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1 Introduction and exposure periods 
 

Early in the discussions on the “Convention on Long-range Transboundary Air Pollution” 

it was recognized that a good understanding of the harmful effects of air pollution was a 

prerequisite for reaching agreement on effective pollution control. To develop the 

necessary international cooperation in the research on and the monitoring of pollutant 

effects, the Working Group on Effects (WGE) was established under the Convention in 

1980 and held its first meeting in 1981. The Convention involves countries in the UNECE 

region and has its secretariat with the UNECE [1] 

 

The Working Group on Effects provides information on the degree and geographic extent 

of the impacts on human health and the environment of major air pollutants, such as 

sulphur and nitrogen oxides, ozone and heavy metals. Its six International Cooperative 

Programmes (ICPs) and the Task Force on Health identify the most endangered areas, 

ecosystems and other receptors by considering damage to human health, terrestrial and 

aquatic ecosystems and materials. An important part of this work is long-term monitoring. 

The work is underpinned by scientific research on dose-response, critical loads and levels 

and damage evaluation [1]  

 

The International Co-operative Programme on Effects on Materials including Historic and 

Cultural Monuments (ICP Materials) is one of the six ICPs. During the programme, which 

had its first exposure in 1987, the special importance of trend effects has become more and 

more evident. The aims of ICP Materials are now to 

 

- perform a quantitative evaluation of the effects of multi-pollutants such as S 

and N compounds, ozone and particles as well as climate parameters on the 

atmospheric corrosion of important materials, including materials used in 

objects of cultural heritage;  

 

- describe and evaluate long-term corrosion trends attributable to atmospheric 

pollution in order to elucidate the environmental effects of pollutant 

reductions achieved under the Convention and in order to identify 

extraordinary environmental changes that result in unpredicted materials 

damage;  

 

- use the results for mapping areas with increased risk of corrosion, and for 

calculation of cost of damage caused by deterioration of materials. 
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The present report addresses the second of these aims and gives the results of corrosion 

and soiling during 1987-2019 exposure programme for trend analysis.  

 

The active sites included in the exposure as well as participation periods are shown in 

Table 1. In total, 25 sites from 15 countries participated in the exposure. The nominal 

exposure period was 365 days (one year) but varied from 320 to 389 days (0,88-1,07 

years). 

 

Carbon steel, zinc, copper and limestone (for evaluation of corrosion) as well as modern 

glass, limestone, marble and coil coated specimens of light and dark colour (for evaluation 

of soiling) were exposed at all test sites for the period stated in Table 1. In the following, 

results for these materials are presented in diagrams.  
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Table 1 Number (label) of each test site in the trend exposure, together with their name, 

country, characteristic based on SO2 concentration and participant period 

 

No 

 

Name Country Characteristic Participation since 

01 Prague Czech Republic Urban 1987 

03 Kopisty Czech Republic Industry 1987 

10 Bottrop Germany Industry 1987 

13 Rome Italy Urban 1987 

14 Casaccia Italy Rural 1987 

15 Milan Italy Urban 1987 

16 Venice Italy Urban 1987 

21 Oslo Norway Urban 1987 

23 Birkenes Norway Rural 1987 

24 Stockholm Sweden Urban 1987 

26 Aspvreten Sweden Rural 1987 

31 Madrid Spain Urban 1987 

33 Toledo Spain Rural 1987 

40 Paris France Urban 1997 

41 Berlin Germany Urban 1997 

44 Svanvik Norway Rural 1997 

45 Chaumont Switzerland Rural 1997 

50 Katowice Poland Industry 1999 

51 Athens Greece Urban 2005 

53 Vienna Austria Urban 2008 

57 Hämeenlinna Finland  2014 

58 New Haven USA Urban 2017 

59 Zilina Slovakia Urban 2014 

60 Split Croatia  2017 

61 Zagreb Croatia Urban 2017 

 

  



 

7 

2 Corrosion of materials 

2.1 Carbon steel 

 

The 2017-2018 exposure of carbon steel was co-ordinated by the sub-centre in the Czech 

Republic (SVUOM). Plates of carbon steel (CR 4) with dimensions of 100 x 150 x 1 mm 

(length x width x thickness) were used, a triplicate per test site. Before exposure the 

samples were degreased with ethanol. 

 

After exposure pickling was done with solution of 500 mL hydrochloric acid (HCl, ρ = 

1,19 g/mL), 3,5 g hexamethylenetetramine and distilled water to make 1 000 mL according 

to ISO 8407 (Annex A - solution C.3.1). The samples were pickled consecutively without 

dissolving the base metal. The repetitions of the procedure were stopped if the difference 

between the two last weights was approx. 0,001 g.  

 

Corrosion losses for individual specimen of carbon steel exposed to open atmosphere for 1 

year (2017-2018) are summarized in Table 2. The test sites with the greatest corrosion loss 

of specimens were industrial test sites No 3 (Kopisty), No 10 (Bottrop) and No 50 

(Katowice). The corrosivity of all test sites belongs to category C2 according ISO 9223 

due to extreme climatic conditions (exceptionally warm and dry) during exposure period. 

The relative standard deviation ranges from 0,1 to 36%. 

 

Trend in yearly corrosion loss of carbon steel since 1987 is shown in Figure 1. The 

corrosion loss decreased in the beginning of the exposure program rapidly, particularly at 

industrial test sites, together with decreasing SO2 concentration (see Figure 2). The 

environmental data from each test sites was treated by sub-centre NILU and presented in 

Report No 85. The fitting models for carbon steel corrosion loss and SO2 reduction are not 

the same. This observation indicates that atmospheric corrosion of carbon steel is affected 

by other factors, but SO2 is still the dominant one in European climate. The effect of 

climate changes, mainly the increasing yearly temperature is also evident. 
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Table 2 Carbon steel mass loss ML (g·m-2) and thickness reduction (µm) 

 

Test site ML21 

(g . m-2) 

ML22 

(g . m-2) 

ML23 

(g . m-2) 

MLav 

(g . m-2) 

CL 

(µm) 

rel. standard 

deviation (%) 

1 Prague 39,46 56,16 38,24 44,62 5,68 22 

3 Kopisty 131,82 127,99 128,17 129,33 16,45 2 

10 Bottrop 149,52 149,39 106,99 135,30 17,21 18 

13 Rome 41,62 52,70 38,86 44,39 5,65 16 

14 Cassacia 83,11 100,50 46,41 76,67 9,76 5 

15 Milan 27,36 27,90 29,76 28,34 3,61 5 

16 Venice 51,61 52,25 50,34 51,40 6,54 12 

21 Oslo 16,23 19,34 21,53 19,03 2,42 14 

23 Birkenes 63,06 56,74 54,03 57,94 7,37 8 

24 Stockholm South 28,16 27,19 27,94 27,76 3,53 13 

26 Aspvreten 8,75 12,64 11,64 11,01 1,40 13 

31 Madrid 11,03 11,09 12,61 11,58 1,47 13 

33 Toledo 8,27 5,40 7,45 7,04 0,89 13 

40 Paris 19,16 17,31 19,29 18,59 2,36 13 

41 Berlin 53,44 53,45 52,36 53,08 6,75 1 

44 Svanvik 67,15 70,36 69,89 69,13 8,80 2 

45 Chaumont 11,74 12,19 13,54 12,49 1,59 7 

50 Katowice 115,06 113,13 120,40 116,20 14,78 3 

51 Athens 77,04 75,76 79,14 77,31 9,84 2 

53 Vienna 46,74 45,66 45,95 46,12 5,87 1 

57 Hameenlina 28,25 26,15 29,23 27,88 3,55 6 

58 New Haven 70,02 70,77 68,03 69,61 8,86 2 

59 Zilina 45,66 48,31 45,96 46,64 5,93 3 

60 Split 69,75 70,54 69,48 69,92 8,90 1 

61 Zagreb 44,54 43,50 43,59 43,88 5,58 1 

Note: Corrosion loss CL in µm with CL = MLav/density of carbon steel = MLav/7,86) after 1-year exposure 

(2017/18) of triplicates. 

 

 



 

9 

 
Figure 1 Trend of corrosion loss of carbon steel exposed to rural, urban and industrial sites 

with average values during 1987-2018 

 

 
Figure 2 Trend of carbon steel corrosion loss and SO2 reduction during 1987-2018 
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The dose-response equations derived for one-year corrosion data were used to compare the 

predicted (model) corrosion loss and estimated (observed) values obtained from exposure: 

 

- equation according to ISO 9223 

 

     rcorr = 1,77·[SO2]
0,52·exp(0,020·RH+fSt) + 0,102·[Cl-]0,62·exp(0,033·RH+0,040·T)      

 

- equation according to MULTI-ASSESS project 

 

     ML = 29,1 + {21,7 + 1,39[SO2]
0,6·Rh60e

f(T) + 1,29Rain[H+] + 0,593PM10}t0,6 

 

     In both functions the fSt = 0,150·(T-10) when T ≤ 10°C, otherwise – 0,054·(T-10). 

 

The results are shown in Figure 3 and 4. The better fitting between estimated and 

determined corrosion loss values for carbon steel can be obtained when using MULTI-

ASSESS equation with R2 = 0,3935 compared with those using ISO 9223 equation with R2 

= 0,2931.  

 

In both cases when the data from test site No 59 (Zilina) (Industrial test site with average 

SO2 records as 20 µg·m-3) were discarded from the fitting, the R2 values significantly 

increased when calculated using both equations. 

 

 



 

11 

 
Figure 3 Comparison of determined and estimated corrosion loss according to ISO 9223 

equation 

 

 

R2 = 0,3935 
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Figure 4 Comparison of determined and estimated corrosion loss according to MULTI-

ASSESS equation 

 

The correlation between carbon steel corrosion loss and individual environmental 

parameters shows only direct relationship between corrosion loss and SO2 concentration, 

especially when the outlining values for test site No 59 (Zilina) was neglected, as presented 

in Figure 5. 
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Figure 5 Correlation between carbon steel corrosion loss and individual environmental 

parameters 

 

 

2.2 Stainless steel 

Result is not presented in this Report. 
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2.3 Zinc 

The 2017-2018 exposure of zinc was co-ordinated by the sub-centre in Switzerland 

(Empa). Plates of zinc (99,99%) with dimensions of 100 x 150 x 2 mm (length x width x 

thickness) were used, a triplicate per test site. Before exposure the samples were degreased 

with petrol ether and glass blasted, resulting in a surface roughness (Ra) of about 2,9 μm. 

 

After exposure pickling was done with saturated glycine solution according to ISO 8407 

(annex A - solution C.9.1). The samples were pickled consecutively without dissolving the 

base metal. The repetitions of the procedure were stopped if the difference between the two 

last weights was approximately 0,001 g. Mass loss after pickling and the distribution of the 

triplicates are shown in Figure 6. 

 

 
Figure 6 Corrosion loss of zinc after 1-year exposure (2017-2018) – distribution of 

triplicate values 

 

Corrosion losses for individual specimens of zinc exposed in open atmosphere for 1-year 

exposure (2017-2018) are summarized in Table 3. The test site with the greatest corrosion 

loss of specimens was No 10 (Bottrop). The corrosivity of most test sites belongs to 

category C3 according ISO 9223. The test sites No 1, 14, 16, 24, 33, 40, 41 and 50 fit into 

corrosion category C2. The relative standard deviation ranges from 1 to 19% with an 

arithmetic average of 7% for all test sites. 
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Table 3 Zinc mass loss ML (g·m-2). Corrosion category according to ISO 9223: C2 mass 

loss 0,7<ML≤5 g·m-2, C3 mass loss 5<ML≤15 g·m-2, C4 mass loss 15<ML≤30 g·m-2) 

 

Test site ML21 

(g . m-2) 

ML22 

(g . m-2) 

ML23 

(g . m-2) 

MLav  

(g . m-2) 

CL 

(µm) 

rel. standard 

deviation (%) 

1 Prague 3,02 3,25 3,91 3,39 0,5 11 

3 Kopisty 5,14 4,73 5,55 5,14 0,7 7 

10 Bottrop 10,46 10,79 11,19 10,81 1,5 3 

13 Rome 5,14 5,46 5,76 5,45 0,8 5 

14 Cassacia 5,02 4,62 4,95 4,86 0,7 4 

15 Milan 8,74 8,14 9,44 8,77 1,2 6 

16 Venice 4,37 4,69 6,05 5,04 0,7 14 

21 Oslo 5,43 5,24 6,82 5,83 0,8 12 

23 Birkenes 7,69 7,49 9,08 8,09 1,1 9 

24 Stockholm South 4,51 4,46 4,51 4,49 0,6 1 

26 Aspvreten 7,24 6,89 8,13 7,42 1,0 7 

31 Madrid 5,19 6,30 6,55 6,01 0,8 10 

33 Toledo 3,62 4,72 4,93 4,42 0,6 13 

40 Paris 3,67 3,77 4,32 3,92 0,5 7 

41 Berlin 4,92 4,60 5,22 4,91 0,7 5 

44 Svanvik 6,15 7,58 9,85 7,86 1,1 19 

45 Chaumont 5,07 4,98 5,63 5,23 0,7 6 

50 Katowice 4,53 4,83 5,36 4,91 0,7 7 

51 Athens 6,14 6,23 6,70 6,35 0,9 4 

53 Vienna 5,69 5,66 5,30 5,55 0,8 3 

57 Hameenlina 5,48 6,51 7,60 6,53 0,9 13 

58 New Haven 6,53 6,29 6,34 6,39 0,9 2 

59 Zilina 6,71 6,66 6,70 6,69 0,9 0 

60 Split 4,82 5,14 5,41 5,12 0,7 5 

61 Zagreb 8,88 8,93 9,78 9,20 1,3 4 

 Mean value all test sites 5,77 5,92 6,60 6,10 0,9 7 

Note: ML2x: mass loss of plate 2x, MLav: arithmetic average) and thickness reduction (corro-sion loss CL in 

µm with CL = MLav/density of zinc = MLav/7,14) of zinc after 1-year exposure (2017-2018) of triplicates, 

arithmetic average and relative standard deviation in % 

 

If the mass loss values of the glass blasted samples (ZnCH) are calculated to ground 

samples (ZnCZ) (this is done to compare the results to former test exposure periods where 

ground zinc plates were used with a less rough surface), as can be seen in Table 4, most 

test sites can be ranked into corrosion category C2. Only test sites No 10, 15 and 61 belong 

to corrosion category C3. It is worth mentioning that after the calculation, test site No 1 

belongs to corrosion category C1 (previously belongs to C2). 
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Table 4 Mass loss (g·m-2) and thickness reduction (corrosion loss CL in µm) of zinc after 

1-year exposure (2017-2018) calculated as ZnCZ = -2,3 + 0,88ZnCH 

(corrosion category according to ISO 9223: C1 mass loss 0,1<ML≤0,7 g·m-2, C2 mass loss 

0,7<ML≤5 g·m-2, C3 mass loss 5<ML≤15 g·m-2, C4 mass loss 15<ML≤30 g·m-2) 

 

Test site MLav  

(g . m-2) 

CL 

(µm) 

Classification into exposure groups 

industrial, urban and rural 

1  Prague 0,68 0,1 urban 

3  Kopisty 2,22 0,3 industrial 

10  Bottrop 7,22 1,0 industrial 

13  Rome 2,50 0,3 urban 

14  Cassacia 1,98 0,3 rural 

15  Milan 5,42 0,8 urban 

16  Venice 2,13 0,3 rural 

21  Oslo 2,83 0,4 urban 

23  Birkenes 4,82 0,7 rural 

24  Stockholm South 1,65 0,2 urban 

26  Aspvreten 4,23 0,6 rural 

31  Madrid 2,99 0,4 urban 

33  Toledo 1,59 0,2 rural 

40  Paris 1,15 0,2 urban 

41  Berlin 2,02 0,3 urban 

44  Svanvik 4,62 0,6 rural 

45  Chaumont 2,30 0,3 rural 

50  Katowice 2,02 0,3 industrial 

51  Athens 3,29 0,5 urban 

53  Vienna 2,59 0,4 urban 

57  Hameenlina 3,44 0,5 urban 

58  New Haven 3,32 0,5 rural 

59  Zilina 3,59 0,5 urban 

60  Split 2,21 0,3 urban 

61  Zagreb 5,79 0,8 urban 

 

In Figure 7 trend in yearly corrosion loss of zinc since 1987 is given. The corrosion loss 

decreased in the beginning of the exposure program rapidly and stabilized to nearly 

constant values over years although the SO2 concentration was decreased constantly during 

the last decades. This is a sign that not only SO2 is responsible for corrosion, but other 

factors do influence corrosion as well (for example humidity, rain, days with rain, and 

other unknown factors). 

 

The group classification into industrial, urban and rural does no longer fit with the 

corrosion categories according to ISO 9223. Most urban zones now show corrosion values 

in the same range as those in rural zones. 
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Figure 7 Trend in decreasing of yearly corrosion loss of zinc at all test sites (values for the 

1-year exposure during 1997 to 2017) were recalculated to be comparable with the data for 

the periods 1986 to 1996 with following equation: ZnCZ = -2,3 + 0,88ZnCH. Additionally 

three trend lines are drawn for the higher polluted test site No 10 (Bottrop, upper curve), 

the less polluted test site No 33 (Toledo, lower curve) and in the middle for the mean of all 

yearly values. It can be seen that the trend exposure from 2014 to 2015 was unusual 

compared to the two exposures before and the new one from 2017 to 2018. 

 

Recently a dependence between mass loss and particles was stated for some materials. 

Figure 8 shows that for zinc this is not true. No correlation can be seen between mass loss 

and particles. 

 

 
Figure 8 Linear regression between particles and mass loss. The regression line shows no 

dependence of mass loss on particles  
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2.4 Copper 

Introduction 

Effect of atmospheric parameters on corrosion of copper has been studying globally for 

several decades. In Europe, exposure test for up to four years in Switzerland indicated that 

SO2, O3 and total time of wetness (TOW) played a crucial role on atmospheric corrosion of 

copper [2]. NO2 was also of interest, however, due to an evidently negative correlation by 

means of Spearman rank correlation, such pollutant was not included for further statistical 

analyses. It was reported in their study that corrosion loss of copper decreased with 

increasing exposure time. Highest metal loss was observed at the site with highest SO2O3 

factor. The greatest R2 for dose-response function (DRF) of copper was only 0,74. This 

was assumed to be a result of significant influence of O3, where the values can be varied 

based on daily basis or season. It was also mentioned that there could be other significant 

parameters which exhibit influence on corrosion of copper but were not included in the 

equation. 

 

In the case of sub-tropical region of Spain, chloride ions and TOW were reported to be the 

most significant parameters, while SO2 only play a part in marine-industrial zones [3]. 

Decreasing trend of corrosion rate with increasing time of exposure was also reported. The 

categories of corrosivity based on weight loss were higher than those based on 

environmental variables. This could be due to the fact that there are other parameters that 

have influence on copper corrosion but were not considered. A modelling study done in 

Italy also highlighted impact of O3 on corrosion of copper [4]. 

 

Exposure test of copper was performed at two stations in Portugal, i.e. urban and marine, 

started in summer and winter during 1999 - 2001 [5]. Only SO2 and chlorides were 

monitored. It was found in this study that, for all cases, corrosion of copper decreased 

during the first three months of exposure, and then reached a steady state. Corrosion of the 

samples exposed to marine atmosphere was higher compared to the urban one. At the 

urban site, corrosion rate of copper was found to be higher when the exposure started in 

winter, which could be related to higher levels of precipitation. Corrosion product 

characterization was extensively done in order to explain corrosion behaviour. 

 

Later in 2017-2018, exposure test was also carried out in Portugal, however, at different 

sites [6]. Similar to previous work, only SO2 and chlorides were detected. Results of 

corrosion rate obtained in this study were compared with those obtained from another 

program done in 1990-1991 and indicated significantly lower corrosion loss of copper (see 

Figure 9). Data of environmental parameters and corrosion rate from a study in 1990-1991 

were also analysed and pointed out that corrosion of copper does not seem to depend on 

any of the environmental variables. Additional to corrosion loss, the lightness and 

chromatic alterations, as well as corrosion product characterization by means of SEM/EDS 

were also reported in this study. 
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Figure 9 Corrosion rate of copper compared between MNCA sites obtained during 1990-

1991 and TRAPHIC sites obtained during 2017-2018 [6] 

 

In Argentina, copper samples were exposed in different atmospheres of marine, urban-

industrial and rural for up to four years [7]. SO2 and chloride ions were two main airborne 

contaminants monitored together with basic meteorological parameters. Corrosion rate of 

copper tends to either decrease or remain constant with prolonged exposure time. 

Electrochemical techniques and SEM/EDS were performed to characterize properties of 

copper patina formed after the exposure. The results indicated that the protectiveness of 

corrosion product improved profoundly for samples exposed to marine sites, followed by 

those at urban and rural ones, respectively. 

 

Effect of SO2 and chlorides on copper corrosion was also evaluated by field exposure in 

Chile [8], where distance to the sea and SO2 sources were reported [9]. The same 

parameters were also focused in the case of filed exposure in Northeast Brazil [10]. 

Additional to SO2 and chlorides, particulate matter was also monitored by using directional 

dust dispositive gauges [10]. In their study, SO2 and chlorides were varied based up on wet 

and dry seasons. Particulate matter was reported to play a role on atmospheric corrosion, 

not only in terms of its concentration, but also its shape and chemical composition. 

Characterization of corrosion product formed on copper exposed to tropical climate in 

Cuba indicated different phase compositions based on test site characteristics of rural, 

urban-industrial and coastal, as well as exposure conditions, i.e. outdoor, sheltered and 

ventilated shed [11]. Morphology of corrosion products and degree of crystallisation were 

reported to show more effect on corrosion of copper than phase composition did. Another 

exposure test of copper was carried out in Cuba using a metallic box to simulate an indoor 

heat trap condition [12]. The results from their work indicated higher amount of sulphur 

compound depositions when compared with the chloride one. This could be due to a 

smaller particle size of below 2 µm in diameter of sulphur compounds.  
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Copper (99.9%) samples were exposed in an urban area in Tokyo for one month in 1996, 

during June-July as summer time and January-February as winter time [13]. After the 

exposure, various techniques were used to characterized corrosion product formed on the 

sample surface. The appearance of the samples exposed during two different seasons were 

notably deviated. Content of SO2 and chlorine on the copper surface were significantly 

higher in the summer. This could lead to thicker oxide layer developed on the samples 

during June-July exposure. Corrosion product of samples exposed in summer consisted of 

cuprite and posnjakite, while those exposed in winter showed only cuprite. 

Pure copper was exposed for three years in Turpan, China, which considered to be a hot 

and dry environment [14]. Temperature difference during day and night was monitored to 

be as high as 40 °C, and erosion of sand and dust was found to be dramatic. Average mass 

loss of copper was 2,43 g·m-2·y-1. Corrosion product consisted of cuprite and atacamite. 

Electrochemical method and scanning vibrating electrode technique were also applied to 

characterized property of developed patina layers. It was found that, after exposure, copper 

samples offer higher corrosion resistance, based on impedance value, and distribution of 

cathodic and anodic reaction sites on the sample surface was non-uniform. 

 

Copper samples were exposed for up to three years at 20 test sites, marine, marine-

industrial, urban and rural, in Saudi Arabia [15]. It was found that chloride ions were the 

most critical parameters contributing in atmospheric corrosion of copper. SO2 only play a 

part when samples were exposed to marine-industrial atmosphere. Field exposure of 

commercially pure copper was also performed in 12 different sites in Iran where the 

samples were exposed up to four years [16]. It was reported that there was good correlation 

between corrosivity category evaluated based on monitored environmental parameters and 

mass loss method. Characterization of corrosion product indicated non-uniform patina 

layers. SO2 and chloride ions were two main atmospheric pollutants monitored in the field 

exposure done in Saudi Arabia [15] and Iran [16]. 

 

As mentioned above, atmospheric corrosion of copper has been studying globally for many 

decades. The most common pollutants reported to have an effect on corrosion of copper 

are SO2 and chloride ions, in which chloride ions is the dominant factors, while SO2 was 

mentioned to be critical only in marine-industrial atmospheres. In Europe, effect of O3 was 

reported. Moreover, atmospheric corrosion of copper seems to vary upon season, winter 

and summer, in some countries. Particulate matters may exhibit an effect, not only because 

of their concentration, but also shape and composition. In general, corrosion rate of copper 

decreased with prolonged exposure time. Several techniques were applied to confirm 

mechanism of corrosion protection due to developed patina layers. Additional to phase 

composition, morphology and degree of crystallization of corrosion product affect 

protective property of the corrosion product. 
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Corrosion of copper 

Copper (Cu 99% and P 0,015-0,04%) samples were exposed for one year in 1987, 1997, 

2002, 2011, 2014 and 2017. Details on how to treat the samples and data of corrosion loss 

obtained from two samples were mentioned in Report No 85, thus will not be described 

here. 

 

The trends of corrosion for industrial, urban and rural sites, accompanied with examples 

for individual sites, are presented in Figure 10-12. General trend observed for all site 

characteristics is a drastic drop of average mass loss from 1987 to 1997. Less pronounced 

decrease can be seen from 1997 to 2002. However, opposite behaviour can be noticed for 

individual urban sites, in which corrosion of copper increased slightly from 1997 to 2002. 

Possible reasons could be either there was synergistic effect of certain environmental 

parameters. SO2 has been decreasing dramatically during these years at both sites. NO2 

increased slightly at Prague from 1997 to 2002, while that at Stockholm decreased during 

the same time. O3 increased slightly at Prague, but fairly profoundly at Stockholm from 

1997 to 2002. Small differences in temperature, relative humidity, precipitation and pH 

were observed during those years. HNO3, particle deposition and PM10 were not monitored 

before 2002. 

 

For industrial sites, an increase of mass loss can be seen from 2002 to 2011, later the 

values decreased gradually until 2017. It is worth noting that corrosion of copper at 

Bottrop increased slightly from 2014 to 2017. Such observation could be related to higher 

values of SO2, O3 and particle deposition during those years. 

 

 
Figure 10 One-year mass loss of copper at industrial sites during 1987-2017 
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For urban sites, a decrease of corrosion was observed from 2002 to 2014, but continued to 

increase in 2017. However, such behaviour was not seen in the case of Stockholm. Copper 

mass loss there slightly decreased from year 2002 to 2011, which is similar to those of 

average value and Prague. Instead of decreasing in 2014, corrosion of copper increased and 

later dropped to an average value in year 2017. Such observation could be related to NO2 

and particle deposition detected during these years. 

 

 
Figure 11 One-year mass loss of copper at urban sites during 1987-2017 

 

For rural sites, mass loss of copper was decreased from 2002 to 2011, and gradually 

increased until year 2017. However, opposite behaviour was observed for Birkenes, where 

corrosion was firstly increased from year 2002 to 2011 and continued decreasing until 

2017. Such behaviour could be related to particle deposition. 
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Figure 12 One-year mass loss of copper at rural sites during 1987-2017 

 

From copper mass loss presented aboved, it suggests that effect of environmental 

parameters on corrosion of copper is a complex issue. Consideration based on test site 

characteristics may not reflect the trend of individual site in the same category. Statistical 

analysis is of intertest in order to investigate effect of each parameters on corrosion. Trend 

for individual site may need to be reported due to complication of environmental 

parameters. 

 

Comparison of copper mass loss for all site characteristics is given in Figure 13. Copper 

exposed at industrial sites exhibited highest mass loss since 1987 up to 2017. It was 

expected that corrosion of copper at urban sites would have been higher than those at rural 

sites due to higher values of several factors at urban sites, i.e. SO2, NO2, HNO3, and pH of 

precipitation. Possible explanation for higher corrosion rate of copper at rural sites is 

higher relative humidity and amount of precipitation, while temperature is lower, thus 

formation of thin water layer on sample surface is promoted. It is worth mentioning also 

that O3 concentration at rural sites is higher than those of urban ones. However, such 

explanations are not applicable when considered the highest metal loss of copper at 

industrial sites. 
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Figure 13 One-year mass loss of copper categorized based on characteristic of test site 

during 1987-2017 

 

Mass loss of copper for all active sites during 1987-2017 is presented in Figure 14. In 

general, one-year corrosion of copper decreased during exposure years, particularly from 

1987 to 1997, regardless the characteristic of the sites. When focusing from 1997, trend of 

copper corrosion seems more erratic, in which some sites exhibited decreasing trend (e.g. 

Milan, Birkenes, Stockholm and Aspvreten), while some sites showed scattered value from 

year to year (e.g. Bottrop, Madrid, Toledo). Corrosion of copper for four-year exposure is 

not presented here because the exposures have not been continuing since 2000. Data of 

four-year exposure can be found in [17]. 
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Figure 14 One-year mass loss of copper from all active test sites during 1987-2017 

 

When considering effect of each environmental parameter on corrosion of copper based on 

test site characteristic, general trend could not be observed. Results are given in Figure 15-

22. SO2 seems to somewhat exhibit effect on corrosion of copper. Nevertheless, mass loss 

was increased, while SO2 was lower for rural sites from 2014 to 2017 (see Figure 15: 

bottom). Similar observation can also be seen in the case of NO2, in which corrosion of 

copper varied based upon NO2 concentration. However, NO2 level was lower from 2014 to 

2017, but corrosion was increasing, for both urban and rural test sites (see Figure 16: 

middle and bottom, respectively). In general, concentration of O3 does not seem to have 

any impact on corrosion of copper. However, it is worth mentioning that corrosion of 

copper tends to decrease with increasing O3 level in the case of urban sites (see Figure 17: 

middle). When focusing on HNO3, as described in Figure 18, copper mass loss seems to 

follow the trend of HNO3 concentration at rural sites. The same observation cannot be seen 

for industrial and urban ones. Temperature and relative humidity were shown to be fairly 

stable throughout exposure periods and show no influence on corrosion of copper, as 

presented in Figure 19 and 20. Amount of precipitation monitored at industrial sites 

decreased slightly from 1997 to 2017, and somewhat similar to the trend of corrosion, 

except the drastic drop of copper mass loss in 2002, as can be seen in Figure 21: top. For 

urban and rural sites, amount of precipitation does not seem to correlate well to corrosion 

of copper (see Figure 21: middle and bottom). Variation of pH measured in collected 

rain from 1997 to 2017 is negligible, as shown in Figure 22. Such observation reflects no 

contribution of pollution to pH of rain based on significant decrease of SO2. 
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Figure 15 One-year mass loss of copper and SO2 concentration during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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Figure 16 One-year mass loss of copper and NO2 concentration during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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Figure 17 One-year mass loss of copper and O3 concentration during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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Figure 18 One-year mass loss of copper and HNO3 concentration during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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Figure 19 One-year mass loss of copper and temperature during 1997-2017 at industrial 

(top), urban (middle) and rural (bottom) sites 
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Figure 20 One-year mass loss of copper and relative humidity during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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Figure 21 One-year mass loss of copper and amount of precipitation during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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Figure 22 One-year mass loss of copper and pH of precipitation during 1997-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 
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When considering all data since 1987, correlation between one-year copper mass loss and 

individual environmental parameters are given in Figure 23-30.  

 

 
Figure 23 Linear regression between one-year mass loss of copper and SO2 concentration 

during 1987-2017 

 

 
Figure 24 Linear regression between one-year mass loss of copper and NO2 concentration 

during 1987-2017 
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Figure 25 Linear regression between one-year mass loss of copper and O3 concentration 

during 1987-2017 

 

 
Figure 26 Linear regression between one-year mass loss of copper and HNO3 

concentration during 1987-2017 
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Figure 27 Linear regression between one-year mass loss of copper and temperature during 

1987-2017 

 

 
Figure 28 Linear regression between one-year mass loss of copper and relative humidity 

during 1987-2017 
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Figure 29 Linear regression between one-year mass loss of copper and amount of 

precipitation during 1987-2017 

 

 
Figure 30 Linear regression between one-year mass loss of copper and pH of precipitation 

during 1987-2017 
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Table 5 summarizes R2 of the correlation shown above. It can be seen that paramters most 

likely playing a role in one-year corrosion of copper are SO2 concentration, relative 

humidity and pH, based on R2 values. NO2 and O3 do not show any effect on mass loss of 

copper. HNO3, temperature and precipitation may have an insignificant influence, due to 

low R2 values. 

 

Table 5 R2 values from correlation between one-year copper mass loss and individual 

environmental parameters 

 

Parameters R2 

SO2 0,1979 

NO2 0,0058 

O3 0,0010 

HNO3 0,0512 

Temperature 0,0263 

Relative humidity 0,1020 

Precipitation 0,0367 

pH 0,2329 

 

Effect of environmental variables was further confirmed by means of statistic analysis. 

Adjusted R2 of linear and non-linear regression shown in Figure 31 indicates that when O3 

was included in the model, the difference in adjusted R2 is negligible. Details of each 

tested model are given in Table 6. 

 

 
Figure 31 Adjusted R2 values from statistic analysis. The test number also represents the 

number of degrees of freedom of the model (number of fitted parameters). 
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Table 6 Details of tested parameter shown in Figure 31 

 

Linear Regression 

Test No Parameters Adj. R2 

2 log(SO2) 5,0 

3 log(SO2), log(precipitation) 25,2 

4 log(SO2), log(precipitation), -pH 33,6 

5 log(SO2), log(precipitation), -pH, Relative humidity 34,8 

6 log(SO2), log(precipitation), -pH, Relative humidity, log(O3) 35,0 

Non-linear Regression 

Test No Parameters Adj. R2 

2 log(Cu) = log(5,04809+0,122047·SO2) 15,5 

3 log(Cu) = log(2,98059+0,135742·SO2 + 0,00296867·mm) 24,3 

4 log(Cu) = log(2,24244 + 2,08832·SO2
0,222806 + 

0,114501·1007,97·mm·10(-pH )) 

31,8 

5 log(Cu) = log(1,05715 + 0,318174·SO2
0,146711 

·exp(0,0325596·RH) + 0,0875607·1007,97·mm·10(-pH )) 

39,2 

6 log(Cu) = log(1,70129 + 0,0710118·SO2
0,223984 

·O3
0,134816·exp(0,0420443·RH) + 0,109951·1007,97·mm·10(-pH )) 

40,7 

 

As mentioned above, effect of individual environmental parameters on atmospheric 

corrosion of copper is not straightforward. There could be others variables that were not 

taken into account as mentioned in [2] and [3]. Moreover, synergistic effects among 

individual factor may play a role, as can be seen in dose-response function published in the 

Mapping Manual. The dose-response function of copper indicated interaction among SO2, 

O3, RH and temperature, and also precipitation and pH of it. Such equation reported R2 of 

0,73 when it was first published. When verifying dose-response function with all data up to 

date, it was found that R2 of 0,1959 was obtained, as shown in Figure 32. Significantly 

lower R2 from dose-response function with new data suggests revision of the current does-

response function for copper. Before such a function is at hand, a warning could be added 

in the mapping manual that the effect of ozone may not be included in future functions for 

copper. 

 

 

 

 



 

40 

 
Figure 32 Linear regression between observed and predicted mass loss of copper during 

1987-2017. The predicted mass loss was acquired using dose-response function published 

in the Mapping Manual. 

 

Effect of particulates 

Deposition of airborne particles has been known to accelerate corrosion of metals when 

combined with thin absorbed water layers. A laboratory study using fine powders of NaCl, 

(NH4)2SO4, NH4Cl, NaNO3 and flue dust was reported [18]. Such solid particles were 

deposited on metallic surfaces and the samples were exposed to different levels of 

humidity. Typical filiform corrosion was observed, and severity of corrosion increased 

with increasing humidity. In the same article, corrosion of automobiles due to atmospheric 

solid particles was also reported to cause by iron particles, mortar dust, chromic acid mist 

and sodium carbonate particles. Consequently, washing and repainting were required to 

solve the issues. Rios-Rojas et al., summarized dose-response function of carbon steel 

including particulate matter (PM) deposition from several publications in their article [19]. 

However, in their own work where carbon steels were expose in the city exhibiting most 

critical PM10 in Columbia, PM deposition were excluded from reported dose-response 

function since such parameter resulted in underestimated actual effect of SO2. An SEM 

micrograph of copper exposed for one year to industrial environment in Poland indicated 

particulate matters covered by corrosion product top layers [20]. Characterization of 

corrosion product formed on copper samples exposed to marine and marine-industrial 

environments also indicated presence of solid pollutants [8]. Such particulates may act as 

origin of crack or void, thus impair protectiveness of the copper patina. 
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In this project, as described in trends in annual average values for environmental 

parameters, PM10 detected at industrial sites has been higher than those of urban and rural 

ones, respectively, during 2002-2017 (see Report No 87). The only exception was in the 

year 2002, where PM10 of urban sites was shown to be significantly higher than that of the 

industrial ones. When related mass loss of copper to PM10 at different exposure sites, only 

at industrial ones exhibits correlation between corrosion of copper and concentration of 

PM10 (see Figure 33: top). However, it is worth mentioning that PM10 level was not 

monitored precisely at the exposure sites and data coverage was only 52%. These should 

be taken into account when discussing effect of PM10 concentration on corrosion of copper. 
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Figure 33 One-year mass loss of copper and PM10 concentration during 2002-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 

 

When considering particle deposition, the values monitored at urban sites had been higher 

than those of industrial ones, while those of rural sites exhibit lowest values during 2002-

2017 (see Report No 87). Data were obtained at the exposure sites with 93% coverage. 

There was no correlation between mass loss of copper and particle deposition at all type of 

test sites, as presented in Figure 34. 
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Figure 34 One-year mass loss of copper and particle deposition during 2002-2017 at 

industrial (top), urban (middle) and rural (bottom) sites 

 

Figure 35-36 also emphasize that PM10 and particulate deposition do not exhibit any 

influence on corrosion of copper. 
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Figure 35 Linear regression between one-year mass loss of copper and PM10 concentration 

during 2002-2017 

 

 
Figure 36 Linear regression between one-year mass loss of copper and particle deposition 

concentration during 2002-2017 

 

Measurement error and uncertainty 

In case of copper, to obtained mass loss, two samples were treated, and average values 

were obtained. If the standard deviation from two samples was significantly high, the third 

sample was additionally treated. Data of mass loss from 2011, 2014 and 2017 were 

analysed with 95% confidence interval. Results of coefficient of variation (CV: standard 

deviation divided by the mean values) are presented in Table 7 and suggested that there 

was no difference in the results of mass loss obtained from two and three samples. 
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Table 7 Standard deviation and coefficient of variation estimated from treating one, two 

and three samples 

 

No. of samples Data Lower limit Mean Upper limit 

One  Stdev (g·m-2) 0,08 0,11 0,15 

Stdev/mean (%) 1,7 2,3 3,2 

Two  Stdev (g·m-2) 0,06 0,08 0,11 

Stdev/mean (%) 1,2 1,6 2,3 

Three  Stdev (g·m-2) 0,05 0,06 0,09 

Stdev/mean (%) 1,0 1,3 1,9 

 

General conclusion 

▪ When categorizing test sites based on characteristic, general trend of one-year 

copper mass loss could not be seen from 1997-2017. 

▪ When considering individual sites, one-year copper mass loss tended to decrease 

during exposure years. 

▪ One-year copper mass loss at industrial sites were higher than rural and urban ones, 

respectively. 

▪ When categorizing test sites based on characteristic, effect of individual 

environmental parameters on one-year copper mass loss could not be concluded. 

▪ When considering all data since 1987, SO2, relative humidity and pH of 

precipitation seemed to influence one-year copper mass loss. 

▪ O3, particle deposition and PM10 did not show any effect on corrosion of copper. 

▪ When including all data up to date, R2 obtained from dose-response function 

reported in Mapping Manual was found to decrease from 0,73 to 0,20. Therefore, 

there is a need of revising the dose-response function. 

▪ Mass loss obtained from two samples showed no different when compared with 

those from three samples, based on statistical analyses. 
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2.5 Aluminium 

Result is not presented in this Report. 

 

2.6 Weathering steel 

Weathering steel (WS) samples were prepared and evaluated by the sub-centre National 

Centre for Metallurgical Research (CENIM/CSIC), Spain. The samples, with dimensions 

of 100 x 150 x 1 mm, were obtained from commercial CORTEN-A type weathering steel 

sheets. Therefore, the chemical composition of the exposed samples (see Table 8) is 

similar to the composition of the weathering steel samples (ATMOFIX 52A) exposed in 

the period of 1987-1995. Nine WS samples, in triplicate for 1, 4 and 8 years of exposure 

per test site, were degreased and weighed prior to exposure. 

 

Table 8 Chemical composition of the weathering steel samples according to the producer 

 

C Si Mn P S Cr Cu Ni 

≤ 0,12 0,25-0,75 0,20-0,50 0,07-0,15 ≤ 0,03 0,50-1,25 0,25-0,55 ≤ 0,65 

 

After the exposure, the samples were evaluated for mass loss (with duplicate samples) by 

pickling away corrosion products according to ISO 8407. Sample No 3 from each exposure 

period and test site was stored at low humidity and controlled temperature for surface and 

cross section characterization by means of SEM/EDS, X-Ray Diffraction, etc., the results 

of which are not included in this report. 

 

The exposure started in 2011 in most test sites. On the other hand, some test sites started 

the exposure later in 2014, 2015 or 2017 (see Table 9). As can be seen, in some cases the 

exposure was stopped for different reasons before the end of the initially planned date. 
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Table 9 Summary of the exposure dates of weathering steels 

 

Test site Start 1-Year 4-Years 8-Years 

1 Prague 2011 2012 2015 2019 

3 Kopisty 2011 2012 2015 2019 

10 Bottrop 2011 2012 2015 2019 

13 Rome 2011 2012 2015 2019 

14 Casaccia 2011 2012 2015 2019 

15 Milan 2011 2012 2015 2019 

16 Venice 2011 2012 2015 2019 

21 Oslo 2011 2012 2015 - 

23 Birkenes 2011 2012 2015 2019 

24 Stockholm 2011 2012 2015 2019 

26 Aspvreten 2011 2012 2015 2019 

31 Madrid 2011 2012 2015 2019 

33 Toledo 2011 2012 2015 2019 

40 Paris 2011 2012 2015 2019 

41 Berlin 2011 2012 2015 - 

44 Svanvik 2011 2012 2015 2019 

45 Chaumont 2011 2012 2015 2019 

50 Katowice 2011 2012 2015 2019 

51 Athens 2011 2012 2015 2019 

52 Riga 2011 2012 - - 

53 Vienna 2011 2012 2015 2019 

54 Sofia - - - - 

55 St. Petersburg 2011 2012 2015 - 

57 Hameenlinna 2014 2015 2018 2022 
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58 New Haven 2015 2016 2019 2023 

59 Zilina 2014 2015 2018 2022 

35 Lahemaa - - - - 

41 Berlin (2) 2017 2018 2021 2025 

60 Split 2017 2018 2021 2025 

61 Zagreb 2017 2018 2021 2025 

62 Moscow - - - - 
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Corrosion loss after 1-year exposure 

Mass losses obtained after one year of exposure are given in Table 10. They are also 

presented in Figure 37, distributed from lowest to highest values. The test sites which 

showed the highest mass losses were the industrial atmospheres of Kopisty, Bottrop and 

Katowice while the sites which showed the lowest were the rural atmosphere of Toledo, 

the low-contaminated urban atmosphere of Madrid and the rural atmosphere of Aspvreten 

respectively. 

 

Table 10 Corrosion losses (g·m-2) of weathering steel after 1 year of exposure 

 

Test site ML11 (g.m-2) ML12 (g.m-2) ML av (g.m-2) 

1 Prague 86,1 80,6 83,3 

3 Kopisty 192,2 199,0 195,6 

10 Bottrop 193,7 194,4 194,1 

13 Rome 82,7 85,6 84,2 

14 Cassacia 109,5 110,1 109,8 

15 Milan 86,5 88,0 87,2 

16 Venice 93,3 87,7 90,5 

21 Oslo 64,4 68,6 66,5 

23 Birkenes 95,7 98,4 97,1 

24 Stockholm  65,2 67,1 66,1 

26 Aspvreten 46,2 49,0 47,6 

31 Madrid 36,1 36,9 36,5 

33 Toledo 24,3 24,3 24,3 

40 Paris 70,7 73,0 71,9 

41 Berlin 119,0 113,1 116,1 

44 Svanvik 121,3 116,5 118,9 

45 Chaumont 46,4 59,8 53,1 

50 Katowice 165,4 169,6 167,5 

51 Athens 83,3 82,2 82,8 

52 Riga 89,4 95,0 92,2 

53 Vienna 76,2 76,6 76,4 

54  St. Petersburg 112,7 104,8 108,7 

57 Hameenlinna 81,4 78,4 79,9 

58 New Haven 94,7 96,2 95,4 

59 Zilina 101,7 102,1 101,9 

41 Berlin (2) 85,7 85,5 85,6 

60 Split 90,3 89,7 90,0 

61 Zagreb 80,3 82,5 81,4 
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Figure 37 Corrosion losses (g·m-2) of weathering steel after 1 year of exposure 
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Corrosion loss after 4 years exposure  

Mass losses obtained for individual sites after 4 years of exposure are given in Table 11. 

They are also presented in Figure 38, distributed from lowest to highest values. The test 

sites which showed the highest mass losses were the industrial atmospheres of Bottrop, and 

Kopisty and the rural atmosphere of Svanvik while the sites which showed the lowest 

values were the same that after 1-year exposures: Toledo, Madrid and Aspvreten. 

 

Table 11 Corrosion losses (g·m-2) of weathering steel after 4 years of exposure 

 

Test site ML11 (g.m-2) ML12 (g.m-2) ML av (g.m-2) 

1 Prague 162,9 170,1 166,5 

3 Kopisty 339,0 330,3 334,7 

10 Bottrop 347,1 351,0 349,1 

13 Rome 127,3 127,3 127,3 

14 Cassacia 185,6 185,5 185,5 

15 Milan 149,8 153,6 151,7 

16 Venice 149,8 149,7 149,8 

21 Oslo 124,3 125,4 124,8 

23 Birkenes 192,7 190,1 191,4 

24 Stockholm  133,5 127,5 130,5 

26 Aspvreten 98,2 107,3 102,8 

31 Madrid 82,4 80,6 81,5 

33 Toledo 65,7 67,6 66,7 

40 Paris 135,7 145,5 140,6 

41 Berlin 222,0 227,8 224,9 

44 Svanvik 258,6 252,1 255,4 

45 Chaumont 104,9 108,3 106,6 

50 Katowice 238,1 237,5 237,8 

51 Athens 148,6 144,6 146,6 

53 Vienna 163,5 156,3 159,9 

54  St. Petersburg 207,8 213,4 210,6 

57 Hameenlinna 127,8 133,3 130,5 

58 New Haven 138,7 143,3 141,0 

59 Zilina 169,4 176,6 173,0 
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Figure 38 Corrosion losses (g·m-2) of weathering steel after 4 years of exposure 
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Corrosion loss after 8 years exposure  

Mass losses obtained for individual sites after 8 years of exposure are given in Table 12. 

They are also presented in Figure 39, distributed from lowest to highest values. The test 

sites which showed the highest mass losses were Bottrop, Kopisty and Svanvik while the 

sites which showed the lowest were Toledo, Chaumont and Madrid respectively. 

 

Table 12 Corrosion losses (g·m-2) of weathering steel after 8 years of exposure 

 

Test site ML11 

(g.m-2) 

ML12 

(g.m-2) 

ML av  

(g.m-2) 

1 Prague 179,4 176,4 177,9 

3 Kopisty 392,2 391,7 391,9 

10 Bottrop 452,8 462,9 457,8 

13 Rome 164,7 - 164,7 

14 Cassacia 230,7 233,6 232,2 

15 Milan 159,5 155,1 157,3 

16 Venice 171,1 169,4 170,2 

23 Birkenes 269,2 263,0 266,1 

24 Stockholm  183,5 174,4 179,0 

26 Aspvreten 127,2 136,9 132,1 

31 Madrid 135,4 126,4 130,9 

33 Toledo 111,6 110,9 111,3 

40 Paris 148,4 144,6 146,5 

44 Svanvik 337,1 335,6 336,4 

45 Chaumont 112,4 112,9 112,7 

50 Katowice 261,7 267,5 264,6 

51 Athens 189,8 166,4 178,1 

53 Vienna 182,4 183,9 183,2 
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Figure 39 Corrosion losses (g·m-2) of weathering steel after 8 years of exposure. 

 

Corrosion rate trend (2011-2019)  

The corrosion rate after 1, 4 and 8 years of exposure is presented in Figure 40. The 

corrosion obtained after 4 and 8 years compared to the corrosion of the first year is also 

shown as parts per unit. As can be seen, the corrosion rate after 4 years decreases around 

50-60% and around 70-80% after 8 years except for the less aggressive atmospheres 

(Madrid and Toledo) where the reduction is slightly lower indicating that a longer 

exposure time is needed in this case for the development of a more compact a protective 

patina. 
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Figure 40 Corrosion rates (µm·y-1) after 1, 4 and 8 years of exposure 

 

Use of unpainted weathering steel  

A matter of the greatest practical relevance is to know when an unpainted WS can be 

safely used in a certain atmosphere. In this sense, the most worldwide widespread criterion 

is that the steady-state corrosion rate (after 15-20 years) must be ≤ 5-6 µm·y-1. The 

corrosion rates obtained in all test sites after 8 years of exposure are presented in Figure 

41. As can be seen, all the test sites, except the most aggressive industrial atmospheres of 

Bottrop and Kopisty meet this criterion. Even in the case of these two sites, the corrosion 

rate after the first 8 years of exposure is only slightly higher than the accepted level. 

Therefore, it can be practically considered that WS could be used without the need of the 

application of a protective coating in all considered ICP Materials test sites. 
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Figure 41 Corrosion rates after 8 years of exposure and accepted safe upper limit to use 

WS in unpainted condition 

 

Long-term corrosion 

The corrosion curves of weathering steels, like those of mild and carbon steels, are in 

general reminiscent of the typical plot of parabolic laws or power functions: 

 

C = A·tn 

 

where C is the corrosion after time t, A is the corrosion after the first year of exposure and 

n is a constant. 

 

If the parabolic law is fulfilled, and A and n are known for a given steel and exposure site, 

the predictions may be extended to any length of time. 

 

The value of exponent n can serve as a diagnostic tool to indicate the nature of the 

relationship: linear (n = 1), parabolic (n = 0,5), cubic (n = 0,33), etc. This is usually 

explained in terms of deviation from parabolic behaviour as a result of changing diffusion 

conditions as the film grows. The exponential law with n close to 0,5, can result from an 

ideal diffusion-controlled mechanism when all the corrosion products remain on the metal 

surface. This situation seems to occur in slightly polluted inland atmospheres. On the other 

hand, n values of more than 0,5 arise due to acceleration of the diffusion process (e.g. as a 

result of rust detachment by erosion, dissolution, flaking, cracking, etc.). This situation is 

typical of highly aggressive marine and/or industrial atmospheres. Conversely, n values of 

less than 0,5 result from a decrease in the diffusion coefficient with time through 

recrystallisation, agglomeration, compaction, etc. of the rust layer. 
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In Figure 42, the n values obtained for t=8 are presented. As can be seen, except for the 

rural atmospheres of Toledo and Svanvik, and the non-polluted urban atmosphere of 

Madrid all data are in the range 0,3 ≤ n ≤ 0,5, indicating the formation of a relatively good 

and protective patina. In the case of the sites with n values slightly higher than 0,5, longer 

exposure times are needed to reach this stable situation. 

 

 
Figure 42 n values after 8 years of exposure (C =A·tn) 

 

Comparison trends 1987-1995 and 2011-2019 

In Figure 43-45, the comparison between the corrosion values obtained after 1, 4 and 8 

years of exposure in both studied periods 1987-1995 and 2011-2019 are shown. As can be 

seen, WS corrosion has experienced a significant decrease in all series and test sites. The 

only exception is the industrial atmosphere of Kopisty after 8 years of exposure. However, 

it must be noted that the corrosion obtained after 8 years of exposure in some test sites in 

1987-1995 (including Kopisty test site, see ICP Materials Report No 22) was lower than 

after only 4 years of exposure (1987-1991). Therefore, 8-year data (1987-1995) should be 

cautiously considered. 
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Figure 43 Corrosion after 1 year of exposure: 1987-1988 vs 2011-2012 

 

 

 
Figure 44 Corrosion after 4 years of exposure: 1987-1991 vs 2011-2015 
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Figure 45 Corrosion after 8 years of exposure: 1987-1995 vs 2011-2019 

 

Comparison weathering steel - carbon steel 

Corrosion of WS and CS after 1 and 4 years of exposure are compared in Figure 46 and 

47, respectively. As expected, after the first year of exposure, WS corrosion is higher in all 

test sites except in the most aggressive industrial atmospheres of Katowice, Bottrop and 

Kopisty. However, after 4 years of exposure CS corrosion is higher or similar to WS 

except for the least aggressive rural atmospheres of Toledo, Chaumont and Birkenes and 

the low-contaminated urban atmosphere of Madrid. Unfortunately, CS corrosion after 8 

years is not available and the comparison cannot be plotted. However, with analysing the 

trend obtained after 1 and 4 years, it would be expected that after longer exposure time, 

WS corrosion must be significantly lower than CS corrosion in nearly all tested sites. 
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Figure 46 Corrosion of CS and WS after 1 year of exposure 

 

 
Figure 47 Corrosion of CS and WS after 4 years of exposure 
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2.7 Limestone 

The 2017-2018 exposure of Portland Limestone was co-ordinated by the sub-centre in the 

United Kingdom (BRE). Specimens of Portland limestone (Jurassic Oolitic limestone) with 

dimensions 50 x 50 x 8 mm were used in triplicates per exposure site. The samples were 

washed, dried and weighed prior to exposure. The samples were received as per the 

instructions in Report No 69. Upon receiving the samples from the various locations, the 

samples were checked for identity and sealed inside plastic bags. The samples were then 

removed from the bags, dried and weighed. They were then reweighted after 24 hours to 

confirm that they had reached constant mass. Surface recession rates at individual sites of 

limestone exposed in open atmosphere for 1-year exposure are summarised in Figure 48 

and Table 13. 

 

 
Figure 48 Surface recession of Portland Limestone after 1-year exposure (2017-2018) – 

distribution of triplicate values 
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Table 13 Portland Limestone surface recession (µm yr-1) for each of the triplicate samples 

(corrected to 365 day exposure), the arithmetic mean, and, relative standard deviation in % 

 

Test site ML21 

(corrected) 

ML22 

(corrected) 

ML23 

(corrected) 

MLav 

(µm·yr-1) 

rel. standard 

deviation (%) 

1 Prague 7,92 6,10 5,86 6,63 17,00 

3 Kopisty 7,53 9,98 7,79 8,44 15,96 

10 Bottrop 12,01 13,60 9,88 11,83 15,79 

13 Rome 9,53 7,05 7,26 7,95 17,32 

14 Cassacia 7,09 8,33 7,72 7,72 7,99 

15 Milan 8,94 10,06 7,08 8,70 17,32 

16 Venice 7,95 7,54 5,62 7,04 17,71 

21 Oslo 9,12  9,96 9,54 6,23 

23 Birkenes      

24 Stockholm South 11,05 10,09 11,19 10,78 5,54 

26 Aspvreten 9,86 5,32 6,33 7,17 33,26 

31 Madrid 7,17 6,83 8,80 7,60 13,87 

33 Toledo 10,95 14,73 11,53 12,40 16,45 

40 Paris 8,96 6,68 6,02 7,22 21,34 

41 Berlin 5,50 7,51 6,68 6,56 15,38 

44 Svanvik 2,17 1,61 1,32 1,70 25,42 

45 Chaumont 12,64 13,30 13,78 13,24 4,33 

50 Katowice 9,31 10,67 9,95 9,98 6,80 

51 Athens  9,28 8,31 8,80 7,74 

53 Vienna 10,06 13,22 7,13 10,14 30,03 

57 Hameenlina 9,79 8,18 11,70 9,89 17,80 

58 New Haven 8,98 7,98 7,28 8,08 10,61 

59 Zilina 8,08 8,58 7,91 8,19 4,28 

60 Split 9,73 9,79 9,85 9,79 0,64 

61 Zagreb 10,93 10,44  10,69 3,26 

  

Mean value all test sites 

 

8,93 

 

9,00 

 

8,22 

 

8,75 

 

13,84 

 

The mean value for surface recession is 8,75 µm·yr-1 and Figure 48 shows that at most 

sites the surface recession is very consistent at between 6 and 10 µm·yr-1 and that rates 

vary little across Europe.  

 

The test sites with the highest surface recession rates were No 45 (Chaumont) and No 33 

(Toledo) which is consistent with stone weathering reflecting a combination of multi-

pollutant environments and natural weathering process rather than being dominated by 

acidic gases as was the situation in 1987 (see Figure 49). The high SO2 concentrations in 

1987 (see Figure 49: top) result in a strong correlation between SO2 and surface recession. 

Even by 1997 this relationship is much weakened and by 2017 non-existent (see Figure 

49: bottom). 
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Figure 49 Surface recession of Portland Limestone after 1-year exposure (top: 1987 and 

1997, bottom: 2014 and 2017) 

 

The early exposure periods also studied the effect of particulate matter on the deterioration 

of limestone. The emphasis was on black carbonaceous particles (‘soot’) resulting from 

low temperature burning of fossil fuels (particularly coal). Relationships between 

deterioration and ‘soot’ were demonstrated but it is believed that this was largely the result 

of very strong correlations between SO2 concentrations and ‘soot’ as they tended to come 

from the same sources. There were clear links between the blackening of the surface of 

limestone, the associated formation of ‘black gypsum crusts’ and ‘soot’ concentrations but 

the latest trend exposure shows no relationship between measure particulate matter (PM10) 

formed by high temperature burning and weathering (see Figure 50). In fact, the data 

suggests that higher concentrations protect the stone but the data is limited and so this 

apparent effect may reflect some other factor(s). However, it is known that these particles 

do change the appearance of the stone (see Section 3.2). 
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Figure 50 Scatter diagram showing PM10 concentration and surface recession in 2014-15 

and 2017-18 

 

In addition to looking at the mean values the distribution of results was also reviewed. The 

relative standard deviation ranges from below 1 to 30% with an arithmetic average of 14% 

for all test sites. The fact that the standard deviation is greater for Portland Limestone than 

for some of the other exposed materials reflect natural variations in the stone. In this case 

within the slabs from which the tablets are cut. In addition, past trend exposure periods 

have also demonstrated that there is variation between slabs of stone procured at different 

times. The variations over time were studied in the 2011-12 trend exposure where the 

weathering of tablets from different periods was compared. Some of the results are 

summarised in Table 14. The key data is for Lincoln where examples from batches were 

compared and the physical properties of the stone measured. 

 

Table 14 Surface recession (µm·yr-1) for examples of the tablets of Portland Limestone 

from the samples prepared for exposure between 1987 and 2013 

 

No Test sites 1987 1997-2003 2005 2008 2011-2012 2013 

Porosity 22,40 16,20 18,85 23,60  23,70 

Saturation 

Coefficient 

0,58 0,72 0,62 0,64  0,67 

1 Prague -4,73   -4,50 -7,24  

23 Birkenes -14,78   -11,91 -13,33  

27 Lincoln -5,05 -4,55 -5,89 -6,78   

45 Chaumont -7,06   -8,18 -11,98  

50 Krakow -7,20   -11,25 -13,74  

51 Athens -6,68   -8,65 -9,04  
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3 Soiling of materials 

3.1 Glass 

Mass of deposit and haze data 

During this program, samples of 10 x 10 x 0,2 cm of Si-Ca-Na float glass were exposed 

under sheltered condition (in a ventilated box) and in vertical position during 1 year at 25 

sites. After collection, samples were sent back to sub-centre Laboratoire Interuniversitaire 

des Systèmes Atmosphériques (LISA) and analysed in order to measure the total deposited 

mass normalised to the surface (Δm/S in µg/cm²) by weighing, the haze (H in %) by 

spectrometry UV-Vis and the percentage of covered surface (%S in %) by microscopy and 

image processing. 

 

All the uncertainties correspond to the standard deviation over the different measurements 

(n = 3 for mass, 3 to 5 for haze, 5 for % S) 

 

The results are given in Table 15. The sample from Paris was probably stolen on site. The 

samples from Berlin and Hämeenlinna were never received due to post office problems. 

The sample from Zilina arrived broken and was not exposed. 
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Table 15 Type of sites, exposure dates, Δm/S (in µg/cm²) and haze results for the different 

sites 

 

Test Sites  Date in Date out 
Time 

(days) 

problem Mass (µg/cm²) Haze (%) % S (%) 

 Δm/S stdev Hmoy stdev % S moy stdev 

1 Prague 17-10-23 18-11-02 375 - 24,0 0,9 2,5 0,1 0,059 0,013 

3 Kopisty 17-10-26 18-11-01 371 - 42,9 0,2 4,0 0,1 0,118 0,020 

10 Bottrop 17-10-19 18-10-17 363 

 
- 22,0 1,2 1,6 0,1 0,014 0,011 

13 Rome 17-10-25 18-10-31 371 - 8,9 0,6 1,3 0,1 0,013 0,005 

14 Casaccia 17-10-27 18-10-26 364 - 9,2 1,3 2,4 0,2 0,003 

 

0,003 

15 Milan 17-10-31 18-10-23 357 - 20,5 0,1 2,8 0,2 0,034 0,019 

16 Venice 17-11-03 18-11-07 369 - 16,2 0,6 6,2 1,2 0,047 0,035 

21 Oslo 17-10-20 18-10-19 364 - - - 1,4 0,4 0,011 0,003 

23 Birkenes 17-10-27 18-10-26 364 - 2,5 1,2 1,2 0,0 0,010 0,008 

24 Stockholm 17-10-26 18-10-31 370 - 13,6 1,7 2,5 0,2 0,024 0,010 

26 Aspvreten 17-10-26 18-10-31 370 - - - 1,6 0,1 0,002 0,002 

31 Madrid 17-10-27 18-11-06 375 - 1,0 0,1 2,0 0,0 0,005 0,001 

33 Toledo 17-11-02 18-11-05 368 - 4,5 0,1 1,9 0,1 0,010 0,003 

40 Paris 17-10-25 18-10-25 365 Lost - - - -   

41 Berlin 17-12-19 18-11-04 320 Lost - - - -   

44 Svanvik 17-11-04 18-11-05 366 - 1,2 0,1 0,9 0,2 0,003 0,002 

45 Chaumont 17-10-26 18-11-30 369 - - - 0,8 0,2 0,000 0,000 

50 Katowice 17-11-09 18-11-09 365 - - - 2,3 0,3 0,012 0,003 

51 Athens 17-11-14 18-11-14 365 - - - 13,3 2,2 0,055 0,026 

53 Vienna 17-11-02 18-10-29 361 - 7,8 1,2 2,1 0,2 0,010 0,004 

57 Hämeenlinna 17-10-24 18-10-29 370 Lost - - - - 0,011 0,005 

58 New Haven 17-11-15 18-12-09 389 - - - 2,0 0,2 0,070 0,031 

59 Zilina 17-11-17 18-11-16 364 Broken - - - - 0,012 0,006 

60 Split 17-11-10 18-11-16 371 - 31,9 0,6 11,9 1,7   

61 Zagreb 17-11-06 18-11-06 365 - 16,7 1,0 5,2 1,4   

 

The range of measured Δm/S is between 1,0 µg/cm² (in Madrid) and 42,9 µg/cm² (in 

Kopisty) (see Figure 51), but a lot of data are missing as some samples can be slightly 

broken (loss of glass splinters) during handling or transportation. 
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Figure 51 Δm/S (in µg/cm²) on glass for the different exposure sites. Uncertainties 

correspond to the standard deviation over 3 measurements 

 

For the haze (see Figure 52), the dataset ranges between 0,8 (Chaumont) and 13,3% 

(Athens) with an average value of 3,3% (considering all values). 

 

 
Figure 52 Haze (in %) for the different exposure sites 

 

The percentage of covered surface was calculated from pictures taken with a digital 

microscope (Keyence® VHX-6000) and image processing by fixing a color threshold. The 

highest values are measured for Kopisty, Split, Prague and Athens (see Figure 53). 
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Figure 53 Percentage of covered surface (% S in %) for the different exposure sites 

 

Correlation between mass of deposit and haze  

In order to correlate haze and mass, we used the relation of Alfaro et al. [21], as follows 
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With the empirical parameters p = 1,22 and q = 0,898 and (H/(Δm/S))lim dependent on the 

kind of sites (between 0,05 for Athens and 0,12 for Paris). Figure 54 shows that this 

equation with a unique (H/(Δm/S))lim value of 0,1 fits well this new dataset. 

 

 
Figure 54 Correlation between the ratio of haze over mass (H/(Δm/S)) and mass (Δm/S) 
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Correlation between the percentage of covered surface and 

the mass of deposit/haze  

The percentage of covered surface (% S) is very well correlated with the mass of deposit 

and slightly with the haze (see Figure 55). This indicate that all the particles have not the 

same efficiency to generate haze. 

 

 
Figure 55 Correlation between the ratio of haze over mass (H/(Δm/S)) and mass (Δm/S) 

 

Comparison with previous exposure periods  

In the ICP-Materials program, 4 exposure campaigns of modern glass were already carried 

out (2005-2006 / 2008-2009 / 2011-2012 / 2014-2015) and results can be compared to this 

new data set (see Figure 56). It is worth mentioning that for Paris and Milan the exposure 

site has moved in 2011. 
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Figure 56 Comparison of haze for different exposure periods 

 

This allows general trends to be drawn (see Figure 57). The average haze was calculated 

for each campaign by considering only the sites for which at least 4 values (over 5) are 

available. The values are 2,9 % for 2005-2006, 2,8 % for 2008-2009, 3,3 % for 2011-2012, 

3,1 % for 2014-2015 and 2,8 % for 2017-2018. Therefore, the average value is very stable 

over time. 

 

 
Figure 57 Evolution trend of haze since 2005. The black line corresponds to the average 

value of haze for all the sites with at least 4 haze values available. The dotted lines indicate 

the standard deviation.  



 

71 

3.2 Stone 

 

For the 2017-2018 campaign, it was decided to add limestone (Saint-Maximin fine rock) 

and marble (Carrara marble) samples in order to measure the soiling of stones in sheltered 

conditions. One sample of each material (60 x 60 x 10 mm) was thus exposed for one year. 

The mass of limestone was not measured before and after exposure as grains are so easily 

lost during each handling. It remains difficult for marble, but some data could be obtained, 

as presented in Figure 58. 

 

 
Figure 58 Δm/S (in µg/cm²) on marble for the different exposure sites. Uncertainties 

correspond to the standard deviation over 3 measurements. 

 

The results concerning the change of reflectance (ΔR = ((R-R0)/R0 x 100) in %) are 

surprising as they are negative (corresponding to a gain of reflectance), as can be seen in 

Figure 59. This is caused by an increase of the reflectance due to a lightening of the 

samples in contact with humidity. This phenomenon is higher than the effect of soiling. 

Only Berlin and Paris display a loss of reflectance for limestone. More samples are 

concerned by a significant loss of reflectance for marble (Bottrop, Rome, Casaccia, Milan, 

Stockholm, Madrid, Toledo, Paris, Berlin, Katowice, Zilina and Split). That is why we 

decided to measure the percentage of covered surface (% S), as shown in Figure 60, which 

is more relevant. Numerous black spots were clearly observed by optical microscopy. Even 

if it is not an absolute measurement as it depends on the color threshold chosen for the 

image processing and on the color of the materials, we can compare the results for each 

material. Results are consistent as Berlin and Paris, in which limestone samples were the 

most covered by particles. 
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Figure 59 Change of reflectance ΔR (in %) on marble and limestone for the different 

exposure sites. Uncertainties correspond to the standard deviation over 5 measurements. 

 

 
Figure 60 Percentage of covered surface (in %) for marble and limestone for the different 

exposure sites. Uncertainties correspond to the standard deviation over 5 measurements. 

 

According to these valuable results, the exposure of these new materials will be pursued in 

the next campaigns. It is too early to make an analysis of the influence of different 

environmental parameters. 
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3.3 Coil coated materials 

 

The 2017-2018 exposure of coil coatings was co-ordinated by the sub-centre in Finland, 

HAMK Tech, Häme University of Applied Sciences. 

 

Two different coil coated samples were exposed, G21 White Coil Coating and H21 Grey 

Coil Coating, one sample each. The base material in coil coated steel is steel, coated with a 

thin zinc layer. There is also a pre-treatment layer and a primer layer under the topcoat, in 

this case a structured polyester. The topcoat gives the final product its color. Samples were 

manufactured in a coil coating line and they were exposed as received. Samples were 

exposed on frames at an angle of 45° facing south without any cover, so that the sample 

surface collected all dirt. 

 

The soiling of coil coatings was studied with the dirt on top of the samples and no cleaning 

was done. Several studies were performed, i.e. visual evaluation of the dirt, color and 

reflectance measurements with spectrophotometer with several different setups, gloss 

measurements, photographing with different settings and with microscope. Image analyses 

were also tried, but samples were too clean. 

 

Both the color of the sample and the color of the dirt have an impact on how dirty a sample 

look. White color was chosen for the exposure because it is the most vulnerable color. The 

other chosen color was dark grey, where the impact of the dirt was expected to be much 

lower. 

 

Samples were very similar after the exposure and the amount of dirt was similar on most of 

them, only few samples had a lot of dirt on them. Color, reflectance and gloss 

measurements do not give a perfect value to describe the dirtiness of a sample, but no 

better method was found. 

 

In Figure 61, the total color change DE of the samples and in Figure 62, Reflectance % 

are shown. Measurements were done with Spectrophotometer Datacolor 600, measurement 

geometry d/8°, Specular Component Included. 

 

With white samples, sample exposed at Katowice was much dirtier than others. Samples 

collected from Milan, Berlin and Bottrop were also dirtier than other samples. All grey 

samples were so similar, hence it is difficult to make any assumptions. It can be seen, that 

there is no correlation between the total color change in white and grey samples, but this 

can just be because grey samples are too alike. 
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Figure 61 Total color change DE of the samples. Samples were not cleaned, so the value 

represents the amount of dirt on top of the sample. 

 

Reflectance results (see Figure 62) are similar as with total color change, as these values 

are a different mathematical way to look at the color values. 

 

 
Figure 62 Reflectance R% of the samples. Samples were not cleaned, so the value 

represents the amount of dirt on top of the sample. 
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Gloss and gloss retention at 60 degrees is shown in Figure 63. The lowest gloss is in 

Athens and the values are lower also for Katowice, Milan, Rome and Venice. There is 

correlation between white and grey. 

 

 
Figure 63 Gloss of the samples. Samples are not cleaned, so the value represents the 

amount of dirt on top of the sample. 

 

The correlation between different environmental parameters and color, reflectance and 

gloss were evaluated. The correlations between DE and visual ranking, PM10 and DE, 

PM10 and gloss for white and grey samples are in Figure 64-66, respectively. Test sites are 

classified into exposure groups and they are marked with different colors in the Figures, 

i.e. industrial = red, urban = blue and rural = yellow. 
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Figure 64 Correlation between total color difference (DE) and visual ranging for white 

samples (top) was quite good, with correlation coefficient R2 of 0,67. For grey samples 

(bottom), correlation was much lower (R2 = 0,28). 
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Figure 65 The correlation between PM10 and DE is not that good, R2 = 0,38 for white (top) 

and R2 = 0,55 for grey (bottom) samples. 
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Figure 66 The correlation between PM10 and gloss is very good, R2 = 0,81 for white (top) 

and R2 = 0,76 for grey (bottom) samples. 

 

There is some correlation between the results and classified groups industrial, urban and 

rural, but it could be better. At the rural fields the samples were the cleanest. Some of the 

industrial site samples are very dirty, but some are very clean. 

 

At the end the cleanability of the samples was studied, but almost all samples were very 

easy to clean just with little water and cotton pad. After cleaning there were no big 

difference between the samples, so no analysis was needed. 

 

This was the first one-year exposure for coil coatings, so no long-term trends can be done 

yet. The 1-year exposure time seems to be too small for coil coatings. Four-year exposure 

campaign was started in 2017 and will be ready in 2021.  
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4 Summary and Conclusions 
 

The present report provides the results of corrosion and soiling, and their relation to 

environmental data, during 1987-2019, with emphasis on the recent exposures for trend 

analysis. 

 

For carbon steel, the time development of corrosion and SO2 pollution are not the same, 

indicating that atmospheric corrosion of carbon steel is affected also by other factors. 

However, in a statistical analysis only SO2 was proven significant. For weathering steel, 

the environmental response is similar, but the kinetics is slightly different so for 

weathering steel the focus of the discussion is on the time development of data. A parallel 

exposure of carbon steel and weathering steel for 8 years was identified as a future need 

and is planned to start in 2021. 

 

For zinc, the corrosion loss decreased in the beginning of the exposure program rapidly 

and stabilized to nearly constant values over years although the SO2 concentration was 

decreased constantly during the last decades. Also, here, this is a sign that not only SO2 is 

responsible for corrosion, but other factors do influence corrosion as well (for example 

humidity, rain, days with rain, and other unknown factors). 

 

The effect of individual environmental parameters on atmospheric corrosion of copper is 

more complicated. The effect of SO2, precipitation, pH and relative humidity was 

significant. However, the effect of O3 was less than expected. The present report also 

includes a more detailed overview of exposures of copper outside ICP Materials. 

 

Limestone weathering reflect a combination of multi-pollutant environments and natural 

weathering process rather than being dominated by acidic gases as was the situation in 

1987. Also, the standard deviation of triplicate samples is greater for Portland Limestone 

than for some of the other exposed materials due to the natural variations in the stone 

material. This also makes it more difficult to quantify the effect of pollutants today.  

 

For soiling of modern glass (evaluated by Haze) the values are similar as in previous 

exposures, there has never been a decreasing trend. The values of haze are on average of 

2,9 % for 2005-2006, 2,8 % for 2008-2009, 3,3 % for 2011-2012, 3,1 % for 2014-2015 and 

2,8 % for 2017-2018. It is evident that the average value is very stable over time. 

 

For the new soiling materials limestone and marble results are still preliminary as 

confounding factors (an increase of the reflectance due to a lightening of the samples in 

contact with humidity) shadow the response to pollution, which should cause a darkening 

of the samples. 

 

For the new coil coated soiling materials, the correlation between PM10 and gloss is very 

good and promising. However, since this was the first one-year exposure for coil coatings, 

no long-term trends can be evaluated. 

 

Special emphasis was made to quantify the effect of particulate matter. Even though 

particulates have a theoretical potential high effect on corrosion no effect could be proven 

for any of the corrosion materials here. However, for soiling particulate matter plays a 

significant role. 
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For many of the discussed materials data predicted by the dose-response functions given in 

the mapping manual does not fit very well with new experimental data. For some materials 

there is also a need to modify the included environmental parameters.  
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Annex 1 Corrosion and soiling data 

 

Table A1 Corrosion data for carbon steel 2017-2018 

 

 
 

Site ml21 ml22 ml23 ml Time ML

No Name g/m2 g/m2 g/m2 g/m2 yr g/m2/yr

1 Prague 39,46 56,16 38,24 44,6 1,03 43,4

3 Kopisty 131,82 127,99 128,17 129,3 1,02 127,2

10 Bottrop 149,52 149,39 106,99 135,3 0,99 136,0

13 Rome 41,62 52,70 38,86 44,4 1,02 43,7

14 Casaccia 83,11 100,50 46,41 76,7 1,00 76,9

15 Milan 27,36 27,90 29,76 28,3 0,98 29,0

16 Venice 51,61 52,25 50,34 51,4 1,01 50,8

21 Oslo 16,23 19,34 21,53 19,0 1,00 19,1

23 Birkenes 63,06 56,74 54,03 57,9 1,00 58,1

24 Stockholm 28,16 27,19 27,94 27,8 1,01 27,4

26 Aspvreten 8,75 12,64 11,64 11,0 1,01 10,9

31 Madrid 11,03 11,09 12,61 11,6 1,03 11,3

33 Toledo 8,27 5,40 7,45 7,0 1,01 7,0

40 Paris 19,16 17,31 19,29 18,6 1,00 18,6

41 Berlin 53,44 53,45 52,36 53,1 0,88 60,5

44 Svanvik 67,15 70,36 69,89 69,1 1,00 68,9

45 Chaumont 11,74 12,19 13,54 12,5 1,01 12,4

50 Katowice 115,06 113,13 120,40 116,2 1,00 116,2

51 Athens 77,04 75,76 79,14 77,3 1,00 77,3

53 Vienna 46,74 45,66 45,95 46,1 0,99 46,6

57 Hämeenlinna 28,25 26,15 29,23 27,9 1,01 27,5

58 New Haven 70,02 70,77 68,03 69,6 1,07 65,3

59 Zilina 45,66 48,31 45,96 46,6 1,00 46,8

60 Split 69,75 70,54 69,48 69,9 1,02 68,8

61 Zagreb 44,54 43,50 43,59 43,9 1,00 43,9
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Table A2 Corrosion data for stainless steel 2017-2018. 

 

 
 

Site ml21 ml22 ml23 ml Time ML

No Name g/m2 g/m2 g/m2 g/m2 yr g/m2/yr

1 Prague 0,000 0,010 0,000 0,003 1,03 0,003

3 Kopisty 0,000 0,020 0,000 0,007 1,02 0,007

10 Bottrop 0,017 0,037 0,013 0,022 0,99 0,022

13 Rome 0,007 0,020 0,017 0,014 1,02 0,014

14 Casaccia 0,033 0,020 0,020 0,024 1,00 0,025

15 Milan 0,023 0,020 0,020 0,021 0,98 0,022

16 Venice 

21 Oslo 

23 Birkenes 0,030 0,027 0,003 0,020 1,00 0,020

24 Stockholm 

26 Aspvreten 

31 Madrid 

33 Toledo 

40 Paris 0,023 0,033 0,000 0,019 1,00 0,019

41 Berlin 0,030 0,003 0,033 0,022 0,88 0,025

44 Svanvik 0,013 0,023 0,000 0,012 1,00 0,012

45 Chaumont 

50 Katowice 0,000 0,013 0,017 0,010 1,00 0,010

51 Athens 0,003 0,003 0,033 0,013 1,00 0,013

53 Vienna 0,017 0,013 0,003 0,011 0,99 0,011

57 Hämeenlinna

58 New Haven

59 Zilina 0,010 0,047 0,040 0,032 1,00 0,032

60 Split 0,007 0,010 0,017 0,011 1,02 0,011

61 Zagreb 0,000 0,000 0,003 0,001 1,00 0,001



 

85 

Table A3 Corrosion data for weathering steel 2017-2018 

 

 
 

Site ml21 ml22 ml23 ml Time ML

No Name g/m2 g/m2 g/m2 g/m2 yr g/m2/yr

1 Prague 

3 Kopisty 

10 Bottrop 

13 Rome 

14 Casaccia 

15 Milan 

16 Venice 

21 Oslo 

23 Birkenes 

24 Stockholm 

26 Aspvreten 

31 Madrid 

33 Toledo 

40 Paris 

41 Berlin 85,50 85,70 85,6 0,88 97,6

44 Svanvik 

45 Chaumont 

50 Katowice 

51 Athens

53 Vienna

57 Hämeenlinna

58 New Haven

59 Zilina

60 Split 90,30 89,70 90,0 1,02 88,5

61 Zagreb 80,30 82,50 81,4 1,00 81,4
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Table A4 Corrosion data for zinc 2017-2018 

 

 
 

Site ml21 ml22 ml23 ml Time ML

No Name g/m2 g/m2 g/m2 g/m2 yr g/m2/yr

1 Prague 3,02 3,25 3,91 3,4 1,03 3,3

3 Kopisty 5,14 4,73 5,55 5,1 1,02 5,1

10 Bottrop 10,46 10,79 11,19 10,8 0,99 10,9

13 Rome 5,14 5,46 5,76 5,5 1,02 5,4

14 Casaccia 5,02 4,62 4,95 4,9 1,00 4,9

15 Milan 8,74 8,14 9,44 8,8 0,98 9,0

16 Venice 4,37 4,69 6,05 5,0 1,01 5,0

21 Oslo 5,43 5,24 6,82 5,8 1,00 5,8

23 Birkenes 7,69 7,49 9,08 8,1 1,00 8,1

24 Stockholm 4,51 4,46 4,51 4,5 1,01 4,4

26 Aspvreten 7,24 6,89 8,13 7,4 1,01 7,3

31 Madrid 5,19 6,30 6,55 6,0 1,03 5,9

33 Toledo 3,62 4,72 4,93 4,4 1,01 4,4

40 Paris 3,67 3,77 4,32 3,9 1,00 3,9

41 Berlin 4,92 4,60 5,22 4,9 0,88 5,6

44 Svanvik 6,15 7,58 9,85 7,9 1,00 7,8

45 Chaumont 5,07 4,98 5,63 5,2 1,01 5,2

50 Katowice 4,53 4,83 5,36 4,9 1,00 4,9

51 Athens 6,14 6,23 6,70 6,4 1,00 6,4

53 Vienna 5,69 5,66 5,30 5,6 0,99 5,6

57 Hämeenlinna 5,48 6,51 7,60 6,5 1,01 6,4

58 New Haven 6,53 6,29 6,34 6,4 1,07 6,0

59 Zilina 6,71 6,66 6,70 6,7 1,00 6,7

60 Split 4,82 5,14 5,41 5,1 1,02 5,0

61 Zagreb 8,88 8,93 9,78 9,2 1,00 9,2
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Table A5 Corrosion data for copper 2017-2018 

 

 
 

 

Site ml21 ml22 ml23 ml Time ML

No Name g/m2 g/m2 g/m2 g/m2 yr g m-2 yr-1

1 Prague 3,48 2,92 3,2 1,03 3,1

3 Kopisty 12,12 12,11 12,1 1,02 11,9

10 Bottrop 7,84 8,32 8,1 0,99 8,1

13 Rome 4,79 4,71 4,8 1,02 4,7

14 Casaccia 6,75 6,36 6,6 1,00 6,6

15 Milan 2,65 2,84 2,7 0,98 2,8

16 Venice 3,32 3,05 3,2 1,01 3,2

21 Oslo 3,48 3,57 3,5 1,00 3,5

23 Birkenes 7,45 7,79 7,6 1,00 7,6

24 Stockholm 3,83 3,48 3,7 1,01 3,6

26 Aspvreten 2,98 3,01 3,0 1,01 3,0

31 Madrid 3,50 3,12 3,3 1,03 3,2

33 Toledo 5,01 4,96 5,0 1,01 4,9

40 Paris 2,63 2,83 2,7 1,00 2,7

41 Berlin 4,02 4,03 4,0 0,88 4,6

44 Svanvik 7,78 8,06 7,9 1,00 7,9

45 Chaumont 6,47 6,73 6,6 1,01 6,5

50 Katowice 4,28 4,10 4,2 1,00 4,2

51 Athens 5,02 4,92 5,0 1,00 5,0

53 Vienna 7,22 5,89 6,6 0,99 6,6

57 Hämeenlinna 7,13 6,19 6,7 1,01 6,6

58 New Haven 10,71 10,46 10,6 1,07 9,9

59 Zilina 7,41 7,37 7,4 1,00 7,4

60 Split 5,59 5,91 5,7 1,02 5,7

61 Zagreb 4,49 4,67 4,6 1,00 4,6
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Table A6 Surface recession for limestone 2017-2018 

 

 
 

Site M21 M22 M23 M Time R
No Name µm µm µm µm yr µm yr-1

1 Prague 8,14 6,27 6,02 6,8 1,03 6,63

3 Kopisty 7,66 10,15 7,92 8,6 1,02 8,44

10 Bottrop 11,94 13,53 9,83 11,8 0,99 11,83

13 Rome 9,69 7,17 7,38 8,1 1,02 7,95

14 Casaccia 7,08 8,31 7,70 7,7 1,00 7,72

15 Milan 8,75 9,84 6,93 8,5 0,98 8,70

16 Venice 8,04 7,63 5,68 7,1 1,01 7,04

21 Oslo 9,09 9,93 9,5 1,00 9,54

23 Birkenes 

24 Stockholm 11,20 10,23 11,34 10,9 1,01 10,78

26 Aspvreten 10,00 5,40 6,41 7,3 1,01 7,17

31 Madrid 7,37 7,01 9,04 7,8 1,03 7,60

33 Toledo 11,04 14,86 11,62 12,5 1,01 12,40

40 Paris 8,96 6,68 6,02 7,2 1,00 7,22

41 Berlin 4,82 6,59 5,85 5,8 0,88 6,56

44 Svanvik 2,18 1,62 1,32 1,7 1,01 1,70

45 Chaumont 12,78 13,44 13,94 13,4 1,01 13,24

50 Katowice 9,31 10,67 9,95 10,0 1,00 9,98

51 Athens 9,28 8,31 8,8 1,00 8,80

53 Vienna 9,95 13,08 7,06 10,0 0,99 10,14

57 Hämeenlinna 9,93 8,30 11,86 10,0 1,01 9,89

58 New Haven 9,57 8,50 7,76 8,6 1,07 8,08

59 Zilina 8,06 8,56 7,89 8,2 1,00 8,19

60 Split 9,89 9,95 10,01 9,9 1,02 9,79

61 Zagreb 10,93 10,44 10,7 1,00 10,69
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Table A7 Soiling of modern glass 2017-2018 

 

 
 

Site

No Name Haze (%) Comment

1 Prague 2,51

3 Kopisty 3,95

10 Bottrop 1,60

13 Rome 1,28

14 Casaccia 2,44

15 Milan 2,79

16 Venice 6,20

21 Oslo 1,40

23 Birkenes 1,16

24 Stockholm 2,48

26 Aspvreten 1,65

31 Madrid 2,02

33 Toledo 1,94

40 Paris stolen

41 Berlin not received

44 Svanvik 0,95

45 Chaumont 0,84

50 Katowice 2,28

51 Athens 13,28

53 Vienna 2,14

57 Hämeenlinna not received

58 New Haven 1,96

59 Zilina not exposed

60 Split 11,87

61 Zagreb 5,22
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Table A8 Soiling of limestone and marble 2017-2018. The value of reflectance (R) 

correspond to the percentage of reflectance change (R-R0)/R0 x 100. 

 

 
 

Site Reflectance Reflectance Covered surface Covered surface Comment

No Name Limestone Marble Limestone Marble

1 Prague 3,50 4,94 0,21 0,1

3 Kopisty 3,44 0,28 0,22 0,4

10 Bottrop 4,45 -1,49 0,79 0,4

13 Rome 4,23 -2,47 0,75 0,1

14 Casaccia 4,40 -2,65 0,97 0,0

15 Milan 2,34 -2,88 0,97 0,0

16 Venice 5,28 0,38 0,24 0,2

21 Oslo 6,19 0,76 1,02 0,1

23 Birkenes 5,07 4,70 0,99 0,1

24 Stockholm 4,22 -2,70 0,83 0,1

26 Aspvreten 5,68 0,74 1,30 0,0

31 Madrid 6,94 -3,19 0,34 0,1

33 Toledo 6,11 -3,02 0,31 0,0

40 Paris -0,31 -4,27 1,74 1,0

41 Berlin -1,95 -3,67 1,62 1,3

44 Svanvik 9,08 0,41 0,23 0,1

45 Chaumont 5,59 -0,12 1,23 0,1

50 Katowice 4,72 -1,37 1,09 0,1

51 Athens not received

53 Vienna 4,58 1,44 0,66 0,2

57 Hämeenlinna not received

58 New Haven 7,73 1,49 0,73 0,5

59 Zilina -0,95 0,3 not exposed

60 Split 6,29 -0,54 1,05 0,2

61 Zagreb 5,55 1,57 1,41 0,2

Reference 0,21 0,04

% % % %
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Table A9 Soiling of coil coated materials 2017-2018 

 

 
 

Site DE spin DE spex Gloss DE spin DE spex Gloss

No Name white white white grey grey grey

1 Prague 2,93 2,76 28,20 0,5 1,29 23,8

3 Kopisty 1,58 1,31 28,40 0,6 1,03 27,0

10 Bottrop 4,72 4,73 30,00 0,6 1,12 27,0

13 Rome 2,78 2,40 24,60 1,0 1,22 22,2

14 Casaccia 2,57 2,24 26,30 0,8 1,06 24,6

15 Milan 5,04 4,78 24,00 0,7 2,00 20,9

16 Venice 3,99 3,66 25,30 0,7 1,76 19,8

21 Oslo 3,09 3,09 31,50 0,4 0,40 29,4

23 Birkenes 2,47 2,33 31,40 0,4 0,48 31,6

24 Stockholm 1,68 1,59 31,60 0,2 0,57 30,4

26 Aspvreten 2,44 2,42 32,80 0,3 1,20 31,6

31 Madrid 1,32 1,09 29,10 0,3 1,19 25,9

33 Toledo 0,82 0,66 30,20 0,2 0,60 27,1

40 Paris 3,36 3,16 27,50 0,5 1,31 23,9

41 Berlin 5,03 4,88 27,40 0,9 0,78 26,1

44 Svanvik 1,67 1,54 30,50 0,3 0,61 29,7

45 Chaumont 1,02 0,87 31,00 0,2 0,56 31,6

50 Katowice 8,46 8,26 22,70 1,2 1,33 21,3

51 Athens 3,25 2,75 22,00 1,1 1,69 18,6

53 Vienna 3,20 2,95 29,50 1,0 0,99 22,3

57 Hämeenlinna 2,77 2,74 30,80 0,4 0,58 30,0

58 New Haven 1,14 1,14 35,10 0,1 0,26 33,9

59 Zilina 2,79 2,60 30,10 0,5 1,37 24,6

60 Split 1,60 1,27 27,60 0,5 1,29 25,4

61 Zagreb 3,86 3,59 26,00 0,7 1,27 23,5


