Effect of ambient CO, concentration on the rate of carbonation of concrete (normal background

CO, concentration is 0,03 %) [64]
D.4.2.3 Sulphur dioxide

Sulphur dioxide (SO,) is, in connection with atmospheric corrosion, the most studied air
pollutant. SO, isconsidered amajor contributor to acid rain and environmental acidification.
Local concentrations of SO, show considerable variations. During recent years the SO,
concentration has declined in most countries, due to the combined effects of growing
environmental awareness and improvements of industrial processes and combustion
techniques (section E).

SO, is easily adsorbed on material surfaces, and the deposition may be wet or dry. The
concentration, or deposition rate, of SO, is a parameter in the classification of atmospheric
corrosivity according to the ISO/DIS standard 9223 (see section F). SO, transformsin the
atmosphere to SO,, which may also be both wet and dry deposited. The transformation
reactions may take place both in gas phase or in aerosol phase, e.g. in cloud droplets.

SO, degrades materials that are susceptible to acid attack. Moisture conditions are of vital
importance. Asshown in section C, relatively good quantitative dose-response functions exist
for quite afew materials.

D.4.24 Effects of nitrogen pollutants, SO,, and ozone on materials

The most important sources of NO, are vehicular traffic and combustion of petroleum
products. Increased traffic intensity has led to high concentrations of many oxidised forms of
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nitrogen, such as NO, NO,, HNO,, and HNO,. Whereas the concentration of SO, generally
has decreased during recent years, NO, pollution has increased.

From a publication of Kucera[66] (Swedish Corrosion Institute - project-leader of the UN
ECE ICP on materials 1996), the following to D.4.2.5.6 is quoted.

In contrast to SO, the effects of NO, (nitrogen oxides) and O, (0zone) are not well
documented. Some reviews in this area have been published, usually focusing on the effects
of either NO, [67] or O, [68,69] on metallic or organic materials and surfaces. The increased
interest in the effects of nitrogen pollutants and VOC within the Convention on LRTAP has
evoked systematic investigations also in the field of materials. Inthe 1980 s the effect of NO,
attained increasing interest. In recent years, finaly, the effect of O, in combination with S-
and N-pollutants has been subject to systematic investigations that have revealed synergistic
corrosive effects. Consequently the effect of acidifying air pollutantsis now considered as a
combined effect in the multi-pollutant complex situation [70]. To treat thisfield exhaustively
is beyond the scope of this presentation. In the sequel, a brief description of the mechanisms
of main corrosive effectsinvolving NO, and O, will be given, including examples of effects
on different inorganic materials. The effect of ozone on organic materials will be treated in
the following presentation [ 71].

D.4241  Effect of NO,

In the combustion of fossil fuels, nitrogen oxides are emitted largely in the form of NO
(nitrogen oxide) which is subsequently oxidised to NO, (nitrogen dioxide) in the air, the most
rapid being the reaction with O, and the nitrate radical NO,:

NO+0,—~ O,+0, (38)
NO + NO, ~ NO, (39)

The deposition rate of NO, on material surfacesis much lower than that of SO, and thisis
certainly one of the reasons that low contents of nitrates compared to sul phates are usually
found in corrosion products also in rain protected areas. It is known that the direct corrosive
effect of NO, islow except on some organic materials such as like polymers and textiles.

Pollution is acomplex process and gaseous HNO, can be formed by photolytic oxidation
of HNO, or by further oxidation of nitrogen oxides in the following sequence of reactions:

NO+ 0O, NO,+O, (40)
NO, + NO, + M - NO.+M (41)
N,O, + H,0 — 2HNO, (42)

Since HNO, (nitric acid) is astrong acid with a high deposition rate, it is of principal
interest for corrosion. The HNO, concentration has been supposed to be low in urban areas
close to emission sources due to the slow reaction rate. During the last years, daily mean
values of HNO, between 4 and 28 mg/m’ have been reported in Rome [72]. The corrosive
action of HNO, on cal careous stones has been demonstrated to occur under natural conditions
in Athens and in the laboratory [73]. HNO, exertsits corrosive effect also at low relative
humidity. Thisisimportant in warm, dry climates like in California or in southern Europe,
and can give rise to a summer peak of atmospheric corrosion. It can be noted that in Athens,
the highest values of HNO, were found in the summer period.
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D.4242  Synergistic effect of SO, and NO,
In the 1980's, a strong synergistic effect of NO, and SO, was found in several laboratory
investigations. The mechanism may be either a direct oxidation according to:

SO, +NO, + H,0 -~ SO, +2H +NO (43)

which has been found on gold and lead, while the oxidation of sulphite to sulphate on, for
instance, zinc and calcareous stones, can be accelerated with NO, acting as catalyst. 1t may be
emphasised that in both of the synergistic reactions involving NO,, no solid nitrogen
containing corrosion products are created.

D.424.3  Effectsof ozone
The principal mechanism of formation of ozonein the troposphere is by reduction of NO, to
NO due to photolysis:

NO, + hv - NO+O (44)
O0+0,+M - O,+M (45)

where M denotes a third body molecule.
Ozone levels are controlled by the emissions of NO, and volatile organic compounds
(VOC), whichisillustrated in fig D.4:3.

a) O, =0,
b) VOC (volatile organic compounds)

FigD.4:3 Ozone created from NO, under the influence of UV radiation. NO, then regenerates from NO
by (a) reaction with ozone; (b) by reaction including VOC

The ambient levels of the tropospheric ozone have almost doubled in the last 50 years.
The use of catalytic converters on motor vehicles is expected to reduce O, concentrations in
the long term. However, as NO emitted by motor vehiclesisamajor sink for O,, decreased
NO concentrations will probably increase O, levelsin urban areas where the bulk part of the
material stock islocated [74].

Thismay be illustrated by the strong negative correlation between NO, and O, that has
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been found on the UN ECE ICP Materias test sites, described by the relation [66]:
[05] = 60,500 NO:] (46)

For thisreason, O, levels are usually lower than in areas with heavy traffic asin town
centres outside city areas. Ozone in contrast to NO, can thus create both alocal and a more
regional problem.

Ozone exerts a direct corrosive effect on natural rubber, on some plastic materials, textiles
and on paint and surface coatings [69,71].

D.4.2.44  Synergistic effect of SO, and O,

Recently, as mentioned above, a synergistic effect of SO, and O, has been disclosed in
laboratory exposure of zinc, copper, nickel and calcareous stone materials. The following
mechanism is proposed for O;:

SO, +0,+H,0 —~ SO,/ +0,+2H" (47)

When comparison has been possible it has been shown that, the synergistic effect of SO, +
O, isstronger than for SO, + NO, [75], see fig D.4:4.

m SO, +0,

—~ 6001 ® SO, +N,

500- O SO

A NO,

c (OO
300 & Pure air
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Fig D.4:4 Mass gain of zinc exposed at 95 % RH; influence of SO, (225[10°), NO, (400[10°), and O,
(400010°) [75]

D.4.245  Effectson materias
In the following sections, individual materials are treated separately:

D.42451 Sted

Only afew field exposures have been performed and the results are inconclusive. A Japanese
investigation has shown a positive but not significant correlation between corrosion rate and
NO, concentration, while another study has shown that SO, increased, NO, decreased and O,
had no effect on the corrosion rate. Inthe UN ECE exposure programme, a dose-response
function was presented for weathering steel after four years exposure involving both SO, and
O, as explanatory variables, see Table C.4:1. Thisisthefirst time asynergistic effect of O,

CIB w080 / RILEM 175-SLM 2-37



Part Il - Factors Causing Degradation

and SO, has been indicated in afield exposure. The role of NO, has not been clarified in the
UN ECE exposure. In laboratory studies both inhibitive effects of NO, and a synergistic
corrosive effect in combination with SO, have been reported [ 75].

D.4.2452 Zinc
Field studiesin the United States have indicated that dry deposition of HNO, can be an
important parameter. In a statistical analysis of the degradation rate measured as Zn” run-off,
NO, significantly improved the fit compared to an equation with only SO,”. Alsoina
Cdlifornia study, the corrosion rate for galvanised steel was higher in the summer than in the
winter, which is the opposite of the seasona dependence observed at most other locations.
This could be due to HNO, produced by photochemical oxidation in the summer.

In the UN ECE exposure programme a dose-response relation for zinc, involving both SO,
and O, as explanatory variables, has been presented, see Table C.4:1.

D.4.2.4.5.3 Copper materials
In the UN ECE exposure programme copper and bronze are exposed as a construction
material and copper also more sheltered as an electrical contact material. The statistical
evaluation of structural metals after four years exposure resulted in dose-response functions
for copper and bronze, involving both SO, and O, as explanatory variables, see Table C.4:1.
In the evaluation of electrical contact materials it was concluded that both O, and NO,
accelerate the deposition of SO, on copper. Strong weight increase was observed both at sites
with high SO, concentrations and at sites with low SO, concentrations where O, reached high
levels.

In laboratory exposure the combination of NO, and SO, exerts a synergistic corrosive
effect but only at high relative humidity levels. The SO, deposition rate on copper was seven
times higher when O, instead of NO, was added to SO, at 90 % relative humidity.

D.4.2.454 Nicke

In field exposures conducted at indoor sites, nitrates were not found in the corrosion products.
In the UN ECE exposure programme it is the nickel corrosion that correlates most strongly
with the SO, concentration. No effect of the NO, or O, concentrations could be proved by
statistical methods, although nitrate as well as chloride was detected on the surface together
with sulphate, which was the main constituent.

D.4.2.455 Cacareous building materias

Attack on either Ca(OH), or CaCO, by sulphuric acid generally leads to the formation of
gypsum, CaSO,[2H,0O, while nitric acid gives calcium nitrate, Ca(NO,),[4H,O. The nitrateis
more soluble than the sulphate.

In aUK study of limestone decay, the nitrate level was often lower than the detection limit
and none of the weathering indices correlated with NO, [76,77]. Also in other field exposures
it was not possible to correlate high NO, concentration to the low nitrate content of the stone
samples. It should, however, be pointed out that calcium nitrate is deliquescent and readily
absorbs water from air at relative humidity higher than 50 %. One can then find nitrates on a
greater depth in stones than sulphates, which accumulates as CaSO, in the surface layer.

In the UN ECE exposure of limestone and dolomitic sandstone as well asin the UK
national exposure programme, the dose-response relations obtained contain only an SO, term
characterising dry deposition, and another term describing the effect of wet deposition. The
statistical analysis has not shown any effect of O, as for the metals.

Limestone, marble and travertine at laboratory exposure to humid air, NO, and SO, in
combination are drastically affected due to synergism. The SO, deposition on marbleis also

CIB w080 / RILEM 175-SLM 2-38



GUIDE AND BIBLIOGRAPHY TO SERVICE LIFE AND DURABILITY RESEARCH FOR
BUILDING MATERIALS AND COMPONENTS

strongly enhanced by the presence of O,. Recent laboratory exposure confirmed that similar
to the case of zinc, NO, catalyses sulphate formation, while O, acts by direct oxidation. The
catalytic effect of NO, is only efficient at high humidity, whereas the direct O, effect is
efficient at both dry and humid conditions [78].

D.4.246  Conclusons

« There are considerable gaps of knowledge concerning atmospheric corrosion effects of
NO, and O,. Traditionally, scientists working with inorganic materials have focused on
SO, as the most significant pollutant, while those working with organic materials
primarily have dealt with O,. In thisway the synergistic effects of SO, with O, and
NO, have not been subject of any systematic investigations until recently.

« Laboratory and field investigations performed in the last decade have contributed to the
understanding of theinterrelated role of SO,, NO, and O, and underlined the necessity
to treat the deterioration of materials as a multi-pollutant situation, which may increase
the significance of degradation from pollutantsin less polluted areas and in indoor
locations.

« A warning should beissued for the corrosive action of HNO,. Itsimportance for
atmospheric corrosion, especialy in warm regions, should be clarified.

+ Reliable dose-response functions are needed in order to be able to cal cul ate acceptable
levels of pollutants and for calculations of economic impact.

D.4.3 Acids

The acids most important to the deterioration of materials through atmospheric corrosion are
sulphuric acid (H,S0,), nitric acid (HNQ,), and hydrochloric acid (HCI) [21].

Sulphuric and sulphurous acids are used in many industrial processes and local pollution
may occur around certain industrial facilities. The acids are easily deposited on exterior
materials. The pH-values on surfaces close to major pollution sources may be very low,
promoting corrosion attack on the materials. The transformation of SO, to sulphuric acid in
the atmosphere has been mentioned earlier. Sulphuric acid may be transported over long
distances and be amajor cause of acid precipitation (see section E.3).

Nitric acid isused in many industrial processes. AsHNO, isvery volatile, local pollution
may easily occur around industrial facilities. Quantitative data on nitric acid concentration in
the atmosphere are scarce. The acid is easily deposited, both wet and dry, and if deposited on
material surfacesit isvery aggressive and attacks both native and synthetic polymers (see
D.4.2.5).

Hydrochloric acid too is also used in industrial processes, and is often detected around
many industrial facilities. Combustion of coal and wood is a known source of HCL
formation, and a very important and much discussed source is the combustion of waste
materials [63]. Hydrochloric acid is especially aggressive to metals, concrete and rendering
materials[21].

D.44 Salts/aerosols

An important effect of saltsis that they, when deposited on material surfaces and due to their
hygroscopicity, may increase the moisture content and prolong the wetness periods of the
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materials. Besidesthat, salts are more or less aggressive. Recrystallisation of saltsin micro-
pores of porous materials such as rendering and many stone materials may cause enough
tension for the materia to decompose.

The chloride concentration in the atmosphere of is of great importance for metal corrosion,
which of course also affects building materials such as coil-coated sheet metal, especidly at
cut edges, holesin the sheet, fasteners, pores and cracks in the coating etc.

Current levels for wet deposition of chlorides, sulphates and nitrates can be found (see
section E.5).

D441 Sea spray

The seaisamajor source of sats. The effect of sea-salt on the durability of construction
meaterialsis, together with that of SO,, the most studied environmental variable[79,80]. Sea
spray may be regarded as aform of particulate pollution that can travel under the influence of
wind for several milesinland from coastal areas. The salt concentration in the atmosphere
decreases rapidly with distance from the coast [79]. Salt spray from the environment can
adversely affect the durability of stone as well as accelerating the corrosion of metals,
particularly ferrous metals and aluminium.

In Australia, scientists at CSIRO have developed a hyperbolic function of the corrosivity as
function of distance from sea, using standard corrosivity specimens of mild steel and copper
steel being exposed at numerous sites at various distances from the sea. The hyperbolic
function has the following form [80]:

B
log, (corrosivity) = A + . (48)
1+ C Wdistance from ocean)

The model describing the variation in one-year corrosivity of mild steel with distance from
the ocean are shown in fig D.4:5 for three regions: Newcastle; southeast Melbourne; and
Victor Harbour.

The very sharp fall-off in corrosivity with distance inland is evident in all three cases, as
are the increasing levels of corrosivity in the order Melbourne, Victor Harbour, Newcastle
[80]. It should, however, be remembered that the primary variableis the salt and not the
distance [79]. For Newcastle, corrosivity was found to vary by more than an order of
magnitude across the area surveyed. Therates at the beachfront were the highest ever
measured in Australia, and the marine environment represents a major corrosion hazard.
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Fig D.4:5 Models showing the variation in the corrosivity of mild stedl exposed for one year as a function

of distance from the ocean, for three regionsin Australia

Quantitative dose-response functions and classification systems exist (see section F). As
for dose-response functions a matrix of dose tests have partially been completed, in which a
range of materialsis subjected to well defined (constant) doses of humidity and airborne
salinity during short to medium term exposures [81]. In these exposures, RH was held
constant at values from 60 to 100 %, while salt doses equivalent to 0 to 120 mg/m*d were
applied once aweek. Exposures without salt went on from 6 to 38 weeks, while those with
salt from 6 to 12 weeks. The materialstested included Cu-steel, galvanised steel, solid zinc
and aluminium-zinc coated steel.

The data reveal anumber of different patterns in terms of corrosion rate dependent on RH
and airborne salinity. Galvanised and solid zinc show a strong sensitivity on salinity levels
but aweak dependence on RH, while Al-Zn shows a marked sensitivity on RH and a weaker
sengitivity on salinity. It isnotable that the corrosion rate for the galvanised and the solid zinc
plates subjected to a high natural sea salt dosage (120 mg/m°d) did not decrease when RH was
decreased from 90 to 60 % RH. The implication from this result isthat the use of the
approximation of TOW as the time when RH>80 % is not appropriate when there is
significant natural sea salt deposition.
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Although the data were not primarily structured for the development of dose-response
function type expressions, such expressions can be derived for the datafor 90 % RH. Assea
salt and NaCl will wet at 90 %, TOW can be regarded as 100 % aslong as salt is present.
Unit of airborne salinity ismg/mad. All data were derived at a constant temperature of 30°C.
The most appropriate formulation isthen:

C = a+b(salinity)

For galvanised steel the data analysis, when the TOW factor is explicitly included (adding
in dataat 100 % RH and thus 100 % TOW but zero salinity), proposes the following form:

C, = atTOWH{b+ci(salinity)}

Cole [81] studied the airborne salinity on the facade and within building envelopes. This
study indicated that there was a significant reduction of the salinity level on the facades and a
further reduction within the building envelope. However, while the salinity level within the
building envelope was considerably reduced, it was not negligible and thus in combination
with the relatively high TOW values indicated that a slow but not insignificant corrosion
could occur in wall cavities.

D.44.2 Soot and particles

During recent years the content of particles in the atmosphere has increased by approximately
4 % per year. Trafficisamain contributor in urban areas. A major effect of soot and
particlesisthat they, if deposited on surfaces, may prolong wetness periods.

Furthermore, soot and particles may contain corrosve compounds, affect surface
properties such as light reflection and indirectly cause mechanical damage to surfaces due to
the need of cleaning.

More detailed descriptions and classifications of soot and particles and their occurrence in
different atmospheres are available [63,82,83].

D.4.5 Chemical incompatibility factors

When different materials are used in conjunction, due consideration should be given to the
possible interactions which may occur between them and which may lead to deterioration.

Specific chemical attack from one material on another can occur for many material
combinations. Not all such interactions are documented. Often the effect will be dependent
on the environmental circumstances and, in particular, the presence or absence of moisture.

For materialsin contact or adjacent to each other, the action may be direct or indirect since
one material may influence the response of another to the environment. It may aso occur that
amaterial degrades and affects neighbouring materials.

D.451 L eaching/leachates

Certain materials react slowly with water or contain substances soluble in water or are
extractable in water. Other materials, whilst not themselves being a source of harmful
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leachates, may be capable of transporting leachates over quite long distances. The solving
action of water for these constituents may cause changes in the properties of the materia
itself. Alternatively or additionally, the leachate solutions formed can constitute reactive
agencies towards adjacent materials that would not be attacked by water alone.

D.45.2 Solvents

Other interactions can occur when migrating solvents and solvent vapours cause the
plasticisersin certain thermoplastics to migrate and bituminous compounds to soften.

D.45.3 Contaminated land

Any building material placed in contaminated soil and groundwater needs special attention as
the performance of the materials may be seriously affected by the contaminants. The effect of
soil contaminants depends on their combination, on the concentration and on the soil type etc.
Examples of causes and effects are:

1. Sail containing solvents which can attack plastic pipes, causing swelling or salvation
leading to loss of mechanical properties,

2. Surface active substances, e.g. alcohol, soap and other wetting agents, in combination
with stress may cause environmental stress cracking of rigid building products;

3. Many chemicals, typically strong oxidising agents, can chemically attack and degrade
plastics and rubber;

4. Land containing explosive gas (e.g. methane) can not only destroy buildingsif the gas
becomes concentrated in a confined space and isignited, but the gas can also create
voids below ground that lead to gradual subsidence;

5. Bacteria activity, particularly sulphate reducing bacteria affecting corrosion of metals;
and

6. Sulphate and acid attack on concrete.
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D.5 BIOLOGICAL AGENTS

D.5.1 Fungi and bacteria

Living organisms such as fungi and bacteria are significant environmental degradation agents
of organic building materials, but they may also affect inorganic materials such as calcareous
stones, sandstone and even metals [63]. While biological factors are not weathering factors,
biological attack of exterior building materials depends highly on weather conditions.

Fungi attack on facade materials often appears as mould growth on organic surface
treatments or aswood rot. Mould growth on a coating normally causes a darkening of the
colour. Linseed ail coatings are regarded to be more affected by mildew attack than coatings
based on synthetic resins. However, extenders, stabilisers and plasticisersin synthetic
coatings may provide the necessary conditions for biological attack. Modern coatings are
normally protected by specific additives, like fungicides and insecticides

Both aerobic and anaerobic bacteria may participate in the deterioration of exterior
building materials. Products emanating from the metabolism of the bacteria often cause the
attack on materials, e.qg. bacteriathat feed on sulphides may produce sulphuric acid.

Bacterial activity can induce corrosion in metals when suitable nutrients are available.
Concrete structures can be attacked by sulphuric acid produced by bacteriathat use hydrogen
sulphide derived from the breakdown of putrescible materials as an energy source.

D.5.2 Fungal and insect attack in timber

Fungi causing wood decay and wood boring insects are found more or less everywhere, and
they can cause damage in most parts of a building.

A systematic survey of microbiological attack and its causes on timber has been presented
[55], seefig D.5:1. Temperature, moisture content of timber and nutrients are the
predominant factors when considering its susceptibility to both fungal and insect attack. The
duration of their effect is aso of great importance.

For fungi to grow on wood a moisture content of 28 % or more is necessary. If growth has
started, it can continue at lower moisture levels. A typica activity curve for fungi asa
function of temperature is also shown in fig D.5:1, while Table D.5:1 shows moisture-
temperature requirements for some typical damaging fungi in Norway [55].
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FigD.5:1 a) Determining environmental degradation factors for micro-biological attack on wood, and b)
Typica temperature dependent activity curve for fungi on wood [55]

TableD.5:1 Moisture temperature regimes for typical damaging fungi in Norway [55]

Type of fungi Moisture in wood Optimal Lethal
temperature

Corticiacea spp. 50-70 % 030°C 050°C
Blue stain fungi > 30 % 025°C 045°C
Dry rot fungus(Serpula lacrymans 023°C 035°C
“Poria” fungi, white pore fungus 028°C 045°C
(Antrodia serialis, A, sinuosa, A, xantha,

Fibroporia waillantii)

Cellar fungi 023°C J40°C
Mould fungi 20-150 % 20-45°C 055°C
Dacrymytces stillatus 20-150 % 023°C 035°C
Gloeophyllum sepiarium 30-50 % 035°C 075°C

The location of the most frequent rot spots on a timber building is likely to depend on
moisture content [55].
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The information above on fungus activity fits very well with the climatic index devel oped
by Scheffer for the US, asfollows [84]:

Dec
Jan[(T -2) (D-3)]

17

where T is the monthly mean temperaturein °C and D is the mean number of daysin the
month with 0,25 mm or more precipitation.

This climatic index, which also is adamage function, for the decay of wood is based on US
public bodies requirementsfor the estimation of needs for wood protective measures. The
index was developed from ten years exposure of samples of various types of wood and
correlates their decay rate with existing meteorological monthly datafor temperature and
duration of precipitation. The derivation of thisindex isthus based on the assumption, which
was shown to be highly valid, that precipitation and temperature by far overshadow other
elements of climate that might influence attack by wood destroying fungi.

Scheffer also stated that analysis of typical growth - temperature curves for afew
commonly occurring decay fungi indicated that the suitable temperature factor for the climate
index would be the mean monthly temperature minus 2°C, taking into account that most of
the fungi become active a couple of degrees above 0°C. It isalso assumed that for practical
requirements the dependence of fungi growth rate, and presumable also of the decay rate, on
the temperature can be considered as linear from 0°C to the actual active temperature range.
Thisisnot strictly true for all fungi, but fits very well with fig D.5:1.

The duration of rain was considered more significant for the total wetting of wood, and
gave better correlation, than the precipitation amount. Theterm “-3” in the formulais added
just to keep the index in the range of 0-100 for most parts of the US.

Insect attack is possible at a mass fraction of 12 % of moisture and above, which often
appliesto roof and ground floor timbers, and sometimes to mid-floor timbers.

Climate index =

(49)

D.5.3 Rodents and birds

The pests most likely to cause damage or deterioration to building materials are mice and rats.
They can cause considerable damage by gnawing timber, other organic substances and
electric cables casings of PVC.

Birds can brake fragile roofs by pecking and sometimes cause damage by the debris that
they collect or drop. Woodpeckers sometimes attack external timber claddings.

Animal waste matter is a source of nutrient for plants, insects and bacteria that may cause
damage.

D54 Plants and trees

A major cause of damage to buildings from plants and trees is due to roots disrupting
foundations or penetrating underground drains and to new tree planting in clay subsoils.

Serious damage has occurred where buildings with shallow foundations or with faulty
infilling of the site have been built on sites of shrinkable clay, especialy if there aretrees or
large shrubs nearby. If thetrees or other large plants die or are cut down, water will no longer
be extracted from the surrounding soil and the clay will swell. Damage to adjacent buildings
will occur unless the foundations have been designed to withstand swelling [85].

Plants can also cause damage by growing in gutters and blocking them, and by devel oping
roots in the joints and cracks of masonry walls or in drains.
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E M easur ements, modelling and mapping of air quality

E.1l INTRODUCTION

The measuring, testing and evaluation of air quality are assuming growing importance in
developed countries as elements of a comprehensive clean air policy geared to the objective
of sustainable development. Accordingly, a significant amount of data is generated on the
various geographical levels. This concerns point measurements of both emissions and
ambient air concentration, as well as emission surveys of amost every type of source.

Point measurements are very expensive, and for abroader assessment of air quality,
needed for policy development and assessment, public information etc., measured data need
to be combined with modelling based on emissions inventories, in order to properly assess the
exposure to, and thus the effects of the pollution on public health or buildings. Such air
dispersion models exist, and the results can be mapped and exhibited by modern information
technology (GIS).

During the last decades it has become evident that air pollution is not only a problem of
densely populated and industrialised areas, but pollutants may be transported over long
distances and affect the environment far beyond the source regions. Thisimplies that
monitoring and control of air pollution on alocal or national scale is not sufficient to solve
environmental problems, and that international co-operation is anecessity.

In the context of assessing building performance, the bulk of data on global, continental
(Macro) and national (meso) levelsistherefore available for exploitation. To some extent
data are also available for the local scale, while most is lacking for the microenvironment on
buildings. This should then be a subject for concentrated R& D effort. Some methods are
available from the environmental areafor such an effort. Thiswill be dealt with in section G.

The following is a state of the art report on the availability of data and methods from the
atmospheric environmental area on the global, and then the macro and meso scale in Europe.
In turn, the UN Global Environment Monitoring System (GEMS/AIR), the trans-boundary
UN ECE EMEP-programme and the tasks organised under the European Environment
Agency in Copenhagen are described, and some data are given.

E.2 GLOBAL ENVIRONMENTAL MONITORING

E.21 UN Global Environment Monitoring System (GEM S/AIR) — 1973-1992

GEMS/AIR is an urban air pollution monitoring and assessment programme that evolved
from aWorld Health Organisation (WHO) urban air quality monitoring pilot project started in
1973. Since 1975, WHO and the United Nations Environment Programme (UNEP) have
jointly operated the programme as a component of the United Nations worldwide Global
Environment Monitoring System (GEMS). GEMS is a component of the UN Earth watch
system.
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The origina objectives of GEMS/AIR wereto:

+  Strengthen urban air pollution monitoring and assessment capabilities in participating
countries,

« Improve the validity and comparability of data amongst cities; and

« Provide global assessments on levels and trends of urban air pollutants, and their effect
on human and ecosystem health.

E.2.2 The GEM S/AIR Achievements and Networ k

Sinceitsinception in 1973, the GEMSAIR network has included some 270 monitoring sites
in 86 citiesin 45 countries. Monitoring stations are run by the national or city authorities that
voluntarily contribute their data to the GEMS/AIR global database. The cities represent a
wide range of climatic and socio-economic conditions as well as different levels of
development and air pollution control capabilities. GEMSAIR isthe only global programme
that provideslong-term air pollution monitoring datafor citiesin industrialised aswell asin
developing countries. Thus the programme enables the production of assessment of the levels
and trends of urban air pollution worldwide.

E.2.3 GEM S/AIR Phase 2 (1993-2000) — Per spective and Programme Activities

In recognition of the increasing challenges faced by the escalating urbanisation all over the
world, an outline for an expanded GEMSAIR programme (GEM S/AIR Phase 2) was
prepared for the period 1993-2000. The overall objective of the programme isto provide the
comprehensive information needed for rational air quality management.

Within this objective, the following sub-objectives were defined:

+ Provide an international framework for co-ordinated and valid monitoring of urban air
quality, effective data management, and reliable information dissemination;

« Develop methodologies, adapted to the specific needs of the participating countries,
required for the comprehensive monitoring and assessment of urban air quality;

+  Produce comprehens ve assessments which include levels and trends of urban air
quality, pollution sources, and options for abatement, as well as of potential health and
environmental effects; and

«  Strengthen urban air quality monitoring networks and assessment capabilitiesin
developing countries.

E.24 The GRID — Arendal Solar UV Radiation I nformation Service

Ozone depletion leads to an increased intensity of ultraviolet radiation reaching the earth
surface. Excessive exposure to UV rays from the sun leads to sunburn, and, in some cases,
also to skin cancer. If people continue their sunbathing habits the health implications could
be serious.

UV-intensity maps are being produced by GRID-Arendal in co-operation with NILU.
Datafrom sun-angle and satellite measurements of stratospheric ozone are entered into a
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model to calculate UV-intensity at noon for the whole earth. Maps are then produced
indicating thisintensity for selected areas.

Institutions, media and private persons can now order a UV-intensity information package
from GRID-Arendal, with colour maps and graphics showing the UV and ozone situation
over a selected period of time.

At an additional cost — based on production time — custom made UV -intensity maps for
selected areas can also be ordered.

The unit used on the UV-intensity maps produced is the UV-index developed by
Environment Canada. The UV-index runs on a scale from zero to ten, with ten being atypical
mid-summer day in the tropics. A relative scale from low to extreme isalso applied. In
extreme conditions, with a UV-index higher than nine, light and untanned skin will burnin
less than 15 minutes.

Three main trends in UV-intensity level disparity are easily seen on the UV-intensity maps
from GRID-Arendal. These are the variation between north and south, the influence of
stratospheric ozone, and the annual fluctuations.

There is now aso information on UV monitoring around the world on home pages on the
World Wide Web. The addressis:

http://ww. srrb. noaa. gov/ W

This information shows that quite a few countries now perform spectral measurements and
thisis even more interesting from point of view of materials durability (see section D.3). A
newly developed cheap instrument that can be used for measurements on buildingsis
described in section G.2.

E.3 UN ECE EUROPEAN MONITORING AND EVALUATION
PROGRAMME (EMEP)

E.3.1 Background

In Europe, most of the research and monitoring activities related to long-range transport of air
pollutants have been connected to the "acid-rain" issue. Towards the end of the 1960s, Nordic
scientists presented data that strongly indicated that acidification of rivers and lakesin
southern Scandinavia was having a severe impact on aguatic life. These dataled to a
discussion on whether air pollutants emitted in industrialised areas of central Europe and
United Kingdom could cause acidification of precipitation in Scandinavia. To study this, the
Organisation for Economic Co-operation and Development (OECD) in 1972 launched a co-
operative programme with the objective "to determine the relative importance of local and
distant sources of sulphur compounds in terms of their contribution to the air pollution over a
region, specia attention being paid to the question of acidity in atmospheric precipitation.”
The programme, which ended in 1977, provided the first comprehensive insight into the
transport of air pollutants on a continental scale. It showed that "air quality in any one
European country is measurably affected by emissions from other European countries' [86].
Mathematical models developed within the programme made it possible for thefirst timeto
quantify the depositions within one country due to emissions in any other country.

During the OECD programme, which had included 11 Western European countries, it
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became evident that future studies ought to include all European countries. After aperiod of
discussions at a political level, such an all-European programme was launched in late 1977:
the Co-operative programme for the monitoring and evaluation of long-range transmission of
air pollutantsin Europe (EMEP). It was organised under the auspices of the United Nations
Economic Commission for Europe (ECE), in co-operation with the United Nations
Environment Programme (UNEP) and the World Meteorological Organisation (WMO).
Today EMEP isan integral part of the co-operation under the 1979 Geneva Convention on
Long-range Trans-boundary Air Pollution [87].

E.3.2 Objective and organisation

The main objective of EMEP is to provide governments with information on deposition and
concentration of air pollutants, as well as on the quantity and significance of long-range
transmission of air pollutants and trans-boundary fluxes. To achieve its objective, EMEP is
based on three main elements:

« Emission data;

« Measurements of air and precipitation quality; and

«  Atmospheric dispersion models that, by using emission data, meteorological dataand
parameters describing transformation and removal processes, provide concentration
and deposition fields for relevant pollutants.

A Steering Body for EMEP, where all participating countries are represented, has been
established to supervise itswork. Canada and United States are also participating in the
Steering Body, inter aliato ensure proper liaison with related activities in North America.
The Executive Body takes final decisions on work programme and budgetary mattersfor the
Convention on Long-range Trans-boundary Air Pollution.

The EMEP-activities are divided into two main parts, a chemical and ameteorological. A
Chemical Co-ordinating Centre (CCC), located at the Norwegian Institute for Air Research
(NILU), isresponsible for the chemical part of the programme. The main tasks are to collect,
check and store data from national measurement programmes in the participating countries
and to organise and co-ordinate quality assurance procedures. The meteorological part of
EMEP is being undertaken at two Meteorological Synthesizing Centres, an eastern centre
(MSC-E) in Moscow, and awestern centre (MSC-W) at the Norwegian Meteorol ogical
Institute in Odlo. Their main tasks are to design, operate and verify atmospheric dispersion
models. The work at the EMEP centresis funded by the participating countries according to a
protocol to the Convention, while measurement activities are funded through national
monitoring programmes in the participating countries. The participating countries also
contribute by organising workshops and expert meetings on selected topics.

Working Groups on effects are also established within the context of EMEP, under which
the WG on materias exist, and which has established the UN ECE | CP on materials exposure
programme (see section C.4).
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E.3.3 EMEP'swork programme

During itsfirst years of operation, only sulphur compounds were included in EMEP. The
work programme has been gradually expanded to include also nitrogen compounds, volatile
organic compounds and ozone.

E.3.3.1 Emission data

Emission data are essentia asinput for model calculations, and is also needed for other
purposes in the co-operation under the Convention. The EMEP models have so far been
using agrid size of 150 km x 150 km, but new models under development will be based on a
50 km x 50 km grid. Emission data are to be provided by the participating countries and they
are at present working on annual emission data for 1990 in the 50 km x 50 km grid. Thisis
closely linked to the EU project CORINAIR *90 which now forms part of the working
programme of the Copenhagen based European Environment Agency (EEA) (see section
E.4).

For the model calculations, abest as possible time resolution of the emission data are
needed. Thishas so far been solved by specifying seasonal variations based on information
on heating demand, etc.

The collection of reliable emission data with the required spatial resolution has been a
difficult task within EMEP. Workshops and expert meetings have been used to elaborate
guidelines to harmonise the methods used for emission estimates. The present guidelines
include SO,, NO,, NH,, CO and VOC. A Task Force was established to strengthen the co-
operation between the large number of countries, and to further develop the common
methodologies and a guidebook with detailed descriptions of emission inventories, including
recommended default emission factors, was issued in 1995. The efforts on improving the
quality of European emission data are of vital importance, not only for EMEP but also for
efforts related to monitoring of compliance with the various commitments European countries
have made by signing agreements on emission reductions.

E.3.3.2 Measurementsof air and precipitation quality

EMEP monitoring sites should be located in rural areasin order to be representative for large
areas and should not be unduly influenced by local sources. However, emission densities

vary much over Europe and it has therefore not been possible to define strict location criteria.
The present station network includes about 100 sites in about 30 countries [88], see fig E.3:1.
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FigE.3:1 EMEP sampling network in 1993

The present measurement programme includes the components shown in Table E.3:1. For
nitrate and ammonium, impregnated filters have been used to measure the sum of these
compounds in gaseous and particulate form. Thisis not a satisfactory solution and is changed
so that gaseous and particul ate species are determined separately by using denuder techniques.

Measurements of light hydrocarbons were initiated in late summer 1992 at five EMEP
sites. Samples are collected in electropolished stainless steel canisters at noon twice a week,
and are sent to the CCC for chemical analysis. In addition, aldehydes and ketones (eight-
hours samples) were included from spring 1993. One of the objectivesisto establish a
database for VOC concentrations to be used for comparison with results from photochemical
model calculations.

It has not been possible to standardise methods for sampling and chemical analysis within
EMEP, but amanual with recommended methods has been issued. Most EMEP stations use
either alow volume sampler where an air sample is drawn through afilter for collection of
particles and then through a solution for absorption of the relevant gases, or a medium volume
sampler with impregnated filtersinstead of abubbler. The samples are analysed at a national
laboratory and data reported to the CCC. For precipitation, both wet-only and bulk sampling
are accepted. Several chemical methods are being used, but ion chromatography is being used
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by an increasing number of laboratories.

The large number of laboratories participating in EMEP and the lack of standardisation of
methods imply that various inter-comparisons play an important rolein the quality assurance
activities:

+ Inter-laboratory tests of chemical analyses; and
«  Comparison of the performance of different air samplers —field inter-comparisons have
been undertaken.

TableE.3:1 EMEP s measurement programme
Components Measurement Measurement
period frequency
Gases SO,, NO, 24 hours Daily
O3 Hourly means  Continuously
stored
Light hydrocarbons C,- 10-15 minutes  Twice weekly
C7* ketones and 8 hours Twice weekly
aldehydes
(VOC)
Particles SO~ 24 hours Daily
Gas + particles  HNOj; (g) + NO3™ (p) 24 hours Daily
NH; (g) + NH4™ (p)
Precipitation Amount of precipitation, 24 hours Daily
S0,*-, NOg, CI',
pH/H, NH,",

Na*, Mg*, ca®*, K",
conductivity

* Measurements are made at a small number of sites only.
Additional quality assurance elements are:

+ Regular questionnaires to collect detailed information on monitoring sites, sampling
eguipment and methods for chemical analysis aswell as on local quality assurance
procedures. Thisinformation is stored and regularly updated by the CCC;

«  Expert consultations, which include visits of a representative from the CCC to
participating laboratories, site inspections and visits from the participating countries to
the CCC;

« All datareceived by the CCC are run through a quality control check, e.g. by checking
the ionic balance of precipitation analysis; and

+ QA eements have been collected in a QA plan.

After completion of quality checks, summaries of the data submitted are presented in
annual reports, which normally will be printed one to two years after the end of the
measurement period (e.g. the 1993 report was issued in July 1995).

Some results of EMEP measurements of relevance for materials degradation are givenin
figs E.3:2-3, showing sulphur dioxide and pH in precipitation, respectively, inrural areasin
1993. Further information on EMEP measurementsis available [17,88,89].
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E.3.3.3 Modelling activities

The meteorological dispersion models employed by EMEP's Meteorological Synthesizing
Centres are similar in their basic approach. The one-layer Lagrangian models being used
calculate concentrations of pollutantsin air parcelsfollowing air trgjectories from a balance of
sources and sinks. For primary pollutants (e.g. SO,) the emission inventory provides the
source term. Chemical transformation may act as asink (e.g. for SO,) or a source for
secondary pollutants (e.g. sulphate). All pollutants are removed by dry and wet deposition.
Model calculations are regularly made for sulphur and nitrogen compounds, and some model
estimates for large-scale formation and transport of ozone are also available. The most
important basic meteorological data needed are on wind fields (925 mb) and precipitation
fields given every six hours. For further information on the models used, including
comparisons between model results and measurements, reference is made to reports prepared
by the EMEP centres, e.g. [17,91,92,93]. Work has been initiated by MSC-W on multi-layer
Eulerian models. However, itisaclear goa for EMEP to keep the models smple enough to
allow calculations over long time periods (severa years).

The most widely used results from EMEP are the model estimates of sulphur depositionin
each European country caused by emissions in other countries. Annual country-to-country
emitter-receiver matrices for sulphur and nitrogen compounds are regularly provided by
EMEP and form a valuable input to the work under the Convention. The model results have
been a prerequisite for the negotiations on emission reductions based on the critical-load
approach’. Tables E.3:2 and E.3:3 show some results from MSC-W for sulphur.

TableE.3:2 Sulphur deposition tons) in some TableE.3:3 Sulphur deposition in Germany in
European countriesin 1991 from sulphur emissions 1991 from emissionsin various European countries
in Germany [91] [91]

Country Deposition Country Deposition
Austria 50 Austria 2
Belgium 10 Belgium 27
Belarus 31 Czechoslovakia 87
Czechoslovakia 123 Denmark 5
Denmark 14 France 51
Finland 17 Germany 899
France 58 Hungary 7
Germany 899 Italy 8
Hungary 21 Netherlands 12
Italy 33 Poland 38
Netherlands 20 United Kingdom 47
Norway 20 (Remaining coun- (26)
Poland 252 tries and seas)

Romania 23 (Indeterminate (51)
Russia 71 origin)

Sweden 29 Deposition Unit: 1000 tons
Switzerland 13 Total deposition: 1261 ktons
Ukraine 46

United Kingdom 18

(Remaining area 448

inside EMEP-grid)

Deposition Unit: 1000 tons;
German SO,-emissionsin 1991: 2870 ktons

*The "critical-load approach” takes the level of deposition or concentration that an ecosystem can tolerate
without negative effects as a starting point. The "critical load" may vary geographically.
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E.34 Further development and concluding remarks

Taking into account the large number of countries participating in EMEP and the quite
significant differences in availability of technical resourcesin the various countries, EMEP
has been reasonably successful in achieving its objectives.

An important issue for EMEP in the coming years will be to monitor changesin air and
precipitation quality in Europe as aresult of emission reduction commitments laid down in
the various protocols to the Convention on Long-range Tran-boundary Air Pollution. High
priority will therefore be given to maintain and improve the quality of the activities related to
sulphur and nitrogen oxides, aswell as VOC (and photochemical oxidants). Effortsto
improve the quality of the emission data are of particular importance. The measurement
strategy will be evaluated, aming at a more equal distribution of stations over the region and
also considering issues such as whether all stations should have identical measurement
programmes. Effortsto improve harmonisation and standardisation of methods will aso have
to be addressed. The modelling work will be improved by higher spatial resolution and
possibly aso by using multi-layer models.

E.4 AIR QUALITY INFORMATION DISSEMINATION AT EUROPEAN
ENVIRONMENT AGENCY (EEA)

E.4.1 Obj ective and organisation

After years of preparation the European Environment Agency (EEA) was established in
Copenhagen in December 1994. The main objective of EEA islaid down in the EEA
Regulation (No. 121/90, EEC 1990), where EEA’smain task (Article 1) isto provide the
European Community and its Member States with objective, reliable, and comparable
information at a European level enabling the Member States to take the requisite measures to
protect the environment, to assess the results of such measures and to ensure that the public is
properly informed about the State of the environment.

With regard to monitoring and information gathering, Article 2 lists the Agency’ s tasks to
be to establish, in co-operation with the Member States, and co-ordinate the network referred
toin Article4 (EIONET). Inthis context, the Agency shall be responsible for the collection,
processing and analysis of data, in particular in thefieldsreferred to in Article 3, among them
ambient air quality.

The development of the EIONET technical infrastructure is of special importance. This
will support its decentralised and distributed organisation, emphasising interconnecting
existing systems so that they can exchange information and operations. The focus on
interconnecting existing systems, implies neither a“central information system” nor the
implementation of the same system in all nodes, but the creation of a distributed information
machine. A layered approach is needed to accommodate the requirements and needs, as
illustrated in fig E.4:1.
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Level 3

The “conncentric layer concept” of
EIONET Wide Area Network

Public Network

Level 1

Level 2

Commission

International
organisation

Public network

FigE.4:1 The European Information and Observation Network (EIONET)

Level 1iscomposed of EEA, Nationa Focal Points, European Topic Centres (ETCs) and
the Commission. This shell comprises the highest operating level and isintended to:

Support efficient communication;

Enable inter-organisational co-operation and planning;
Provide capabilitiesto track the flow of documents;
Offer “conference” facilities;

Enable reporting and data flows; and

Provide accessto relevant EEA data

So far eight of 12 Topic Centres Consortia have been established. For air pollution two
Topic Centres were established in December 1994, the ETC-Air Quality (AQ) and ETC-Air
Emissions (AEM). The ETC-AQ islead by the Nationa Institute of Public Health and
Environment (RIVM) in the Netherlands and the other members of the Consortium are
Norwegian Institute for Air Research (NILU), Norway, National Observatory of Athens
(NOA), Greece, and Norwegian Meteorological Institute (DNMI), Norway.

Other main tasks of EEA areto:

Provide the Community and the Member States with objective information necessary
for framing and implementing sound and effective environmental policies; in particular
to provide the Commission with the information that it needs to successfully carry out
itstasks of identifying, preparing and evaluating measures and legidation in the field
of the environment;

Record, collate and assess data on the state of the environment, to draw up expert
reports on the quality, sensitivity and pressures on the environment within the territory
of the Community, to provide uniform assessment criteriafor environmental datato be
applied in al Member States. The Commission shall use thisinformation in its task of
ensuring the implementation of Community legislation on the environment;
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+ Help ensure that environmental data sets at an European level are reciprocally
comparable and, if necessary, to encourage by appropriate means improvement of
harmonisation of measurement methods,

«  Promote the incorporation of European environmental information into international
environment monitoring programmes such as those established by the United Nations
and its specialised agencies,

« Ensure the broad dissemination of reliable environmental information. In addition, the
Agency shall publish areport on the state of the environment every three years;

«  Stimulate the development and application of environmental forecasting techniques so
that adequate preventive measures can be taken in good time;

«  Stimulate the development of methods of assessing the cost of damage to the
environment and the costs of environmenta prevention, protection and restoration
policies;

«  Stimulate the exchange of information on the best technologies available for preventing
or reducing damage to the environment; and

+ Co-operate with the bodies and programmes referred to in Article 15.

E.42 European Palicies on Air Quality Monitoring

Current European directives and conventions requiring monitoring of air quality and
deposition are mentioned below. In addition the national requirements of each state must also
be considered.

The current set of air quality directives in the European Union comprises the compound-
specific directives for SO,, particulate matter/black smoke, NO,, lead and ozone, of which
lead was the first (1982) and ozone the last (1992). These directives require in principle that
every occasion where any of the limit values is exceeded shall be detected, and thus that
monitoring is carried out in all areas where thisis expected to occur.

The Exchange of Information (Eol) decisions (1982 and 1994) provide the framework to
make monitoring data from selected sites regularly (annually) available to the Commission.

Under the new directive on Ambient Air Quality Management (the “Framework” directive,
Council Directive 95/9514/EC) new air quality target values are being devel oped by the
Daughter Directives Working Groups for SO,, NO,, lead and particulate matter (PM), and
new requirementsto air quality assessment and monitoring are being developed concurrently.
Also here, full monitoring/ assessment coverage of areas where target values are approached
or exceeded, is required.

These directives and the Eol decisionswill set the stage for European air quality
monitoring and assessment, and reporting in the years to come.

The monitoring requirements under these directives will mainly relate to urban or
industrial hot spot areas where concentrations may be high enough to affect human health. In
other (rural, regional) areas, monitoring is required mainly due to effects of deposition of
acidic compounds (see below).
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E.A3 Present status of European Air Quality Monitoring

Thefirst State of the Environment report for Europe, initiated by the pan-European
Conference of Environment Ministers at the Dobris Castle of the Czech Republic in 1991, and
published by the EEA in 1995, took a pan-European approach, naturally enough. It islikely
that the area of interest of the Agency will be extended to cover those countries covered by
the Dobris assessment, and thus also attain a pan-European outl ook.

On the local/urban scale, the Dobris report provided information on air quality in more
than 100 European cities, mainly for the years 1985 and 1990. The assessment covered SO,
and particles (“winter smog compounds’), NO, and O, (“summer smog compounds’), and
also to some extent CO and lead. The data coverage was good for SO, and particles (mainly
black smoke), but less extensive for the other compounds. Data were collected and presented
both for high short-term concentrations, and long-term averages. Asan example, fig E.4:2
shows a summary of the state for SO,

The six-page summary of the local/urban air pollution in the Dobris report was followed up
by a double-volume Scientific Background Document for local/urban air pollution, presenting
extensive summaries, and two to five pages city reports, one for each of the cities [94].

In 1995 the ETC.-AQ aso published a status description on air quality in Europe in 1993.
Thiswas produced under the MA 2 project of the Agency’ s work programme [95].

Data were thus made available from 91 monitoring sites (in 49 cities) from nine EU
Member States. In order to extend thisfairly limited database, available national reports on
air quality of 1993 were also used. This extended the database to six more European
countries. As an example, fig E.4:3 shows SO,

Aiiven

[] <20pg/m®
[] 20-29 pg/m®
[ 30-39 pg/m®
B 40- 49 pgim®
M s0- 195 pgim*®
N No data

Major European Citites
Recent Annual Average SO, Concentrations

FigE.4:2 SO, concentrations (annual average) in European cities, recent years (mostly 1985) [94]
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One of the problems encountered when using data from such varied sources, was that data
presentations and statistics parameters in the data sources were not harmonised. The status
description was based on presentation of averaging times and percentiles of concentrations as
they appear in EU Directives and WHO Air Quality Guidelines. These parameters were not,
in general, available from the national reports.

For ozone specifically, the ETC-AQ in 1995 produced for the European Commission a
report summarising the 1994 pollution situation regarding ozone in EU Member States [96].
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The report aimed to summarise the state of the ozone situation relative to the EU Ozone
Directive. Ozone data were collected through a dedicated procedure, where Member States
transferred the data to the Commission according to the requirements of the Directive, from
which they were made available to the ETC.-AQ. Data were thus made available from 461
monitoring sites in 14 Member States, for 1994.

The various ozone threshold values as defined in the Directive are shown in Table E.4:1.

TableE.4:1 Thresholds for ozone concentrationsin air
Thresholds Mean values
Health protection threshold 110 pg/m® over 8 h

Vegetation protection threshold 200 pg/m° over 1 h
65 ug/m® over 24 h

Population information threshold 180 ug/m® over 1 h
Population warning threshold 360 ug/m° over 1 h

As an example, fig E.4:4 shows, based on hourly values, the number of days when the 180
ug/m’-threshold value was exceeded. |f ozone threshold values for damage to building
materials could be established, which seems likely from the UN ECE dose-response functions
(see section C.4), the necessary datawill be easily accessible from these public sources. In
this context it is quoted from Kucera [66]: “For the purpose of the mapping manual, an
acceptable level of ozone of 200107 (24 pg/m’) as an annua mean has been chosen for direct
effects on organic materials. The value, which is based on afew available damage functions
for organic materials, hasto be considered as very provisional.”

E44 European air quality monitoring networks

As part of the MA 1 project of the Agency’ s work programme, the ETC.-AQ in 1995
summarised the state of the air pollution-monitoring situation in Europe (the MA 1-2 sub
project). Theinformation on monitoring networks and sites was collected through a
guestionnaire, and additional information was provided through asimilar activity carried out
by the WHO collaborating centre on Air Quality Management and Air Pollution Control, the
Institute for Water, Soil and Air Hygiene (WABOLU) in Berlin.

The MA 1-2 report provides detailed country-wise tables on networks, sites, compounds,
reporting etc., summarised into country reports, and again condensed into summary tables
covering all the 29 countries from which data were available.

On the regional scale, the MA 1-2 activity reveded that there is extensive monitoring in
addition to the EMEP network, and that about 750 sites are in operation totally in Europe.
Thismonitoring is very extensive for S- and N-compounds in air (gases and particles) and
deposition, and aso for ozone, while monitoring of ozone precursorsis so far l[imited to seven
countries.
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Ozone (hourly values)

Number of days the 180 pg/m? threshold value was exceeded

Urban stations or staions of unspecified type
Reference period: 1994

Number of days
o 0

O 1-5

O s5.10

® .10

+unknown value

Map produced by the European Topic Centre on Air Quality

FigE.44 Number of days the 180 pg/m® ozone threshold val ue was exceeded in 1994 [97]

On the local/urban scale, monitoring is carried out at a very large number of sitesin
Europe, totalling close to 5000 sites according to the information made available to the Topic
Centre (seefig E.4:5). Most of these sites seem to be general urban background sites, while
hot-spot sites (traffic, industry) are less well represented. Re. compounds, the compounds of
the EU Directives (SO,, particles, NO,, ozone, |ead) are extensively covered.

These 5000 |ocal/urban monitoring sites are contained in alarge number of networks
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operated by local, regiona or national authorities. We can only assume that operating
practices, quality control procedures, data availability and reporting vary considerably from
network to network.

Total number of air quality monitoring stations per country
Stations used to monitor local (urban/industrial) air pollution

2cX

Fig E.4:5: Number of sites per country for the monitoring of urban/local industrial air pollution

Map produced by the European Topic Centre on Air Quality
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E.5

INTERNATIONAL STANDARDS FOR AIR QUALITY

The European Committee for Standardisation (CEN) has assumed responsibility to its
technical committee TC 264 Air Quality for working out European standards for the
monitoring of emissions, loads and levels of pollutions. Thiswork was started in 1991, and
no standards are yet published (March 1996). However, many standards have been elaborated
within the ISO/TC 146 “AIR QUALITY”, asfollows from Table E.5:1.

Table E.5:1

ISO/TC 146 “ Air quality”

ISO/TC 146 “AIR QUALITY”

ISO 7708:1995

SC 1 “Stationary source
emissions”

SC 2 “Workplace atmospheres”

SC 3 “Ambient atmospheres”

1ISO 7934:1989
Stationary source emissions -
Determination of the mass
concentration of sulphur dioxide -
Hydrogen peroxide/barium
perchlorate/Thorin method

1ISO 7935:1992
Stationary source emissions -
Determination of the mass
concentration of sulphur dioxide -
Performance characteristics of
automated measuring methods

1ISO 9096:1992
Stationary source emissions -
Determination of concentration and
mass flow rate of particulate
material in gas-carrying ducts -
Manual gravimetric method

1ISO 10155:1995
Stationary source emissions -
Automated monitoring of mass
concentrations of particles -
Performance characteristics, test
methods and specifications

1ISO 10396:1993
Stationary source emissions -
Sampling for the automated
determination of gas concentrations

1ISO 10397:1993
Stationary source emissions -
Determination of asbestos plant
emissions - Method by fibre count
measurement

1ISO 10780:1994
Stationary source emissions -
Measurement of velocity and

volume flow-rate of gas streams in
ducts
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1ISO 8518:1990
Workplace air - Determination of
particulate lead and lead
compounds - Flame atomic
absorption spectrometric method

ISO 8672:1993
Qualité de l'air - Détermination de la
concentration en nombre de fibres
inorganiques en suspension dans
Iair par microscopie optique en
contraste de phase - Méthode du
filtre 8 membrane

1ISO 8760:1990
Workplace air - Determination of
mass concentration of carbon
monoxide - Method using detector
tubes for short-term sampling with
direct indication

1ISO 8761:1989
Workplace air - Determination of
mass concentration of nitrogen
dioxide - Method using detector
tubes for short-term sampling with
direct indication

ISO 8762:1988
Workplace air - Determination of
vinyl chloride - Charcoal tube/gas

chromatographic method

1ISO 9486:1991
Workplace air - Determination of
vaporous chlorinated hydrocarbons
- Charcoal tube/solvent
description/gas chromatographic
method

ISO 9487:1991
Workplace air - Determination of
vaporous aromatic hydrocarbons -
Charcoal tube/solvent
desorption/gas chromatographic
method

2-64

1ISO 4219-1979
Qualité de I'air - Détermination des
composés soufrés gazeux dans l'air
ambiant - Appareillage
d’échantillonnage

1ISO 4220-1983
Ambiant air - Determination of a
gaseous acid air pollution index -
Titrimetric method with indicator or
potentiometric end-point detection

1ISO 4221-1980
Air quality - Determination of mass
concentration of sulphur dioxide in
ambient air - Thorin
spectrophotometric method

ISO/DIS 4222.2: 1980
Air quality - Measurement of
atmospheric dustfall - Horizontal
deposit gauge method

ISO 6767:1990
Ambient air - Determination of the
mass concentration of sulphur
dioxide - Tetrachloromercurate
(TCM)/pararosaniline method

1ISO 6768-1985
Ambient air - Determination of the
mass concentration of nitrogen
dioxide - Modified Griess-Saltzman
method

ISO/DIS 6769:1983
Ambient air - Determination of the
mass concentration of hydrogen
sulphide in ambient air - Methylene
blue spectrometric method
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ISO/TC 146 “AIR QUALITY”

ISO 7708:1995

SC 1 “Stationary source
emissions”

ISO/DIS 10849.2:1994
Stationary source emissions -
Determination of the mass
concentration of nitrogen oxides -
Performance characteristics of
automated measuring systems

SC 2 “Workplace atmospheres”

ISO/DIS 9976:1994
Workplace air - Determination of
concentrations of Cs to C1o
hydrocarbons - Sorbent
tube/thermal desorption/capillary
gas chromatographic method

ISO/DIS 9977:1994
Workplace air - Determination of
acrylonitrile - Pumped sorbent
tube/thermal desorption/gas
chromatographic method

ISO/DIS 11041:1994
Workplace air - Determination of
particulate arsenic, arsenic
compounds and arsenic trioxide
vapour - Method by hydride
generation and atomic absorption
spectrometry

ISO/DIS 11174:1994
Workplace air - Determination of
particulate cadmium and cadmium
compounds - Flame and
electrothermal atomic absorption
spectrometric method

SC 3 “Ambient atmospheres”

1SO 7996-1985
Ambient air - Determination of the
mass concentration of nitrogen
oxides - Chemiluminescence
method

1ISO 8186:1989
Ambient air - Determination of the
mass concentration of carbon
monoxide - Gas chromatographic
method

1SO 9835:1993
Ambient air - Determination of a
black smoke index

1ISO 10313:1993
Ambient air - Determination of the
mass concentration of ozone -
Chemiluminescence method

ISO/DIS 10529:1993
Ambient air - Determination of the
mass concentration of gaseous and
soluble particulate fluorine-
containing compounds - Method by
filter sampling and ion-selective
electrode analysis

1ISO 9855:1993
Ambient air - Determination of the
particulate lead content of aerosols
collected on filters - Atomic
absorption spectrometric method

ISO 10312:1995
Ambient air - Determination of
asbestos fibres - Direct-transfer
transmission electron microscopy
method
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Table E.5:1 cont.

ISO/TC 146 “AIR QUALITY”
ISO 7708:1995

SC 4 “General aspects” SC 5 “Meteorology” SC 6 “Indoor air”

1ISO 4225:1994
Air quality - General aspects -
Vocabulary

1ISO 4226:1993
Air quality - General aspects - Units
of measurement

ISO/TR 4227:1989
Planning of ambient air quality
monitoring

1ISO 6879-1983
Air quality - Performance
characteristics and related concepts
for air quality measuring methods

ISO/DIS 6879.2:1994
Air quality - Performance
characteristics and related concepts
for air quality measuring methods

1ISO 7168-1985
Air quality - Presentation of ambient
air quality data in alphanumerical
form

I1ISO 8756:1994
Air quality - Handling of
temperature, pressure and humidity
data

1ISO 9169:1994
Air quality - Determination of
performance characteristics of
measurement methods

1ISO 9359:1989
Air quality - Stratified sampling
method for assessment of ambient
air quality

E.6 MEASURING DEVICES FOR CONTINUOUS EMISSION
MONITORING

Continuous monitoring of emissions from plants requiring an operating licence isincreasingly
being entrusted to systems that can measure concentrations of several substances
successively. Thisrepresents a major saving in investment and operating costs compared to
devices that measure concentrations of only one substance.

Thelist of suitable devices currently available (Table E.6:1) shows that they mostly depend
on optical measuring principles spread across the part of the electromagnetic spectrum
between infrared and ultraviolet.
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Table E.6:1 Multi-component measuring systems used for continuous emission monitoring
Measuring principle Substances Instrument type Method
NDIR CO, NO, S0O,, 0, URAS 10 E Electrochemical cell
non-dispersive infrared CO, NO, SO, URAS 10 P
absorption
CO, NO, O, ENDA 1000 O, magnetopneumatic
CO, NO, SO,, O, ENDA 1000
HCI, H.O MCS 100 HW Single-beam
bifrequency
VIS-FIR NH3, CO, Gas correlation
visible spectrum HCI, CO, NO, NO, MCS 100 HW Single-beam
absorption bifrequency
SO;, H0
CO, NO, NO,, SO, MCS 100 HD Gas filter correlation
NDUV NO, SO, RADAS 2
non-dispersive NO, SO,, dust GM 30
ultraviolet absorption concentration
NO, SO, GM 30-2
DOAS SOz, NO, NO;
differential absorption  SO,, NO, NO, OPSIS
spectroscopy NHs, H,0
Phenols,

formaldehyde, Hg(O)

Electrical conductivity  HCI, SO, Microgas, HCI/SO,
Air Tl
Pressure loss/ Dust concentration, LPS-E

differential pressure exhaust gas volume

Electrochemical CO, NO, O, MSI 5600 heating oil
monitoring points ELF

The most frequently used techniques are non-dispersive infrared absorption (NDIR),
visible spectrum absorption (V1S), non-dispersive ultraviolet absorption (NDUV) and
differential absorption spectroscopy (DOAS) in the UV to IR range, while electrical
conductivity and electrochemical cells are used only sporadically.

The DOAS principle has proved particularly versatile, since it is able to measure both
traditional components such as sulphur dioxide, nitrogen monoxide, nitrogen dioxide, carbon
monoxide and ammoniain the exhaust gas of plants fitted with catalytic denitrification
devices, and metallic mercury in the cleaned gas from waste incineration plant. The DOAS
system is also suitable for measuring phenol and formaldehyde emissionsin the manufacture
of rock wool.
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E.7 MEASURING DEVICES FOR CONTINUOUS MONITORING OF
AMBIENT AIR QUALITY

The levels of air pollutants can nowadays be monitored with automatic instruments that allow
continuous recording and the identification of peak loads. Table E.7:1 gives an overview of
parameters and available monitor principles and specifications.

TableE.7:1 Specification of instruments for continuous monitoring of air pollutants
Parameter Measuring parameters Unit Span Detection Accuracy Period
limit
NO Chemiluminescence ug/m® 0-2010° 2M10° 1% 10s
NO. pg/m’ 0-2110° 2010° 1,4 % 10's
NOx ug/m® 0-2110° 2010° 1% 10's
SO, UV-fluorescence pg/m?® 0-0,5M0° 5M10° 1% 10's
co IR-absorption mg/m>  0-100010° 1000107 1% 10's
O; UV-absorption pg/m® 0-250m0°  0,6M0°  1010° 10's
Particles =~ TEOM resonance ug/m® 0-2g/m®>  5pgim® 5 pg/m® 10's
frequency
CH, Flame chromatography x10° 0-10010°  0,05110°° 10's
VOC x107 0-10M0°  0,05M0° 10's
PAH Photoionisation x10° 0-2110° 100° 10s

Passive samplers are a useful alternative for non-continuous sampling and, more
importantly, provide asimple and inexpensive guide to average loads throughout an
investigation area. These samplers are also very useful for the mapping of micro-
environmental loading, for example on a building. They are therefore described in more detail
in section G.

E.8 AIR QUALITY INFORMATION AND MANAGEMENT SYSTEMS

Surveillance and management of air quality can now be facilitated and performed via total
information systems. The Air Quality Information System, AirQUIS, represents the air
pollution part of a modern Environmental Surveillance and Information System, ENSI'S,
developed and demonstrated during the Winter Olympic Games, 1994 in Lillehammer [98].

The AirQUIS system was developed by ingtitutions dealing with air pollution, information
technology and geographical information systems (GIS). The combination of on-line data
collection, statistical evaluations and numerical modelling enable the user to obtain
information and carry out forecasting and future planning of air quality. The system can be
used for monitoring and to estimate environmental impacts from planned measures to reduce
air pollution.

The AirQUIS system contains the following modules, see fig E.8:1:

«  On-line monitoring;

« Datahandling and quality control;

« Modern data bases,

+ Emission inventories;

«  Numerica dispersion models,

«  Generation of wind fields,

+  Presentations based upon a geographical information system (GIS); and

+  Exposure models for materials and human health.
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FigE.81 The AirQUIS system
E.8.1 On-line measurement system

A measurement system of modern on-line sensors for selected air pollution indicators can be
designed specifically for the area concerned. An appropriately designed data logger for
meteorology and air quality isincluded in the system. The measurements are automatically

transferred from the monitoring sites to a central database for quality control.

Data quality control is performed at different levels throughout the data collection process,
and by approval at the final storage database, where smple statistics and data graphics are

used to check the validity and representatively of the data.
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E.8.2 The emission inventory data base

A modern database for the air pollution emission inventory has been developed. The
emission module is a flexible system containing auser friendly map-oriented interface to treat
the main sources for emission to air, such as industry, traffic, energy (consumption of fossil
fuels) and emissions related to other mobile sources such as airport and harbour activities.

The industry emission module allows the user to select sources related to specific activities
or areas. Thetime variation of emissions can be entered specifically for each source or for
groups of sources. Based on emission factors, emissions can be calculated from consumption
data.

The traffic module, which is the most complex part of the emission module, includes road
types and facades, vehicle type distribution, traffic time variation and emission factors
dependent on parameters such as vehicle type, traffic speed and road type.

The emission inventory database is developed for applications in databases such as Access
on PC aswell as Sybase and Oracle on Unix workstations.

E.8.3 Statistical and numerical modds

The models included in the AirQUIS system cover air pollution on all scales; traffic in street
canyons and along roads, industrial emissions, pollution from household etc. within the urban
areas and on aregional scae.

The NILU-devel oped source-oriented numerical dispersion model EPISODE cal cul ates
gpatial distribution of hourly concentrations of SO,, NO,, NO, and suspended particles. The
NILU models ROADAIR and CONTILENK are used to estimate sub grid concentrations
close to roads within the square grid. Thisis of relevance for estimating the
microenvironment exposure on buildings and it will therefore be described morein dept in
section G. A puff-trgjectory model is used to calculate the influence of point sources.

All model results are displayed using GIS, such as Arcinfo/ArcView. The models are
running on a Unix workstation. The presentation of results can be carried out both on PC and
Unix platforms.

E.84 The geographical information system

A geographical information system based upon Arclnfo and ArcView isused as aplatform to
integrate the presentation of measurements, emission inventory and results from model
estimates. The geographical information system is directly linked to the databases, by which
statistical evaluations, graphical presentations and spatial distributions of emissions and
model results can be presented.

E.85 Effect modulesand air quality planning

One main application of the AirQUIS system will be as an effective tool for air quality
abatement strategy. The contribution of air pollution from different source categories such as
traffic, household and industry to the population and building exposure in an urban area can
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be cal culated based upon data on emissions, dispersion and distribution of buildings and
population. Different recommended measures to reduce air pollution can be evaluated with
the respect to exposure of population and buildings and cost-benefit/efficiency analyses. A
priority list of the selected measures can be developed, taking into account air pollution
exposure, health aspects and related costs.

The module for modelling and calculating buildings degradation, service lives and
maintenance costsis called CorrCost and is further described in an application used in Oso
[99] (see section F.2).
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F Classification and mapping of environmental
degradation factorsand corrosivity

F.1 MAINTENANCE AND ENVIRONMENTAL ASPECTSIN
CORROSIVITY MAPPING

The classification employs two approaches: classification in terms of the corrosion-
determining environmental parameters and/or classification based on corrosion rate
measurements of standard samples exposed in the environment concerned, see fig F.1:1.

The standard specimen approach was dominant until the last decade due to little available
knowledge of and data on dose-response functions and degradation factors. Originally, this
corrosivity mapping was undertaken responding to the needs for better maintenance, and in
order to design the best protective systems for constructions. Most of the various national
classification and mapping systems served this objective and used this approach. Since this
method does not characterise and map the degradation factors, the approach is strictly valid
only for the period of the measurements, i.e. it is not explanatory and predicative. The
standard specimen approach will therefore only be briefly referred to here.

The standards | SO 9223-26 [18] also have improved maintenance as a prime objective.
These standards represent a huge step forward as they for the first timein this context
describes a system for quantitative characterisation and classification of the important
environmental degradation factors. However, the practical use has so far been impeded by the
lack of data and user-friendly IT tools. The approach can also be used for other types of
materials, and such standards are beginning to emerge.

Today, when data are becoming more known from the environmental research area, efforts
have been undertaken to categorise, classify and map the degradation factors and corrosivity
of the exposure environment.

The environmenta concern and the strive for sustainable development in the recent years
have aso generated a need for mapping the corrosivity of the exposure environment, in order
to provide input to environmental regulations. Thisis donein two separate ways. Thefirst
one uses corrosivity mapping for proper cost-benefit analysis of corrosion costs [22], while
the other is based on the “critical-load/level approach” (see F.4). This methodology, whichis
elaborated within the UN ECE Working Group on Effects, gives tools for predicting and
mapping material degradation rates, and eventually service lives, related to their exposure
environment. In co-operation, it could turn out to be very useful in converging the needs of
the environmental issue and the building society, thereby ensuring a more durable sustainable
built environment.
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Classification of atmospheric
corrosivity (two methods)
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rate of standards specimens (1SO 9225)

(ISO 9226)
FigF.1:1 SO 9223-26 —the two ways of classifying aimospheric corrosivity
F.2 SO 9223-26 CLASSIFICATION OF ATMOSPHERIC CORROSIVITY
FOR METALS

The standards 1SO 9223-9226 Corrosion of metals and alloys — Corrosivity of atmospheres
have been developed for the classification of atmospheric corrosivity of metals and alloys
[18]. The development was based on the Czech classification philosophy, where the approach
was used as early as 1975 to map the atmospheric corrosivity for the North Bohemian region
[23]. Based on a huge amount of experimental data for empirical dose-response functions, the
standards use both the approach of classifying the degradation factors and the approach of

corrosion rates, as shown infig F.1:1.
The series of standardsis:

« 1S0 9223 — Classification
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Scope: Specifies the key factors in the atmospheric corrosion of metals and alloys, which
are time-of-wetness (7), sulphur dioxide (P) and air-borne salinity (S). Corrosivity
categories (C) are defined on basis of these three factors and used for the classification of
atmospheres for the metal /alloys-unalloyed steel, zinc and copper, and aluminium. TOW
is described in five classes, classification of SO, and chloride is made in four classes, and
the corrosivity in five classes. The classification can be used directly to evaluate the
corrosivity of atmospheres under known conditions of these environmental factors, and for
technical and economical analyses of corrosion damage and choice of protection measures.
« 1S0 9224 — Guiding values for the corrosivity categories

Scope: Specifies guiding corrosion values and the characteristics of corrosion for the
corrosivity categories defined in 1SO 9223. This can be used to predict the service life for
metalgalloys in atmospheres corresponding to different corrosivity categories. These
values aso provide atechnical basis for determining the need for protective measures and
other engineering purposes. The values are based on evaluation of alarge number of site
exposures and in-service performance.

« 1SS0 9225 — Measurements of pollution

Scope: Specifies three methods for measuring the deposition rates of sulphur dioxide and
airborne salinity. It does not cover concentration measurements, which are covered by SO
4221:1980. The methods apply for characterisation of the test site, and as such are also
suitable for characterisation of the microenvironment on buildings, see section G. The
sulphur dioxide methods are based on lead dioxide (PbO,) and alkaline surfaces, and for
chloride deposition the wet candle method is specified.

+ 1S0 9226 — Determination of corrosion rate of standard specimens for the evaluation of
corrosivity.

Scope: Specifies the methods for determination of corrosivity by standard specimens (flat

plate or helix), including characterisation of materials.

The SO 9223 approach has since the mid 80’ s been used by many researchersto classify
and map the atmospheric corrosivity [10,11,15,32].

Table F.2:1 shows an example of practical use of the standard. Inthis Table all the
classes/and values for the environmental variables of TOW, SO, and Cl are put together with
the corrosivity categories/rates, and the use for classifying the corrosion test site Borregaard
in Norway by both approaches are shown. This siteis one of the most aggressive in the UN
ECE ICP network.

F.3 OTHER CLASSIFICATION STANDARDS

The above-mentioned standard approach for classification of the atmospheric corrosivity is
primarily applicable to the corrosion of metal and alloys and cannot, without complementary
amendments, be used for an appropriate description of the degradation environment for non-
metals.

The ISO/FDIS 12944-2 [100] deals with the classification of the principal environmentsto
which steel structures are exposed, and the corrosivity of these environments. It defines
atmospheric corrosivity categories, based on 1SO 9223 and 1SO 9226 [18].
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