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1. Background
The costs for deterioration and soiling of different materials due to air pollution are huge and the
damage to culture targets endangers seriously the rich European cultural heritage. Effective policy
making requires environmental impact assessment, cost benefit analysis and risk management. All
of these techniques need a sound scientific basis to underpin the assessment and the calculation of
the effects of pollution. Interests have been focused for a long time on the effects of sulphur
pollutants and especially sulphur dioxide, which was identified as the most important factor for
deterioration of several materials. In the last decades a synergistic corrosive effect of sulphur
dioxide and nitrogen dioxide and later also of sulphur dioxide and ozone has been discovered.
Existing dose-response and damage functions, prior to the MULTI-ASSESS project, reflect in
principle a pollution situation dominated by sulphur dioxide emissions. Concerted international
policy actions have reduced pollution from this source to a low level, in some cases reducing it
close to background levels. This does not mean that urban environments are clean, however.
The decreasing sulphur dioxide levels in most parts of Europe and the increasing car traffic causing
elevated levels of nitrogen compounds, ozone and particulates has created a new multi-pollutant
situation. This has been acknowledged i.a. in the activities within the UN/ECE Convention on longrange transboundary air pollution (CLRTAP), where a multi-pollutant, multi-effect protocol has
recently been adopted. This changed pollution situation must be taken into account in the
development of an improved model for the effects of pollutants on the deterioration of important
material groups.
The performance of this highly ambitious and innovative project was possible as MULTI-ASSESS
completes and extends the CLRTAP International co-operative Programme on Effects of Materials
including Historic and Cultural Monuments (ICP Materials), see figure 1.0. Thus special interest
was devoted to important parameters such as the corrosive and soiling effects of particulate matter
and the effect of nitric acid. Both parameters are of special interest in urban areas with dense traffic
and nitric acid is of special interest in warmer regions such as in the Mediterranean countries.
The building blocks of ICP Materials are the network of test sites, the measurements of
environmental parameters, the exposure and evaluation of materials, and the model development.
Also, previously developed models have shown to be useful for assessment of acceptable SO2 levels
and for mapping areas of increased risk of corrosion. This means that there have been synergisms
between the MULTI-ASSESS project and ICP Materials.
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Figure 1.0 Interaction of atmospheric pollutants, meteorological conditions and deposition
mechanisms in the process of atmospheric corrosion. Fields filled by are included in
MULTI-ASSESS and unfilled field are included in ICP Materials.
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2. Scientific/technological and socio-economic objectives
The model for deterioration of materials developed in the MULTI-ASSESS project includes
gaseous pollutants (sulphur dioxide, nitrogen dioxide, ozone and nitric acid), particulates and
precipitation and separates the effect of dry and wet deposition on the deterioration process. Also
the model for soiling reflects the new pollution situation where particulate elemental carbon is no
more dominating for the soiling of surfaces.
The main objectives of the MULTI-ASSESS project have been:
• To develop multi-pollutant deterioration and soiling models of wet and dry deposition of gases
and particulates on materials used in objects of the European cultural heritage and to obtain doseresponse functions quantifying the effects as function of pollution and meteorological
parameters.
• To use the dose-response functions for assessment of pollution tolerable levels and to
recommend target levels to be implemented in the future development of EU Directives on urban
air quality in order to minimise the pollution effects on historic and cultural objects.
• To demonstrate the usefulness of the approach by mapping areas exceeding tolerable levels in
Europe.
In order to include both the effects of particles and nitric acid among the environmental parameters
measured at the ICP Materials test sties these parameters needs to be measured by practical and low
cost methods. An important objective was thus
• To adapt and validate passive samplers for measuring atmospheric concentrations of nitric acid
and particles
The experience with the methodologies for corrosion and environmental measurements and the
main results of MULTI-ASSESS made it possible to formulate an additional objective:
• To propose a kit for rapid low cost assessment of the deterioration risk to objects of cultural
heritage, consisting of a package of selected material specimens and passive samplers for
pollutants.
The kit will be useful for people in heritage management, which enables them to undertake this type
of work for their own requirements. For example, monuments registered in the list of UNESCO's
world heritage sites have special requirements for monitoring. People taking care for these
monuments can use the kit to assess if their site is fulfilling the requirements on deterioration rates
and tolerable pollution levels and also give indications on possible plans of action, if needed. The
results associated with these objectives are illustrated in figure 2.0
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Tolerable

Figure 2.0 Illustration of main results of MULTI-ASSESS
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3. Applied methodology, scientific achievements and main deliverables
Figure 3.0.1 shows a graphical presentation of the project’s components. The exposure programmes
provided data and results used for the development of the multi-pollutant model. The dose-response
functions were then used to assess target levels. Results were presented and discussed with a user’s
reference group in a workshop in the last year of the project.
Co-ordination and dissemination including
“Workshop on Cultural Heritage in the City of Tomorrow. Developing Policies to
Manage the Continuing Risks from Air Pollution.” London, UK, 10-11 June, 2004
Validation of passive samplers for
HNO3 (3.1) and particles (3.2) to be used
in the broad and targeted exposures
Broad field exposure (3.3)
resulting in data sets for HNO3
and particles and a data set for
corrosion attack

Targeted field (3.4) and
laboratory (3.5) exposures
including i.a. soiling and HNO3
effects

Development of a multi-pollutant model
resulting in dose-response functions for corrosion
(3.6.1) and soiling (3.7.1) of materials used in
objects of cultural heritage

Evaluation of pollution tolerable levels for corrosion (3.6.2) and soiling (3.6.2) and
mapping for identifying areas of increased risk of corrosion and soiling (3.8) and a tool
for rapid risk assessment to objects of cultural heritage (3.9)
Figure 3.0.1 Overview of the MULTI-ASSESS project showing the most important components with
references in “()” to the respective sub-chapter in this section.
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Two field exposures are performed within MULTI-ASSESS, the broad field exposure and the
targeted field exposure. The broad field exposure is performed in the network of ICP Materials test
sites and the targeted field test sites are set up within the project (figure 3.0.2).
No

Name

Country

1
3
5
7
9
10
13
14
15
16
21
23
24
26
27
31
33
34
35
36
37
40
41
43
44
45
46
49
50

Prague
Kopisty
Ähtäri
Waldhof-Langenbrügge
Langenfeld-Reusrath
Bottrop
Rome
Casaccia
Milan
Venice
Oslo
Birkenes
Stockholm
Aspvreten
Lincoln Cathedral
Madrid
Toledo
Moscow
Lahemaa
Lisbon
Dorset
Paris
Berlin
Tel Aviv
Svanvik
Chaumont
London
Antwerpen
Katowice

Czech Republic
Czech Republic
Finland
Germany
Germany
Germany
Italy
Italy
Italy
Italy
Norway
Norway
Sweden
Sweden
United Kingdom
Spain
Spain
Russian Federation
Estonia
Portugal
Canada
France
Germany
Israel
Norway
Switzerland
United Kingdom
Belgium
Poland

Figure 3.0.2 Map of test sites in the broad and targeted field exposures (left) and list of
test sites in the broad field exposure (right). The targeted field exposure sites (■) are
located in Athens, Greece; Krakow, Poland; London, UK; Prague, Czech Republic; Riga,
Latvia; and Rome, Italy.
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3.1 Passive HNO3 sampling and results
Atmospheric nitric acid does not only contribute to acidification and eutrophication but causes also
deterioration of many materials. Material belonging to our cultural heritage is irreplaceable and its
lifetime can depend on the corrosion rate. Several denuder techniques have been developed for
measurement of ambient nitric acid concentrations. Despite this fact, only very few long-term
measurements in Europe and elsewhere have been published so far. This is probably due to
difficulties with operating denuders in monitoring networks. Long-term measurements on the
Swedish west-cost using a filter pack technique show that the nitric acid concentration does not
decrease with time while the sulphur dioxide concentration has decreased a factor of 10 during the
last 20 years. The two acidic gases now have equal concentrations on a molar basis.
A diffusive (passive) sampler for nitric acid has earlier been developed, but not been validated or
compared to a reference technique during any longer period. This diffusive sampler was tested here
during one year at three sites throughout Europe. Diffusive sampling has several advantages. The
samplers don't need electricity, are small, noiseless, and thus, their ambient exposure can be made
inconspicuously and with discretion. Besides they measure concentration in-situ (without inlet
tubing, which is important for reactive gases such as nitric acid), they are cost-effective and can be
used for long-term sampling with 100 % time coverage and their measuring range is very large. The
accuracy of the sampler was acceptable and the precision good. The sampler was used at 35 sites.
All results have been reported to the MULTI-ASSESS database. There are very few nitric acid
measurements reported in the literature and the relative importance of nitric acid with respect to
acidification and deterioration of many materials has increased due to the abatement of sulphur
dioxide. The sampler is shown in Fig. 3.1.1 It is 25 mm in diameter and 12 mm high.

Figure 3.1.1 Schematic illustration of the diffusive sampler for gases (left) and the
arrangement of passive sampler for particles and passive samplers for gases (right).
The comparison between the nitric acid concentration obtained with the diffusive sampler and the
denuder is shown in Fig. 3.1.2. The coefficient of variation was 18 %, which was found acceptable
considering the many advantages with diffusive sampling. The rather low accuracy was probably
caused by a combination of an extremely high sticking coefficient for nitric acid and interaction
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with volatile particles containing nitrate. The particulate nitrate concentration (measured with the
denuder technique) exceeded the nitric acid concentration at all three sites. The reproducibility was
on average 5.2 %, see Fig. 3.1.2.
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Figure 3.1.2. Comparison between a bi-monthly diffusive sampling and denuder
measurements (left) and duplicate sampling of HNO3 in the background and urban sites
(right).
The annual average concentrations at the European sites are shown in Fig. 3.1.3. As can be seen
from the map the concentrations are low in northern Europe and high in Southern. The nitric acid
concentrations are unfortunately higher in the cities, where most of our cultural heritage is situated,
see Fig. 3.1.4.
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Figure 3.1.3. Annual HNO3 (about December 2002 to November 2003) concentration at
the corrosion test sites. Grey and black bars indicate rural and urban stations respectively.
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Figure 3.1.4. Comparison of the seasonal variation in HNO3 concentration at two northern
and two southern urban sites (filled squares) and their closest background sites (open
squares).
It should be emphasised that the measurements of HNO3 presented above are unique and for the
first time a campaign has been performed for whole Europe. This also means that HNO3 are not
measured regularly today and in order for equations involving HNO3 to be practically useful for i.a.
mapping it is today necessary to establish a relation between HNO3 and other more easily available
parameters. This relation is further described in section 3.6.1.
3.2 Passive particulate sampling and correlation to PM10 measurements
A surrogate surface exposed in the vicinity of the object of interest receives a similar net particle
deposition as for example an object of cultural heritage. Passive sampling using small samplers is
ideal for sampling around objects of cultural heritage because the sampling is silent, doesn't need
electricity, can be used for long-term integrative sampling and can be performed inconspicuously
and with discretion. Other advantages are that technical personnel are not needed for exposing the
samplers and that they don't need field calibration. Use of passive samplers in this way is also
desirable because it replicates the complexity of particle deposition to actual objects, which depends
on many parameters such as particle concentration, its size distribution, wind speed, turbulence and
surface characteristics of the object in a complicated way. Resuspension or evaporation as well as
interactions with gaseous pollutants also occur after the particles have been deposited.
Five different materials and two different shapes of the surrogate surface have been tested, see Fig.
3.2.1. A cylindrical shape with a Teflon filter was chosen. It was used to measure two months
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average particle deposition at 35 test sites during one year. Passive particle samplers were mounted
rain protected, and both in wind-protected and wind-exposed positions, to match the exposure of the
samples for corrosion studies. The particle mass, light reflectance (soiling) and its chemical content
(nitrate, ammonium, sulphate, calcium, sodium, chloride, magnesium and potassium) were
analysed. All results have been reported to the MULTI-ASSESS database.

Allen screw

stainless steel
mesh (flat)

silcon
tubing
silicon
cap

stainless steel
foil (flat)

Teflon
filter (flat)

Glass (flat)

Glass fibre
filter (flat)

Aluminium oxide Poly carbonate
filter (flat)
filter (flat)

silicon
cap

Glass
(cylindrical)

Stainless steel
(cylindrical)

Teflon
(cylindrical)

Figure 3.2.1. Sketch of the tested surrogate surfaces. The left cylindrical Teflon sampler
was chosen in the test and used for all measurements.
The deposited mass for the wind-exposed samplers varied between <1µg cm-2 month-1 (detection
limit) and 417 µg cm-2 month-1 with an average of 32 µg cm-2 month-1 on a bimonthly basis. The
water-soluble fraction was fairly constant 24 % of the total mass, see Fig. 3.2.2.

Other
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Figure 3.2.2. Average chemical composition of the particles deposited on the surrogate
surface in the broad field experiment, in mass percentage.
The Cl-/Na+ ratios indicate a reaction between HNO3 and NaCl. The average nitrate deposition
equals the missing chloride deposition within 1 %, suggesting that the nitrates consist of NaNO3.
The sum of NO3- and Cl- depositions were therefore plotted as a function of the sodium deposition
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to see if the reaction HNO3 + NaCl → NaNO3 + HCl could explain the nitrate deposition flux. The
regression line (r2 = 0.98) confirms this hypothesis. This was also confirmed in the partly wind
sheltered position where relatively more Cl- was replaced by NO3-. The reason for this is probably
the longer exposure time (one year). It was also believed that most of the reaction occurred after
deposition of chloride on the surrogate surface. A similar reaction took place between calcium and
sulphur dioxide. The calcium deposition was very well correlated with the amount of anions that
were missing in the ion balance. The missing anions probably consist of carbonate or bicarbonate.
The correlation between calcium and the sum of missing anions + non-marine sulphate is shown in
Fig. 3.2.3. The correlation coefficient is high and the slope is close to unity, suggesting a reaction
between sulphur dioxide and calcium carbonate. This reaction was also more pronounced in the
one-year exposed samplers that were partly protected from wind. The soiling (loss of reflectance)
was not well correlated with other ions.
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Figure 3.2.3. The sum of deposition of non-marine sulphate and the sum of missing
anions in ion balance as a function of the non-marine calcium deposition.
The best correlation was found for non-marine sulphate, see Fig. 3.2.4. If the loss of reflectance is
mainly due to deposition of graphite (soot) containing particles, the mass of these will be of the
order of 1 % of the totally deposited mass.
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Figure 3.2.4. Natural logarithm of the ratio between light reflectance of the filter before and
after exposure divided by exposure time as a function of the non-marine sulphate
deposition.

MULTI-ASSESS Publishable Final Report

page 14 of 52

0
0

10

20

30

Riga
40

Katowice

10

Prague

20

Chaumont

30

Stockholm

40

Langenbrügge
Bottrop
Antwerp
Montelibretti

50

Birkenes
Aspvreten

-2

particle deposition µg cm month

-1

The deposited mass should in principle not correlate with the PM10 concentration, because they
represent different fractions of the particles. To check this hypothesis the PM10 concentration were
obtained from 14 sites. Surprisingly, the deposited masses correlated very well with the PM10
concentration at 11 of these, see Fig. 3.2.5. The slope of the regression line corresponds to a
deposition velocity of 2.3 mm s-1. The other three sites were all close to traffic and gave a higher
deposition velocity. This correlation makes it possible to establish a relation between PM10 and
particulate deposition and has been used in order to replace the PM deposition values in the doseresponse functions with the today available concentration of PM10. This is a necessary requirement
in order to define practically useful target levels for corrosion and soiling.
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Figure. 3.2.5. Particle deposition to the surrogate surface in wind-exposed position as a
function of PM10 concentration.
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3.3 Broad field exposure
This exposure (WP3) is also referred to as the extended one-year ICP Materials (International Cooperative Programme on Effects on Materials including Historic and Cultural Monuments) multipollutant exposure (2002-2003). It was performed in the ICP Materials network of test sites and
following the same technical protocol as all other ICP Materials exposures. A summary is presented
here and more details can be found on the ICP Materials home page:
http://www.corr-institute.se/ICP-Materials/
The exposure time was one year during the period end 2002 to end 2003 with varying start dates
depending on the test site. Samples were exposed in unsheltered and sheltered position. The
exposed materials were:
-

Carbon steel, with SVUOM, Prague, Czech Republic as responsible for the preparation and
distribution of specimens and evaluation of corrosion attack
Zinc, with the Swiss Federal Labs. for Materials Testing and Research (EMPA), Dübendorf,
Switzerland as responsible for the preparation, distribution and evaluation of corrosion attack
Copper and bronze, with the Bavarian State Department of Historical Monuments, Munich,
Germany as responsible for the preparation, distribution and evaluation of corrosion attack
Limestone, with the Building Research Establishment (BRE), Watford, UK as responsible for
preparation and distribution of specimens and for the evaluation of corrosion attack

The corrosion values were then compiled into a database suitable for statistical evaluation and
assessment of multi-pollutant effects on materials. For each material the evaluation of corrosion
attack is based on three individual samples (triplicates) and the error is less than ±5 %. For the
statistical evaluation of results and the development of dose-response functions it is important that
the values cover a wide range and are evenly spread throughout this range. This is the case for all
parameters except for sheltered bronze where a few high values (>3 g m-2) are observed while the
remaining values are low (<2 g m-2). An illustration of the obtained results is given in figures 3.3.12.
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Figure 3.3.1 Corrosion attack of carbon steel after 1 year of exposure in unsheltered
position (2002-2003)
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Figure 3.3.2 Corrosion attack of limestone after 1 year of exposure in unsheltered position
(2002-2003)
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3.4 Targeted field exposures
Targeted field sites have been established in Athens, Greece; Prague, Czech Republic; Rome, Italy;
London, United Kingdom; and Krakow, Poland. At each targeted site one main rack and six subracks have been established. On the main rack carbon steel, zinc, copper, bronze, painted steel,
limestone, concrete and glass is exposed. In addition two sites with main racks have been
established in Riga, Latvia. Additional stone specimens of different stone materials and concrete
have been exposed at the main racks in this work package.
As an example, in Prague, the National Museum was selected as the targeted site since it is a
national historic and cultural monument and since it is located in the city centre surrounded by a
motor highway and heavy traffic (See figure 3.4.1). The main rack and one of the aluminium subracks are shown in figure 3.4.2 and these were placed in the museum as follows in order to
investigate the conditions in different parts of the building (main rack – position 1; sub-racks –
position 1 to 6):
1. top floor
2. top floor
3. 1st floor
4. 1st floor
5. 1st floor
6. ground level

under the cupola
under the cupola
balcony
balcony
balcony
yard

next to
opposite to
next to
to the right of
to the left of

Wenceslav´s square
Wenceslav´s square
Wenceslav´s square
Wenceslav´s square
Wenceslav´s square

Figure 3.4.1 Location of the Prague National Museum in relation to the main roads.
The location of the targeted sites and arrangement of the additional sampling locations is as follows
•
•
•
•
•

Athens - Variations with height from street level to roof level
Krakow - Monitoring transect across Krakow
London - Spatial variation across an urban area using the London Urban Network
Prague - Variations in soiling and deterioration of materials with aspect and orientation
Rome – Variations between samples in similar locations
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Figure 3.4.2 Picture of the main (left) and aluminium sub-racks (right) used for the
targeted field exposures.
The racks for this program are as follows
•
•

Main rack - as in the WP3 broad field exposure sites with exposure samples and carousels
on racks and with sheltered samples enclosed in a box under the rack.
Aluminium sub-racks - to be located at 4-5 places in each city. These were designed to
provide moderate shelter for small samples and consisted of aluminium L shaped sections
with the sample fixed to SEM stubs on the inside of the long leg of the L and bolted to a
vertical surface, thus providing shelter on two sides. Materials placed in these racks were 50
x 100 mm sheet samples and 50 x 50 x 10 mm stone samples of Portland Limestone, White
painted wood, White plastic, Steel, Zinc, Copper, SEM stubs and Passive samplers

Monitoring at the targeted sites consisted of diffusion tubes measuring gas concentrations and
particulates. In addition to these samples an additional limited set of samples were deployed to look
at specific special issues
•
•
•

Exposure and analysis of a wider range of stone types (Baumberger sandstone, Saaremaa
dolomite, Carrara marble, Gotland sandstone, Concrete)
Exposure and analysis of ‘medieval glass’ samples
Exposure and analysis of modern glass samples
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3.4.1 Effect of microclimate
Based on the results of the aluminium sub-racks it is possible to evaluate the effect of microclimate,
in particular in relation to distance from traffic and other main pollutant sources. The data consists
of material loss for steel, zinc, copper and the changes in reflectance of the painted steel. In order to
show the effect of the microclimate the mass loss data is normalised against the group mean values.
This is illustrated in figure 3.4.3 for Krakow. Soiling results are elaborated in more detail later.
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Figure 3.4.3 Normalised mass loss at the aluminium sub-racks in Krakow (left) and time
development of the reflectance data for painted steel (right)
Krakow has a major emitter in the form of a steel works within the town. Samples are placed to the
west, east and south of the traffic free city centre with one site next to the steel works (72) based on
a linear transect across the town running towards a major particulate emitter. The normalised data
shows that the corrosion of different metals is affected in similar ways by the various microenvironments. As anticipated the values for site 72 were the largest. Soiling results were not
correlated with decay. However, the steel works (72) had both the greatest mass loss and soiling as
would be expected with an emitter of this sort. The reflectance data for the painted steel falls into
two groups (73,74,76) and (71,75,72). These do not seem to have any geographical significance.
There is some relationship between height and reflectance but this may be depending more on the
local exposure environment than height.
The results from the other targeted field sites confirm the above and permit the following
conclusions. The corrosion of different metals is affected in similar ways by the various microenvironments but copper tends to have the greatest variation in corrosion and zinc the least. Aspect
and height have some influence on corrosion with the difference being a factor of 2 (Athens, Prague
& Rome). There seems to be some dependence on corrosion to the proximity of a major emitter
(vehicles or other) with a factor of 3 – 4. (Rome, Krakow & London). There are different
mechanisms acting between corrosion and reflectance. Thus, there is no strong correlation between
the soiling and mass loss even if the very dirty sites also have greater corrosion which suggests the
emitters that release the most corrosive products also tend to be dirtier. Traffic density has a smaller
effect on corrosion and a greater effect on soiling.
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3.4.2 Additional stone exposures
The rate of weathering of natural and artificial stone materials are controlled by the intrinsic
characteristics of the material (composition, structure) and the environment (climatic conditions,
multi-pollutants) through two main weathering processes: chemical (leaching, chemical reactions,
biological processes) and physical/mechanical (frost action, salt crystallization, moisture expansion,
thermal expansion, biological activity). In general, the weathering will be restricted to the loss of
material (surface recession) in unsheltered exposure conditions and to the relative initial increase of
mass (surface accumulation) in sheltered (rain protected) exposure.
To protect building stone materials, over several decades intense research has been carried out to
develop methods to estimate material durability and weatherability in order to assess the weathering
rates for cultural heritage monuments and consider these rates early in the design and specification
stage for new buildings.
Results gained from MULTI-ASSESS project could be used for identification of parameters
important for the sensitivity to the effects of atmosphere on natural and artificial stone materials
used in heritage monuments and new buildings, for managing adequate restoration and costefficient maintenance, for managing the use of appropriate stone building materials for the specific
designed purposes. In the targeted field exposure project a special study is performed comprising a
comparison of the sensitivity to deterioration due to air pollution of the following natural stone
materials (see also table 3.4.1):
-

Portland limestone (United Kingdom);
Carrara marble (Italy);
Baumberger sandstone (Germany);
Gotland sandstone (Sweden);
Saaremaa dolomite (Estonia).

In order to assess the weatherability of artificial stone materials a reference concrete was prepared
in laboratory conditions for exposure in the project using Portland cement. At the end of the
exposure period’s evaluation of corrosion rates was done by determination weight changes,
contamination with water soluble salts, bio-contamination with microscopic fungi, and
carbonization depth of hardened concrete.
Table 3.4.1. General characterization of composition of stone materials.

Main component
Cementing matrix
Impurities

LIMESTONES
Carrara
Portland
Marble
Limestone
Calcite
Calcite
Dolomite,
None
maximum
content
2 mass%

MULTI-ASSESS Publishable Final Report

Saaremaa
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Dolomite
Clay minerals,
maximum
content
14 mass %
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SANDSTONES
Gotland
Baumberger
Sandstone
Sandstone
Quartz
Quartz, Calcite
Calcite
Calcite
Clay minerals,
Clay minerals,
maximum
maximum
content
content
14 mass %
20 mass %

The surface recession rates for natural stone materials for 1 and 2-years exposure are presented in
Figure 3.4.4. All stone materials show surface recession, which differ from one stone type to
another exposed at the same conditions illustrating different weathering processes dominating at
each test site.
SAAREMAA DOLOMITE 1-year

SAAREMAA DOLOMITE 2-years

BAUMBERGER SANDSTONE 1-year

BAUMBERGER SANDSTONE 2-year

GOTLAND SANDSTONE 1-year

GOTLAND SANDSTONE 2-year

PORTLAND LIMESTONE 1-year

PORTLAND LIMESTONE 2-year

CARRARA MARBLE 1-year

CARRARA MARBLE 2-year
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Figure 3.4.4. Recession rates (µm) of natural stone materials (Saaremaa dolomite,
Baumberger sandstone, Gotland sandstone, Portland limestone and Carrara marble from
left to right) in unsheltered exposure for 1 and 2-years periods.
The weathering rate of stone types is determined by their compositional/physical properties.
Previously suggested sensitivity of stone materials according to their properties has been confirmed
by the exposure trials. The sensitivity of the tested natural stone materials to weathering could be
ranged as follows:
Most sensitive - Saaremaa dolomite, Baumberger sandstone
Moderately sensitive - Gotland sandstone, Portland limestone, Carrara marble
It has been shown that natural stone materials weather (natural erosion) already after 1 year of
exposure under any conditions, while presence of air pollution increase the rate of natural
weathering about 1 - 2 times. For natural stone materials exposed in unsheltered conditions the
weathering rate could be assessed already after 1-2 years of exposure, and after the 2nd year a
steady state of deterioration could be predicted.
For concrete the increase of mass at both unsheltered and sheltered exposure conditions leads to the
formation of components on the surface of the material (0,5 mm in depth) with a low water
solubility (carbonization process) and this prevents further weathering. It has been shown that for
the northern climatic regions specific environmental conditions could be regarded for concrete
exposure as the rate of carbonization is faster.
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3.5 Targeted laboratory exposures
3.5.1 Effect of particulate matter
Particles are an important solid contaminant in air. The total particle concentration, size distribution
and chemical composition strongly depend on the origin of the air mass. Particles of different size
classes (PM10, PM2.5, PM1 and ultrafine particles) have different origin and therefore also different
properties. The highest concentrations of PM10 are likely to occur in urban and industrialised areas,
but also the contribution of long-range transport can be significant. The development of effective
strategies to reduce PM10 and develop air quality standards requires an understanding of the source
apportionment. Another important distinction between fine and coarse particles is their aggressivity.
In general, the higher the fraction of water soluble ions, the higher is the aggressivity.
The corrosion effect of particulate matter is very complex. In connection with its variable
composition different steps in the initial or steady-state corrosion process can be affected by
particles by providing:
− aggressive substances that accelerate corrosion;
− substances that slow down the corrosion by neutralising gaseous pollutants;
− galvanic action;
− substances that establish a differential aeration cell;
− substances that lower the surface tension;
− substances that attract water (hygroscopic particles).
Particles may cause localised defects and non-uniform corrosion. Natural and anthropogenic
particles cause corrosion of metals since they are in general hygroscopic and contain corrosive
substances at ambient relative humidity. In most environments the sub-micron particles found in
deposits are predominantly derived from fossil fuel combustion; these particles lower the humidity
at which an appreciable film of water exists on metal surfaces and increase the conductivity of the
water film. They tend to be very hygroscopic with a deliquescence point of 50-65% relative
humidity. While hydrocarbons are not directly corrosive to metals their adsorption on surfaces and
particles affect the ability to wet the surface and consequently the thickness and continuity of
moisture films, and are therefore undoubtedly important (Figure 3.5.1). The function of particles
will be different for long-term and short-term exposures, different for open air or sheltered
conditions.
exposure in 100 % RH
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Figure 3.5.1. Hygroscopic properties of different types of particles expressed as
percentage weight increase. For an explanation of “real dust K1” see text.
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The approach selected for understanding the role of solid particles in the atmosphere is a
combination of laboratory measurements and modelling analysis. The aim of the performed shortterm accelerated laboratory tests was to identify specific corrosion effects of particles rather than to
formulate guiding information on long-term corrosion rates. The latter would be virtually
impossible considering the complex influence of particles themselves and in particular in
combination with all other factors in the multi-pollutant situation.
Flat metal samples of carbon steel, zinc, and copper were used for testing, as in the field exposures.
The dimensions were 30 x 80 mm and the surface was polished and degreased. The backside was
been masked by tape. In addition, special glasses M1 and M3 representative of medieval glasses,
with the same composition as those used in WP 3 and WP 4, were also used for testing. A cylinder
sieve was used for application of particles. The tested particulate material included inert particles
(fused, crushed alumina Al2O3 and separated diatomaceous earth SiO2), suspended particles – real
dust (collected in test site Kopisty K1). For investigations of the effect of chemical composition of
particulate matter inert materials mixed with NH4NO3, Na2SO4 and NaCl were used, in a relation
10:1 of inert to active material. Also, the effect of pure (NH4)2SO2 of two different size distributions
was investigated.
The median value of particle deposition from all field exposures was about 22 mg m-2 month-1. In
the accelerated laboratory tests the amounts of 5 and 10 g m-2 were used, which corresponded to an
acceleration factor of 230-450. The maximum field value was 417 mg m-2, detected in the period 12/2003 at the test site No 41 Berlin. The median value of SO2 concentration in the field was 6 µg m3
. In the accelerated laboratory tests 0.1 ppm or 260 µg m-3 was used, which corresponds to an
acceleration factor of 45.
In the following a few selected results are given. The aqueous fraction of particles contributes up to
50% of the particles weight at relative humidity of 70 to 80%. Subsequent acidification of absorbed
water may result in the dissolution of the particle. The pH effect of electrolyte does not seem to be
significant but the conductivity of soluble particle ions together with the presence of corrosive
stimulators contained in deposited particles accelerates the corrosion process. Chlorides have a
higher corrosion effect than that of real dust. This is illustrated in figure 3.5.2 for carbon steel.

corosion loss (g.m-2)
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Figure 3.5.2. Carbon steel corrosion losses (g.m-2) after exposure with various particle
depositions
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There is some correlation to conductivity of particles except with that of real dust. The combined
influence of SO2 and ionic particulate compounds significantly accelerated the corrosion rate of
carbon steel (Figure 3.5.3).
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Figure 3.5.3. Comparison of corrosion losses of carbon steel (g.m-2)
Carbon steel belongs to the most sensitive materials to atmospheric corrosion including the
corrosion effect of particles. The corrosion attack on carbon steel depended on type and amount of
particle deposition. The corrosion attack on copper appeared as a slight red-brown colour change..
On zinc a deposition of both inert and real dust caused individual spots or points of corrosion attack.
The atmospheric corrosion of copper was investigated after deposition of ammonium sulphate
((NH4)2SO4) particles and subsequent exposure to humid pure air below (70% RH) and above (90%
RH) the deliquescence point of (NH4)2SO4 (around 81% RH at 25 °C). In the present study, a very
simple and effective way was found to deposit the (NH4)2SO4 particles and the particle size can be
separated to small and large. Deposition of small particles resulted in evenly distributed particles
with the size of approximately <10 µm. On the other hand, deposition of large particles resulted in
less evenly distributed particles with the size of approximately <100 µm. Even at a quite low
relative humidity 70%, which lies far below the deliquescence point,, copper with deposited
(NH4)2SO4 particles exhibited significant corrosion attack at the original area of particle deposition.
Cuprite (Cu2O) and antlerite (Cu3(OH)4SO4) were found in the original particle deposition area after
exposure. At 90% RH, copper, deposited with (NH4)2SO4 particles, suffered from much heavier
corrosion than that at 70% RH. Cuprite can be detected both on the original (NH4)2SO4 particle
clusters and outside the original (NH4)2SO4 particle clusters. The size of the particles affect the
corrosion rate, small particles resulted in a higher corrosion rate than large particles at equal amount
of deposition. The formation of Cu2O was the main corrosion attack after longer than 10 days of
exposure.
On medieval glass samples, measurable and visible weathering effects could be observed even after
short exposure times. On both glass samples, M1 and M3, mainly CaCO3 was observed as
weathering product. Even if an SO2 atmosphere was applied, no sulphates of the leached network
modifier elements were detected on samples exposed without dust. S-containing crystals were
observed after exposures with real dust. For glass M1 crystalline weathering products were
observed even after 24 hours of exposure. CaCO3 and mixtures of K2CO3, Na2CO3 and MgCO3
were identified on most specimens. The weathering products occurring most frequently on these
real-dust samples are sulphates (gypsum CaSO4, syngenite K2SO4⋅CaSO4⋅H2O, arcanite K2SO4) and
carbonates of K and Ca.
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3.5.2 Effect of nitric acid (HNO3)
The effects of the atmospheric pollutant nitric acid (HNO3) on materials compared to other
corrosive gases, e. g. sulphur dioxide (SO2), nitrogen dioxide (NO2) or ozone (O3) have prior to the
MULTI-ASSESS project received little or no attention. The high sticking coefficient of HNO3
makes this gas one of the most difficult gases to work with. Despite the difficulties a new apparatus
was successfully developed within the project for studying the atmospheric corrosion effects of
HNO3 on materials (Figure 3.5.4).

Figure. 3.5.4. Schematic view of the experimental apparatus. Dried and cleaned air is
humidified and mixed with air and passed through the container with the HNO3 permeation
tube, P. The samples are suspended vertically in the chamber on a glass rod.
HNO3 concentration measurements up to 1080 µg m-3 (420 ppb) were performed by dissolving the
gas in water and analyzing the nitrate concentration with an ion chromatography (IC). Small
changes in relative humidity (RH) largely affects the concentration of this pollutant in the exposure
chamber and the high sticking coefficient of this gas on copper and quartz glass has been shown.
FT-IR, XRD and IC analysis of copper exposed to HNO3 and mass loss and mass gain analysis
confirmed cuprite (Cu2O) and the basic copper nitrate, Gerhardtite as the main corrosion products.
Deposition of HNO3 on copper appeared to be greater than the deposition of any of the other above
mentioned pollutants.
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The results of the HNO3 exposures will be / have been presented in several papers and organised as
follows:
Basic methodology and initial results for copper
Effect of HNO3 concentration and wind speed on copper corrosion
Effect of temperature and relative humidity on copper corrosion
Comparison of effects on copper, zinc and carbon steel

−
−
−
−

As an illustration a comparison of corrosion effects of HNO3 and SO2 in combination with O3 is
shown in figure 3.5.5. It is clear that the HNO3 effect is substantial, the ratio between the HNO3 and
SO2 effect being about 20 for zinc and about 6 for copper. This should be compared with the ratio
of the effects between these two pollutants in the field, as will be further described in the next
section, which is about 13 for zinc while for copper no effect of HNO3 could be statistically proven.
For carbon steel no SO2 experiments were found that could enable a direct comparison. However,
an indication of the HNO3 effect for carbon steel can be estimated by comparing the ratio between
the corrosion of carbon steel and that of zinc and copper. This ratio is about 3 for the laboratory
experiments while the same ratio for field results is about 15. This would indicate that the relative
effect of HNO3 is lower for carbon steel compared to zinc and copper. This is also in agreement
with the field results presented in the next section where no correlation could be found between
corrosion attack of carbon steel and HNO3 concentration.
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Figure 3.5.5. Comparison of corrosion effects of HNO3 and SO2 showing the corrosion
attack per unit of pollutant of zinc, copper and carbon steel. Temperature was 25 oC and
relative humidity was 65 % for the HNO3 experiments and 70 % for the SO2+O3
experiments. Data for the SO2+O3 experiments are taken from Svensson, J.-E.,
Johansson, L.-G., 1993. Journal of The Electrochemical Society, 140, 2210-2216 (zinc)
and Strandberg, H., Johansson, L.G., 1998. Journal of the Electrochemical Society, v 145,
n 4, 1093-1100 (copper).
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3.6 Corrosion of materials
3.6.1 Dose-response functions for corrosion
The analysis was based on corrosion values of carbon steel, zinc, copper, bronze and limestone after
1, 2 and 4 years of exposure in the ICP Materials multi-pollutant programme (1997-2001). The
environmental characterisation has then been complemented with data on HNO3 and particulate
matter from the MULTI-ASSESS exposure. In this way the resulting equations have the potential to
include both the effect of time and the new parameters HNO3 and particulate matter.
The following parameters were considered in the statistical analysis:
• Time (t) / years
• Gaseous pollutants SO2, NO2, O3 and HNO3 / µg m-3
• Temperature (T) / °C
• Relative humidity (Rh) / %
• Amount of precipitation (Rain) / mm
• pH of precipitation / decades
• H+ of precipitation ([H+] / mg l-1
• Total amount of deposited particulate matter (PMdep) / mg m-2 year-1
In addition, the following parameters were also used in intermediate steps of the analysis in order to
improve the understanding of the results.
• Cl- concentration of precipitation (Cl) / mg l-1
• Cl- particulate deposition (Clm) / mg m-2 year-1
• SO42- particulate deposition (SO4m) / mg m-2 year-1
As an example, consider the developed dose-response function for carbon steel
ML = 29.1 + { 21.8 + 1.38[SO2]0.6Rh60ef(T) +1.29Rain[H+] + 0.00811PMdep }t0.6
where ML is the corrosion attack in g m-2, Rh60 = (Rh-60) when Rh>60, otherwise 0, and f(T) =
0.15(T-10) when T<10°C, otherwise -0.05(T-10). In this form the equation is not suitable for
mapping and calculation of costs since the variable PMdep is not easily available. Recall figure 3.2.5
in section 3.2, which showed a linear relation between PMdep and PM10. Using the mentioned
deposition velocity 2.3 mm s-1 makes it possible to establish the relation
PMdep = 72.6 x PM10
If this expression is substituted in the dose-response function for carbon steel above a dose-response
function suitable for mapping is obtained
ML = 29.1 + { 21.8 + 1.38[SO2]0.6Rh60ef(T) +1.29Rain[H+] + 0.589PM10 }t0.6
This equation is repeated in table 3.6.1 together with dose-response functions for zinc, copper, cast
bronze (expressed as ML in g m-2) and Portland limestone (expressed as surface recession, R, in
µm).
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Table 3.6.1 List of MULTI-ASSESS dose-response functions, including temperature
function, for unsheltered materials.
Material
Dose-response function
Temperature function
Carbon steel
ML = 29.1 + { 21.7 + 1.39[SO2]0.6Rh60ef(T) +1.29Rain[H+] + 0.593PM10 }t0.6
f(T) = 0.15(T-10) when T<10°C, -0.054(T-10) otherwise
Zinc
ML = 1.82 + { 1.71 + 0.471[SO2]0.22e0.018Rh+f(T) + 0.041Rain[H+] + 1.37[HNO3] } t
f(T) = 0.062(T-10) when T<10°C, -0.021(T-10) otherwise
Copper
ML = 3.12 + { 1.09 + 0.00201[SO2]0.4[O3]Rh60·ef(T) + 0.0878Rain[H+] }t
f(T) = 0.083(T-10) when T<10°C, -0.032(T-10) otherwise
Cast Bronze
ML = 1.33 + { 0.00876[SO2]Rh60·ef(T) + 0.0409Rain[H+] + 0.0380PM10 }t
f(T) = 0.060(T-11) when T<11°C, -0.067(T-11) otherwise
Portland limestone
R = 3.1 + { 0.85 + 0.0059[SO2]RH60 + 0.054Rain[H+] + 0.078[HNO3]Rh60 + 0.0258PM10 } t

The SO2 concentration was the single most important parameter in previously developed doseresponse functions from ICP Materials. These functions were, prior to the newly developed doseresponse functions given in table 3.6.1, considered to be the best available dose-response functions
suitable for mapping and calculation of costs. SO2 is also a very important parameter in the multipollutant situation for all materials. Both the previously developed dose-response functions and the
new dose-response functions are useful but for different purposes:
− The previously developed ICP Materials dose-response functions are valid for the SO2dominating situation, and are preferable especially when the SO2 concentration is high.
− The new dose-response functions given in table 2 are valid for the multi-pollutant situation, and
are preferable especially when contributions from N pollutants and/or particulate matter is
expected to be high, often in urban areas dominated by traffic.
This is illustrated in figure 3.6.1. In the interval with moderate SO2 concentrations (0-20 µg m-3) the
difference between the two functions is not significant. The main difference between the two
functions is at higher SO2 concentrations (60-80 µg m-3) where the linear function wrongly predicts
higher values.
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Figure 3.6.1. Illustration of the difference between the SO2 dependence in dose-response
functions for the SO2 dominating situation and for the multi-pollutant situation.
The effect of HNO3 has only been evident for zinc and limestone, but not for the other materials.
This is in contrast to laboratory experiments as described above where a large effect, even
compared to SO2, is evident for all investigated materials. The HNO3 concentration is today not
easily available and therefore it is not possible to use equations involving HNO3 for mapping
purposes if supporting equations are not given. Therefore the following equation was developed,
based on environmental data obtained in the project,. It may be used for calculating annual HNO3
concentrations where measured values are not available:
HNO3 = 516•e-3400/(T+273)([NO2]•[O3]•Rh)0.5
This equation is illustrated in figure 3.5.2, which can be used for a visual ranking of the importance
of the included parameters in the equation.
The effect of particulate matter has only been evident for carbon steel, cast bronze and limestone. In
general it is expected that the main effect of particulate matter will be on soiling of material
surfaces, which is described later.
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Figure 3.6.2. Illustration of the HNO3 equation, taking into account the natural variation
(intervals for x axes) of the included parameters NO2, O3, temperature and relative
humidity.
A separate statistical analysis has also been performed for glass of medieval composition, i.e. high
concentration of network modifiers i.a. K2O and Na2O and use of K2O instead of Na2O. Two
glasses have been evaluated, a more sensitive with higher K2O content (M1) and a less sensitive
(M3). The analysis has resulted in a dose-response function for glass M1
d(K) = -0.64 + (0.028Rh + 0.039[SO2])t0.5 - (0.055T + 2.03/[NO2])t, R2 = 0.71
where d(K) is the depth of the leached layer with respect to potassium (K) in µm. The t0.5 term is
interpreted in terms of the ion exchange/diffusion and the t term is interpreted in terms of network
dissolution. For glass M3 it has not been possible to obtain a good statistical fit, possibly due to
generally very low leaching depths and higher observed leaching depths on samples exposed at low
polluted sites.
3.6.2 Target levels for corrosion
There are several existing denominations used to define desirable pollution levels: threshold levels,
critical levels, tolerable levels, acceptable levels, target levels and limit values. In order to avoid
misunderstandings the definitions, as they are applied in this report, are:
Threshold level:
Critical level:
Acceptable level:
Tolerable level:

The minimum level at which a response occurs. It relies on the dose-response
function having a positive intercept on the “dose” axis.
The maximum level at which a harmless response occurs.
The maximum level at which an acceptable response occurs. The acceptable
response should be based on technical and economic considerations.
The maximum level at which a tolerable response occurs. The tolerable
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Target level:
Limit values:

response should be based on experiences from restoration / maintenance work
for cultural heritage objects.
A specified level in a given context which should not be exceeded.
A target level that is legally binding.

These definitions are in line with, but not identical to, definitions for ecosystems given in the
Mapping Manual (2004). Consider for example the definition of a critical limit/level:
"The critical level is a concentration threshold within the ecosystem, based on adverse
effects, i.e. it is a short expression of 'effect based critical level'. Below this critical level
significant harmful effects on human health or specified sensitive elements of the
environment do not occur, according to present knowledge. To avoid confusion, levels
that are not based on effects should not be called 'critical levels'."
Compared with the definition above "The maximum level at which a harmless response occurs", the
official definition is longer but is essentially identical.
Because atmospheric deterioration of materials is a cumulative, irreversible process, which
proceeds even in the absence of pollutants, threshold levels and critical levels are not applicable as
for some natural ecosystems. Instead, the term acceptable level has been introduced and is currently
used in the UN/ECE Mapping Manual. In this report the term tolerable level is used specifically for
cultural heritage objects since the use of the word “acceptable” may give the impression that the
loss of our cultural heritage is acceptable. In principle, however, the same framework developed for
acceptable levels and described in the mapping manual can be applied also for tolerable levels.
Material corrosion is affected both by the climatic as well as the pollution situation. The climate
impact will change with the geographical situation and can not be controlled outdoors. Several
pollutants will increase the corrosion rate and the relation between tolerable corrosion and tolerable
pollution is illustrated schematically in Figure 3.6.3.

Figure 3.6.3. Schematic illustration of the relation between tolerable corrosion and
tolerable pollution.
The tolerable corrosion rate has to be based on experiences from restoration work and can be
calculated from two important components:
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− The “tolerable corrosion before action”, based on the stage of deterioration when the restoration
must start
− The “tolerable time between maintenance”, based on how often it is acceptable to restore the
object
The recommended values of these two parameters will be different for old cultural heritage
materials compared to new monuments or replaced materials. However, it turns out that the
resulting tolerable corrosion rate is relatively independent on these factors. As an example of the
compiled experience from the restoration work the data relevant for old cultural heritage materials
are given in Table 3.6.2.
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Table 3.6.2. Tolerable values for corrosion and maintenance intervals for cultural heritage
materials
Material

Type of surface

Limestone/marble

Ornament, aged
Ornament, corroded
Ornament, aged
Ornament, corroded
Ornament, aged
Ornament, corroded
Ornament, aged
Ornament, corroded
Evenly corroded

Sandstone calcareous
Copper monument
Bronze monument
Zinc monument

Tolerable corrosion
before action

Tolerable time
between maintenance

Tolerable
corrosion rate

100 µm
50 µm
100 µm
50 µm
50 µm
10 µm
50 µm
10 µm
80 µm

12 years
6 years
12 years
6 years
50 years
20 years
50 years
15 years
50 years

8.3 µm year-1
8.3 µm year-1
8.3 µm year-1
8.3 µm year-1
1.0 µm year-1
0.5 µm year-1
1.0 µm year-1
0.7 µm year-1
1.6 µm year-1

The table use a selection of sensitive materials often found in cultural heritage monument. It should
be emphasised that the purpose of the table is to assess tolerable corrosion rates and not to define
best practice for restoration work.
When assessing target levels for policy purposes the status of the object can not be a parameter and
a more uniform approach is needed. If the approach in the UN/ECE Mapping Manual for acceptable
levels is applied to tolerable levels the tolerable corrosion rate (Ktol) can be calculated as
Ktol = n x Kb
Where n is a factor and Kb is the background corrosion level for Europe. In Table 3.6.3 the tolerable
corrosion rate for the most common materials are shown for n=2.5. It turns out that for this n value
the tolerable corrosion values are almost identical with the approach used in Table 3.6.2 and the
tolerable corrosion rates given in table 3.6.3 are those used for further assessment of target levels.
Table 3.6.3. Tolerable corrosion rate based on background corrosion rates and n=2.5
Material

Background
corrosion rate

Tolerable
corrosion rate

Limestone
Sandstone
Copper
Bronze
Zinc
Carbon steel

3.2 µm year-1
2.8 µm year-1
0.34 µm year-1
0.25 µm year-1
0.46 µm year-1
8.5 µm year-1

8 µm year-1
7 µm year-1
0.8 µ m year-1
0.6 µ m year-1
1.1 µ m year-1
20 µm year-1

The background corrosion rates are taken from the UN/ECE Mapping Manual. In addition to the
materials given in Table 3.6.2 carbon steel is introduced in Table 3.6.3. Carbon steel is a valuable
complement for defining the tolerable pollution level since carbon steel has a worldwide use as a
reference material in ISO-standards for classification of the environment.
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Dose-response functions for the materials were presented above and involve the effect of both
climate and pollution (table 3.6.1). These functions together with the tolerable corrosion rates
enable the specification of a tolerable climate/pollution situation. In the multi-pollutant situation
several different options can be implemented in order to reach the same goal, i.e. to reach the
tolerable climate/pollution situation, and a complete strategy should in principle involve all
parameters included in the dose-response functions. However, in order to assess the SO2
concentration, which still is one of the most important parameters for corrosion, it is possible to fix
the other parameters expressed as different scenarios. Here, two scenarios are used for illustration
purposes denoted “average” and “urban” (table 3.6.4). The SO2 concentrations resulting from
combining the dose-response functions, the tolerable corrosion rates and the scenarios are shown in
table 3.6.5.
Table 3.6.4. Scenarios used for assessing tolerable SO2 levels for corrosion of cultural
heritage materials. These are approximately based on median levels for climate and pH
(scenario 1 and 2), median levels for pollutants (scenario 1) and 80/20-percentiles for
pollutants (scenario 2).
Parameter

Scenario 1
“average”

Scenario 2
“urban”

Temperature

10.3 oC

10.3 oC

73.2 %
604 mm year-1
5.0
47 µg m-3
19 µg m-3
0.82 µg m-3
37 µg m-3

73.2 %
604 mm year-1
5.0
33 µg m-3
56 µg m-3
1.16 µg m-3
72 µg m-3

Relative humidity
Precipitation
pH level
O3 concentration
NO2 concentration
HNO3 concentration
PM10 concentration

Table 3.6.5. Tolerable SO2 levels for corrosion of cultural heritage materials for two
different scenarios.
Material

Scenario 1
“average”

Scenario 2
“urban”

Limestone
Copper
Bronze
Zinc
Carbon steel

25 µ g m-3
5 µg m-3
21 µ g m-3
11 µ g m-3
11 µ g m-3

9 µg m-3
13 µg m-3
9 µg m-3
5 µg m-3
6µg m-3

In conclusion, the dose-response functions together with the acceptable corrosion rates enable the
specification of an acceptable climate/pollution situation. For SO2 a target level of 10 µg m-3 is
proposed protecting 80% of the European territory at present HNO3 levels. PM is not a crucial
parameter for the corrosion of materials but its main effect is instead connected to soiling.

MULTI-ASSESS Publishable Final Report

page 35 of 52

3.7 Soiling of materials
3.7.1 Dose-response functions for soiling
Stone, metal and plastic materials
For a model to be useful in policy terms, it should have a physical basis because this permits soiling
rates to be described in terms of atmospheric pollution (especially particulate matter)
concentrations. The exponential model is the one which has been most commonly used in soiling
studies because it meets this criterion
R = R0 exp{- K x t}
Where R is the reflectance, R0 is the reflectance at time zero, K is a constant and t is the exposure
time. This is the relationship (often called the basic exponential relationship) which has been most
frequently used in soiling studies. Figure 3.7.1 shows the result of fitting data for white painted steel
at London Marylebone Road to this equation.
Marylebone Road Painted Steel

Reflectance

85

80

75

0

100

200

300

Time (days)

Figure 3.7.1. Marylebone Road (London); soiling data expressed as reflectance fitted to
an exponential curve.
The soiling constant for this set of data was K = 0.000451 day-1 and the annual average particulate
matter concentration at this site was CPM10 = 37.1 µg m-3. Consequently, the dose-response function
for this material at this site is:
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∆R = R0 1 − exp(−0.000012 × CPM10 × t ) 
This approach has been applied to reflectance data for painted steel, white plastic, polycarbonate
membrane and limestone, at MULTI-ASSESS sites. Results for painted steel are shown below.
Taking the best-fit regression line has permitted to identify the dose-response function for each
material. This approach using a basic exponential model (i.e one in which R → 0 as t → ∞) has
been successful in fitting data for a range of materials at a number of sites. However, there are
situations where an exponential model with an asymptote Rp (R → Rp as t → ∞) has proved more
successful:
R = (R0 – Rp) exp(-K x t) + Rp
There are good physical reasons for the existence of this model:
− The model outlined above describes a deposition process; there are likely to be removal
processes also in operation. This included removal by moisture or by wind.
− A thick layer of deposited matter is unlikely to have R = 0.
Figure 3.7.2 compares the ordinary exponential model with the exponential with asymptote for
white plastic at Krasinskiego Street in Krakow. The asymptotic model provides a significantly
better fit than the ordinary exponential. The same is true for different materials at many other sites.
Krasinskiego Street White Plastic
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Figure 3.7.2. Krasinskiego Street (Krakow); soiling data fitted to an exponential curve (left)
and an exponential curve with asymptote (right).

However, the asymptotic model is not always appropriate. Figure 3.7.3 shows an example, for
painted steel at Kensington and Chelsea in London. Here there is no noticeable difference between
the curves: the asymptote is not significantly different from zero.
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Kensington/Chelsea Painted Steel

Kensington/Chelsea Painted Steel
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Figure 3.7.3. Kensington and Chelsea (London); soiling data fitted to an exponential curve
(left) and exponential curve with asymptote (right).

The interpretation of the parameter K in the asymptotic model depends on which of the physical
reasons above is appropriate. In addition, other non-linear models can provide an equally good or
better fit. For this reason, the dose-response functions used in the development of tolerable levels
are based on the exponential model while further research is being carried out on other models. The
developed dose-response functions are
− Painted Steel: ∆R = Ro [1-exp(- CPM10 × t × 5.9 × 10-6 )]
− White Plastic: ∆R = Ro [1-exp(-CPM10 × t × 5.3 × 10-6 )]
− Polycarbonate Membrane: ∆R = Ro [1-exp(-CPM10 × t × 2.4 × 10-6 )]
− Limestone: ∆R = Ro [1-exp(-CPM10 × t × 6.5 × 10-6 )]
where CPM10 is in µg m-3 ; t is in days
While an exponential model (basic or asymptotic) gives a fit to experimental data which is
generally satisfactory for metal, plastic and stone, it does not give a sufficiently good fit for glass
and therefore an alternative approach has been developed to describe the soiling of modern glass.
This is described below.

Glass materials
Soiling is a complex physico-chemical phenomenon, which cannot be easily expressed by a
mechanistic model. Consequently, as alternative, empirical models were fitted on four soiling
parameters (TP/S, SI/S, TC/S and Haze), using a least-squares regression. Generally, empirical
models can be useful for a better understanding of the phenomenon mechanisms and for designing
new experiments.
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For each soiling parameter, 6-8 values were available, corresponding to the pre-defined exposure
periods. The measurements revealed some unexpected variations: some outliers can be present
within the set of measurements. In order to avoid this inconvenience, raw data were standardised
and a global model was established using thus all the four soiling parameters; increasing the number
of initial data reduces outliers’ weight in the model identification. Moreover, if an outlier for a
given time corresponds to one soiling parameter, but not to the others, its “bad” effect on the model
identification is reduced by the “good” values.
Raw data are expressed in different units and they range differently. In order to inter-compare them,
as well as for identifying a global model, they were standardised, using the following linear
transformation of the raw data:
Y−y
y* =
+ 1. 5

σ

where Y is the measurement, y the mean sample value and σ , its standard deviation.
Model selection is based on a previous work carried out on data obtained from a 2-year exposure of
modern glass in Paris. This study showed that the best fitting model was Hill’s equation,
corresponding to an S-shape curve. Data obtained for the five sites involved in this project show the
same trend as in Paris, but they present significantly more scatter around the S-shaped curve.
The Hill equation, also known as the variable slope sigmoid, is the most frequently used model in
pharmacology to analyse dose-response functions. At its origins, it was derived by Hill to describe
the uptake of oxygen by haemoglobin. Moreover, the Hill equation found various applications in
modelling adsorption phenomena, in botany. The general form of the Hill equation can be expressed
as:
Y (t ) = B +

K
M 
1+  
 t 

H

where
B (Bottom): initial level of response or, more generally, level of response in the absence of dose; in
most of the cases is considered a priori null;
K (Span): Top-Bottom, where Top is the value of the soiling parameter corresponding to the
maximum curve asymptote (saturation), or level of response produced after infinite soiling;
M (Half-life):time (dose) when the response is halfway between the Top and Bottom; it corresponds
to the curve inflection;
H (Hill slope): maximum slope of the dose-response curve at time M; it is used as a measure of the
evolution rate.
Hill’s equation is a particular case of the Verhulst model, it can be obtained if time is replaced in the
Verhulst equation by its logarithm. According to this model, soiling is a 2-kinetics phenomenon
with variable soiling rate. During the first stage soiling rate increases to a maximum, then during the
second phase, it decreases to zero attaining saturation (after infinite soiling). The first stage
corresponds to the capture of particles by the reactive sites present on the glass surface and its
consequent progressive covering. During the second stage, the deposition mechanism changes
because the glass surface properties change.
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For the five test sites, the four parameters of soiling (TP/S, SI/S, TC/S, Haze) can be expressed by
the same Hill equation. Nevertheless, as expected, the different sets of model coefficients vary from
one site to another reflecting the particular environment of each site.
The global model for Krakow shows that the saturation is attained after 600 days in average and
700 days for Prague, but for London after 750 days, for Rome after 850 days and for Athens after
550 days, the trend is still increasing (see figure 3.7.4 and table 3.7.1).

Figure 3.7.4 Global models for Krakow (left) and London (right)
Table 3.7.1 Different coefficients of the global model for the five targeted field exposure
sites

Athens
Krakow
London
Prague
Rome

B

K

M

H

0.31 ± 0.09
0.67 ± 0.07
0.21 ± 0.1
0.03 ± 0.11
0.11 ± 0.18

12.22 ± 22.09
2.36 ± 0.18
14.45 ± 22.46
3.19 ± 0.44
7.87 ± 9.45

1248 ± 2167
407 ± 14
2190 ± 4314
269 ± 53
1212 ± 2217

1.53 ± 0.48
6.98 ± 1.75
1.15 ± 0.31
1.54 ± 0.33
1.11 ± 0.47

Higher uncertainties appear where outliers are numerous or when saturation is not attained and data
not available in totality. The results obtained in the five sites of MULTI-ASSESS confirm the
previous results obtained in Paris.
3.7.2 Target levels for soiling

As for corrosion, the tolerable soiling rate has to be based on tolerable degradation and time
intervals between actions. For soiling, however, these two factors have been assessed in a different
way:
− The “tolerable soiling before action”, based on the public attitudes to soiling and a perception of
what constitutes tolerable degradation. The EU 5FP project CARAMEL has indicated that a
35% loss in reflectance triggers significant adverse public reaction. This value has been adopted
also by MULTI-ASSESS
− The “tolerable time between cleaning”, based on an assessment of the period of time for which
the building can remain without cleaning and an economic evaluation of the options. For
cultural heritage objects a period of 10-15 years is appropriate.
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These factors together with the dose-response functions can be used to make an estimate of the
maximum ambient air quality to which the building can be exposed to tolerable soiling (Table
3.7.2). Based on based on these data a tolerable PM10 level of 15 µg m-3 is proposed.
Table 3.7.2 Tolerable PM10 levels for painted steel, white plastic and limestone based on
dose-response functions and a tolerable loss of reflectance of 35%.
Material
Painted steel
White plastic
Limestone
Average

5 years
40 µg m-3
45 µg m-3
36 µg m-3
40 µg m-3

10 years
15 years
between maintenance
20 µg m-3
22 µg m-3
18 µg m-3
20 µg m-3

13 µg m-3
15 µg m-3
12 µg m-3
13 µg m-3

20 years
10 µg m-3
11 µg m-3
9 µg m-3
10 µg m-3

3.8 Identifying areas of increased risk to corrosion and soiling

A necessary requirement for using the developed dose-response functions for mapping is that data
for all the parameters included in the functions are available at the required scale. Today mapping
of air pollutants in Europe is possible on different scales. In the following the use of dose-response
functions for mapping will be illustrated starting on the European scale and then successively
increasing the scale to country, regional and finally city scale. If data are available the same
procedure could be adopted for any region.
Figure 3.8.1 shows a European map for the tolerable carbon steel corrosion rate. The results are
based on the EMEP database for the year 2000 with a grid size of 50 x 50 km2. The EMEP database
and models are designed to cover the long-range pollution transport and the map consequently
shows the background corrosion level in a rural area. In order to capture the situation in the urban
area a map with higher resolution is required.
It is obvious that with 50 x 50 km2 grid size there are few parts of Europe that are in the proposed
corrosion risk zone with the tolerable factor n=2.5. However inside each of the grids there can
obviously be large variation in the pollution situation. More information can be obtained if the
modelling is made for a single country using smaller grids. Many countries have today spatial
models of pollutants with small grids based on emission inventories. One of the advantages of using
emission databases is that it can be possible to calculate the effects of different environmental
policy decisions before any action is taken. The benefit of increasing the resolution (2 x 2 km2) to a
country model is exemplified for the Czech Republic. Figure 3.8.2 shows the resulting corrosion
map for carbon steel.
The small grid give a better resolution and it is possible to recognize the corrosion risk zones in
Prague and other large cities in the Czech Republic. For a tolerable factor of 2.5 the tolerable
corrosion rate will be 21 µm. According to the map a large part of the Czech Republic is above the
tolerable level.
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Figure 3.8.1. Carbon steel first year corrosion (µm) for Europe in 2000 based on 50 km x
50 km EMEP data.

14.9 – 18.6 µm
18.6 – 20.5 µm
20.5 – 22.4 µm
22.4 – 24.4 µm
24.4 – 30.7 µm

Figure 3.8.2. Map of first year corrosion of carbon steel in 2001 based on 2 km x 2 km
data. The tolerable corrosion rate (see table 3.6.3) is 21 µm.
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Table 3.8.1. SO2 statistic taken from EEA “air-climate eionet” urban air quality table. Red
and italics marked cities will have zinc corrosion higher than the tolerable value 1.15 µm.
City
Athens
Barcelona
Berlin
Birmingham
Bremen
Brussel
Dublin
Frankfurt
Hamburg
Hannover
Helsinki
Istanbul
Katowice
Krakow
Leeds
Lille
Lisbon
Liverpool
Llubljana
Lodz
London
Milan
Munich
Nurnberg
Prague
Riga
Sarajevo
Sofia
Stockholm
Stuttgart
Thessaloniki
Turin
Valencia
Vienna
Vilnius
Warsaw

Reporting year
1995
1995
1995
1995
1995
1996
1996
1995
1995
1995
1995
1995
1995
1995
1995
1996
1995
1995
1995
1995
1995
1996
1995
1995
1995
1995
1995
1995
1995
1995
1995
1996
1995
1995
1995
1995

Average SO2 µg/m
20
11
20
18
10
14
23
12
14
11
3
98
57
30
19
28
6
24
21
21
22
19
6
12
38
3
12
25
4
7
31
23
28
13
2
18

3

Historical heritage sites are often located in cities where the pollution level is higher than the
average pollution modelled in the grid. An important source for information about the deterioration
risk in cultural heritage cities is the AirBase database at the EEA (European Environmental
Agency) environmental centre in Copenhagen. It contains, next to multi-annual time series of
measurement data and their statistics for a representative selection of stations throughout Europe,
also meta-information on the monitoring stations, their networks and the measured pollutants. The
data origin is from national reports within the context of EoI and EuroAirnet. AirView is the user
query interface for free data retrieval from AirBase. The database contains values from fairly large
number of sites throughout Europe, both rural, urban and industry. To illustrate the importance of
the database a selection of cities reporting to AirBase is listed in Table 3.8.1. The selection is
average yearly data for 1995-96 in European cities. By using average values from our broad field
test for all environmental data, the indicator value 1.15 µm for zinc corrosion will give an indicator
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value for SO2 of 16 µg/m3. In Table 3.8.1 cities with higher pollution level than this SO2 value is
marked in red.
Today very detailed models on city scale are also available. In some cities the results presented are
based on extrapolation between measuring points (Kriging). If the city has sufficient measuring
points the result can be very exact. However as a tool for decision-makers the technique has some
limitations compared to dispersion models based on source emission. By using these models the
authorities can run scenarios with different emission sources and test the resulting effect of varying
environmental enterprise. To show the results of this modelling technique King’s College London
Environmental Research Group has selected the dose-response function for copper and modelled all
the pollution parameters needed for the London area with a grid size down to 20 x 20 m2 (figure
3.8.3).

Figure 3.8.3 London mapping showing the corrosion of copper in 2002 in g/m2y on a
resolution of 20 m x 20 m.
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3.9 Tool for rapid risk assessment of corrosion and soiling

The dose-response functions developed in MULTI-ASSESS have been used for the evaluation of
pollution target levels and for mapping areas of increased risk of corrosion and soiling. They
express the general level of corrosion attack in a particular area obtained by exposure of reference
materials and measurements of environmental parameters under standardised conditions and can
not, nor are they intended to, take into account possible effects of microclimate. However, people in
heritage management are often interested in the level of corrosion attack on specific locations at
their object of interest. To respond to this demand, the MULTI-ASSESS project has developed a
Rapid Tool Kit.
The selected materials are representing metals and porous materials and are selected because they
have reliable dose-response functions and sufficient degradation rate after one year of exposure.
The material used for soiling has a good soiling correlation with the particle concentration in air.
The Rapid Tool Kit is proposed in two versions: Basic and Complete. Both versions contains a
choice of reference specimens for assessment of deterioration and soiling of materials or materials
groups of interest and the Complete version also includes passive samplers of the relevant pollution
parameters. The exposure period for both kits shall be one year in total in order to even out the
effect of seasonal variation and to get reliable data for comparison with the tolerable corrosion
levels.
Data from the tool kits will show if tolerable pollution levels are exceeded and how the environment
is affecting deterioration and soiling of the relevant materials. If the exposures are repeated, for
example each third year, the results will give trends of pollution and deterioration, which could be
used as control of the effectiveness of strategies and measures for reduction of pollution and as an
early warning of unexpected increase of corrosion due to new sources or combinations of
pollutants.
As an example, monuments included on the UNESCO World Heritage List have special
requirements for monitoring. Organisations and individuals being responsible for these monuments
can use the kit to assess if their site is properly maintained and also give indications on possible
plans of action, if needed, in the regular reporting to the UNESCO Heritage Fund Committee.
In the following the two versions of the kit will be defined in detail with reference to figure 3.9.1.

Figure 3.9.1. Rack for the rapid tool kit - complete.
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3.9.1 The Basic kit

The Basic kit includes:
− 1 exposure rack
− 3 test specimens of carbon steel to be exposed at 45° angle facing south. The carbon steel
specimen shall be 75x100 mm with a thickness of 1 mm and shall follow the recommendation
given in ISO 9226 and 11844-2. The carbon steel shall follow: ISO 3574, CR 1, max 0,15 % C,
max 0,04 % P, max 0,05 % S, max 0,6 % Mn
− 3 test specimens of zinc (> 99.9 %) 75x100 mm with a thickness of 1 mm to be exposed at 45°
angle facing south.
− 3 test specimens of Portland limestone mounted vertically in three different directions on top of
the rack. The Portland limestone shall be of unified quality and have a dimension of 50x50x10
mm with a centre hole for the attachment.
− It will also be possible to expose 3 samples of one type of local stone on the rack (optional).
− 2 test specimens of passive samplers for soiling measurements mounted sheltered from rain.
Material for soiling shall be a Teflon filter paper attached vertically to a plastic rod.

3.9.2 The Complete kit

The Complete kit includes all the elements of the Basic kit and in addition:
− Metal rain shields that shall be attached to the rack (ref. Figure 3.9.1)
− 2 monthly passive samples for the pollutants SO2, NO2, HNO3 and O3
− 2 monthly passive samples for soiling measurements and for measurements of particulate
deposition (mass and chemical speciation)
The passive samples shall be placed under the metal rain shields protected from the rain and with
the filter side facing down.
The climate( temperature and relative humidity ) and rain( amount, pH ) parameters that are needed
can be obtained from local meteorological sites.
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4. Conclusions including socio-economic relevance, strategic aspects
and policy implications
The decreasing sulphur dioxide levels and increasing vehicle emissions in most parts of Europe has
created a new multi-pollutant situation, with effects on materials influenced by nitrogen oxides,
particulate matter and ozone as well as the traditional sulphur dioxide impacts.
Exposure programmes and laboratory investigations including characterisation of the pollutants
HNO3 and particulate matter together with the more traditional climatic and pollution (SO2)
parameters has resulted in several databases suitable for evaluation of corrosion attack and
development of dose-response functions for corrosion and soiling.
Dose-response functions for carbon steel, zinc, copper, bronze, limestone and glass, representative
of medieval stained glass windows, have been developed for the multi-pollutant situation involving
the effect of climate as well as S, N and particulate pollutants. These functions are suitable for
mapping areas of increased risk of corrosion, as has been demonstrated in the project, and for
calculation of damage costs.
Based on maintenance intervals and tolerable corrosion attack before maintenance for cultural
heritage objects tolerable corrosion rates have been determined. These corrosion rates are 2.5 times
higher than background corrosion values.
The dose-response functions together with the tolerable corrosion rates enable the specification of a
tolerable climate/pollution situation. For SO2 a level of 10 µg/m3 is proposed protecting 80% of the
European territory at present HNO3 levels.
PM is not a crucial parameter for the corrosion of materials but its main effect is instead connected
to soiling. Soiling equations have been developed involving the effect of particulate matter for
painted steel, white plastic and limestone. Based on an acceptable soiling level and a time between
cleaning an acceptable PM10 level of 15 µg m-3 has been calculated.
Table 4.0 gives an overview of the effects of pollutants on corrosion and soiling of selected
materials and tolerable effects on materials and proposed target levels for pollutants. It should be
noted that the proposed levels are meant as an illustration and are based on a specific scenario and
that a reduction of the corrosion attack can be achieved by reducing one or several of the parameters
given in table 4.0.
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Table 4.0 Effects, important parameters and proposed target levels for materials
Effect

Material

SO2 HNO3 PM

Tolerable
effect

Target
SO2 levela

Target
PM10 level

Zinc
X
X
1.1 µm year-1
Corrosion Carbon steel
X
X
20 µm year-1 10 µg m-3
Limestone
X
X
X
8 µm year-1
Painted steel
X
35% loss of
Soiling
White plastic
X
reflectance
15 µg m-3
Limestone
X in 10-15 years
a
this level will protect about 80% of the areas. For a complete protection, levels of N-pollutants,
especially HNO3 also need to be considered.
So far the effect on materials in general and of objects of cultural heritage in particular has not been
included in the Council Directive 1999/30/EC relating to limit values of air pollutants. The
inclusion of tolerable levels for corrosion and soiling rates of selected materials and corresponding
limit values for pollutants in an analogous way as for human health and ecosystems would be a
major step in the protection of the European cultural heritage. The target levels should serve
primarily for protection of "sensitive" zones with objects of high cultural value like medieval
historic towns or objects included in the UNESCO World Heritage List.
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5. Dissemination and exploitation of the results
The development of dose-response relations, which quantify the effects of pollutants in combination
with climatic parameters on the deterioration and soiling of different materials, constitutes a
necessary condition for prediction of damage and for establishment of target levels. This highly
innovative research should be fed into air quality policy for the next decades. A comparison of
target pollution levels for human health and for ecosystems in the EU Air Quality Directive with
tolerable pollution levels for materials shows that materials are more sensitive to air pollution than
people, animals and vegetation. This highlights the need to obtain well-established pollution targets
for effects on materials and to incorporate them into the EU Air Quality Directives on urban air
quality. This would be an efficient tool for authorities, organisations and individuals responsible for
the care of cultural heritage in the efforts to preserve objects of cultural heritage and to reduce the
cost for maintenance.
The users reference group has played an important role in the project. It represented a cross section
of experts in the field of materials and air pollution monitoring, and potential stakeholders like
policy makers, heritage managers and those who use and visit cultural heritage, including:
-

Regional and national heritage bodies
Environment agencies
Local authorities of cities included in the study
The European Commission DG Environment
UNESCO World Heritage Committee
UN ECE - representatives of the Secretariat, of WG on Effects and the Members of ICP
Materials not taking direct part in the project representing the following organisations:
Universitaire Instelling Antwerpen, Belgium
Processing Centre, Ministry of Environment, Estonia
Technical Research Centre of Finland (VTT)
Laboratoire Interuniversitaire des Systèmes Atmosphériques, France
Umweltbundesamt, Germany
Agency for Energy Sources (ENEA), Italy
Institute of Physical Chemistry, Academy of Sciences, Russian Federation
Ministerio de Fomento, Spain
National Research Council of Canada and the
Ministries of the Environment of Canada and of Ontario

As can be seen from the list above, the users group was representative of a large body of
professionals responsible for environmental policy making and caring for the heritage. In this
manner the products of the project was tailored to the requirements of the target groups for the main
deliverables of the project, which are policy and decision-makers from the field of environmental
protection and cultural heritage active on different levels.
The Multi-Assess Workshop was held at Church House, London, 10-11 June 2004, with the
objective of bringing together recent findings from the project and integrating these outcomes with
other national and international programmes. The Proceedings of the workshop record the papers
which were presented at the Workshop. Discussion sessions addressed the scientific implications of
the papers, the most effective way of feeding the scientific results in to policy, and gaps in the
research-based evidence.
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It is clear from the above that dissemination of results to the users group is integral to its operation
and to the operation of the project. The users group was the model on which the strategies for wider
dissemination will be refined. The production of written material and the organisation of the
Workshop as well as presentations on professional conferences are the major routes by which
information will move to and from the users. A wider dissemination will take place once the
material reaches a final form. Publication of the main results will also be performed in the UN ECE
report series which reach an audience in the policy making sphere. Presentations at international
and national conferences and in scientific journals will be and has been undertaken during project.
A number of additional measures have been taken to publicise the project and its outcomes:
1. A brochure has been produced describing the project and its participants.
2. A world wide web (WWW) site has been established, which includes facilities for establishing
contact and providing feedback. Full text versions of the publishable final report including
annexes will be available online
http://www.corr-institute.se/MULTI-ASSESS/
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