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Abstract 
 

Corrosion is defined as the deterioration of materials due to the reaction with its 
environment. According to the physical nature of environment, corrosion can be 

categorized as 'corrosion in atmosphere', 'corrosion in water', 'corrosion in sea', 
'corrosion in soil' etc. Among them, corrosion of steel in atmosphere is identified as one 

of most important type of corrosion. Because studies show that corrosion cost of a 
country may vary between 1 to5% of their GDP and about one half of that cost is due to 

atmospheric corrosion. 

 

Corrosion problem cannot be completely eliminated but it is possible to control by 

methods known as 'corrosion management systems'. Corrosion model is a one of the best 

tool that can be used for atmospheric corrosion management. Use of a corrosion model 

as a tool for corrosion prevention is the common practice in many other countries, but 

using this method is not a popular practice in Sri Lanka due to non availability of such 

model. Therefore, this project was carried out for the formulation of an atmospheric 

corrosion model that can be applicable in Sri Lankan atmosphere. 

 

For this purpose, by reviewing internationally published literature a model structure was 

proposed. Then field exposure programs were conducted to obtain data required for 

model calibration. The model was calibrated with the obtained data and test has been 

done for goodness of fit and the model shows considerably acceptable goodness of fit 

with more than 80% of data are within the ±10% deviation from actual value. Finally, a 
completely different set of samples were placed in different locations and data gathered 

were used to find out the validity and forecasting capability of the model,. The model 
shows a good performance in forecasting capability with acceptable deviations. 

 
Keywords: Prediction of Corrosion, Atmospheric Corrosion, Carbon Steel Corrosion 
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1. INTRODUCTION 

Corrosion is commonly known as the deterioration or loss of functions of materials 

due to the reaction with its environment. Always materials differently interact with 

different environmental conditions and these interactions will negatively affect the 

materials’ usefulness [1]. This means that operational environment is the one of most 

important factor that determines the corrosive nature of a material. 

According to the physical nature of the environment, corrosion can be classified as 

corrosion in atmosphere, corrosion in water, corrosion in sea, corrosion in soil etc. 

Among them, corrosion of steel in atmosphere can be considered as one of the most 

important type of corrosion Because studies show that corrosion cost of a country may 

vary between 1 to5% of their GDP and it is a well known factor that about one half of that 

cost is due to the corrosion of steel in the atmosphere [2].Mainly these corrosion cost 

has been calculated on the basis of financial loss and the actual cost to the society is 

much more than the calculated amount, Sometimes corrosion can be considered as a 

kind of a natural disaster. Similar to the other natural disasters such as severe weather 

disturbances, earth quarks, landslides etc., corrosion damage can affect everything 

from land vehicles, ships, aircrafts, pipe lines, and metallic structures even home 

appliances. 

Unlike weather-related disasters, corrosion has advantage that corrosion is 

predictable and quantifiable. Therefore, although corrosion damage cannot be 

eliminated it is possible to minimize by having corrosion preventive strategies which 

is known as 'Corrosion Management'. 

 

For an effective implementation of corrosion management strategy, it is required to 

identify the corrosive nature (aggressiveness) of the service environment of a 

material or a component. Therefore, for this purpose availability of method to 

identify the environmental corrosivity help for the timely implementation of 

corrosion prevention method. A wide Varity of methods are available for the 

determination of environmental corrosivity and among them environmental 
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classification method, corrosion map, corrosion modeling are some of commonly 

used methods. Corrosion modeling is predicting or indirect measuring of corrosivity 

with the aid of equation which has relation between corrosivity and atmospheric 

factors which effect the corrosion process. Models of material degradation processes 

have been developed worldwide for a multitude of situations using many varieties of 

methodologies [4, 5, 6, 7, 8, 9, 10, 11, 12, 13,14, and 15]. For Scientists and 

Engineers who are involving in corrosion technology, those models have become an 

essential tool for the selection and life prediction associated with the introduction of 

new materials or processes. In fact, models are, in this context, should be an accepted 

method of representing current understandings of reality. 

 

When the infrastructure development in Sri Lanka is considered,    there was an 

increase in use of steel for the construction of bridges, towers, power plants etc. 

When steel is used as a construction material in normal atmosphere it is a good 

practice to have a corrosion management plan throughout its lifetime.  For these 

purposes several environmental assessments were conducted in local regions for 

specific purposes since there was no readily available data or method for 

environmental assessment. Therefore, in future, availability of methods for 

environmental corrosivity assessment will be a great advantage for the design and 

maintenance of metallic structures. Therefore, this project was started with the 

intension of developing a corrosion model as a corrosivity assessment tool that can 

be used to assess the corrosivity level of atmospheres in different areas in  Sri Lanka. 

 

It is well known fact that the consituents in atmosphere and climatic conditions are 

directly effect the atmospheric corrosivity. Among them climatic factors like 

Relative Humidity (RH), Rain Fall (RF) Temperature (T), and atmospheric 

constituents such as Sulphur compounds (SOX), Salinity (Cl-), Time of Wetness 

(TOW) are considered as main factors and the presence of air born particles, nitrogen 

compounds (NOX),Ozone concentration, Carbon Dioxide etc, are also have some 

minor effect on corrosivity[3]. This means that there is a relationship between above-

mentioned atmospheric variables and corrosivity and there is a possibility to find out 
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an  equation or model for determination of the corrosivity level as dependent variable 

and other atmospheric  factors as independent variables. 

 

This report gives details of the project carried out to develop an equation for 

atmospheric corrosion which  can be used for the prediction of atmospheric corrosion 

of low carbon steel in Sri Lankan atmosphere. This research project involves firstly 

an comprehensive study of the previously developed models and their approaches to 

find out a suitable method for Sri Lankan condition and a new model structure was 

proposed referring to the well known 'Power Equation'. The constants of power 

equation are functions of atmospheric variables such as Temperature, Relative 

Humidity, and Salinity etc.  

Secondly, field exposure tests were conducted in different areas of the countries and  

data gathered from those exposure tests were fitted to the model structure using  

computer based mathematical iteration process based on the theory 'Minimizing 

Percentage Least Square'. Finally, the goodness of fit of the data has been determined 

and then the proposed model was validated using a different set of data obtained by 

placing steel samples in different   three locations in Sri Lanka.. 
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2. LITERATURE SURVEY 

2.1 Methods use to identify corrosive atmospheres. 

This chapter describes the different type of techniques use for the determination 

of corrosive    nature   of atmosphere such as environmental classification 

method, corrosion mapping and corrosion modeling. 

 

2.1.1 Environmental classification method. 

According to the atmospheric constituents the atmosphere has been categorized 

in to different groups.   The European standard and ISO standards classifications 

are two examples. 

2.1.1.1 European standard classification 

The European standard EN 12500-2000 [16] defines five categories of outdoor 

environment namely, 

(a) Rural atmosphere: countryside and small towns, minor contamination of 

corrosive agents (carbon dioxide, chlorides, artificial fertilizers). 

(b) Urban atmosphere: densely populated areas, few industrial activities, 

medium contamination of corrosive agents (sulfur dioxides). 

(c) Industrial atmosphere: intensive industrial activities, high corrosive agent 

contamination (sulfur dioxides). 

(d) Marine atmosphere: areas close to the sea, or internal zones strongly affected 

by airborne salinity. Corrosion effects are influenced by topographic 

conditions, prevailing wind direction. 

(e) Marine Industrial atmosphere: complex environment, areas close to both the 

sea and industrial districts, or internal zones located in the prevalent wind 

direction, Medium and/ or high corrosive agent contamination (sulfur 

dioxides, chlorides). Due to its simplicity this has been the most commonly 

used method to classify the corrosive environment but the main drawback of 

this method is there is no clear boundary to distinguish each environment.   
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2.1.1.2 ISO Classification of atmospheric corrosivity 

A classification method has been introduced by International Standard Organization 

to assess the atmospheric corrosivity based on atmospheric variables. The methods 

given in the standards describe to determine each of variables and respective rate of 

corrosion. These variables and corrosive atmospheres are categorized in different 

groups [17, 18, and 19].  

 

(a) The classification of corrosive environments is present in Table 2.1. 

(b) Categorization of sulphur dioxide and chloride according to their deposition 

rate Table 2.2. 

(c) Time of wetness (TOW) in Table 2.3. TOW is defined as the time duration of 

relative humidity is more than 80 % and the temperature is higher than the 

00C[1]. 

(d) Following the categorization of these three key variables, the applicable ISO 

rate of corrosion (g/m2.year) can be determined using the ISO chart (Table 

2.4.). 

 

 As an example in a particular atmospheric condition with sulphur dioxide deposition 

rate of 11-35 mg/m2.day (P1 in Table 2.2) and chloride deposition rate of 61-300 

mg/m2.day (S2 in Table 2.3) with a time of wetness category (T4 in Table 1.3) the 

metal steel comes under corrosion category C4 (Table 2.1) which corrode with the 

rate of 401-650 g/m2.year The table 2.5 shows relevant standards for this 

classification and measurements for rate of corrosion. 

 

Although the ISO methodology represents a simple approach to corrosivity 

classification it has considered only three atmospheric variables, sulphur dioxide 

deposition rate chloride deposition rate and time of wetness (TOW). Therefore, it is 

limited in its accuracy and precision. Since the atmospheric parameters determining 

the corrosivity classification do not include the effects of potentially important 
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corrosive pollutants and impurities such as nitrogen compound, hydrogen sulfide, 

carbon dioxide, as well as temperature, rainfall, wind speed etc.. 

 

Table 2.1: ISO Classification of corrosion rate after one year exposure predicted for 

different corrosivity classes 

 

 

Table 2.2: ISO Classification of sulfur dioxide and chloride  

 

 

 

Table 2.3: ISO Classification of time of wetness 

 

 

 

 

 

 

 



7 

 

Table 2.4: ISO Classification of corrosivity and pollutions levels

 

Numerical 1,2,3,4 & 5 shown in table 2.4 represent the corrosivity categories C1, 

C2, C3, C4 & C5 respectively. 
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2.1.1.3 Environmental Severity Index (ESI) 

Environmental severity index which is based on atmospheric parameters has been 

developed by Michigan state university of USA for the maintenance management of 

aircraft structures. A Corrosion Damage Algorithm (CDA) has been proposed as a 

guide for anticipating extent of corrosion damage for planning maintenance 

operations. This classification scheme was developed primarily for uncoated 

aluminum, steel, titanium, and magnesium alloys exposed to the external atmosphere 

at ground level and it is applicable for other metals with appropriate modifications. 

The CDA algorithm is presented in Fig.1 and considers the distance to sea, leading 

either to the very severe “AA” rating for close distance to seashore or a consideration 

of moisture factors. Following the moisture factors, pollutant concentrations are 

compared with values of working environmental Corrosion Standards (WECS). For 

example, a severe A rating would be given if any of the three pollutants considered 

in this scheme, that is, sulfur dioxide, total suspended particles (TSP), and ozone 

levels, would exceed the WECS values in combination with a high moisture factor. 

Considering the simplicity of the algorithms and simplifying assumptions in 

obtaining relevant environmental and maintenance data, the environmental 
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corrosivity predicted from the CDA algorithm, was considered to be reasonable. 

However in this case also it is limited in its accuracy and precision since it has not 

considered other atmospheric parameters that determine the rate of corrosion. 

 

Subsequent attempts to enhance the CDA algorithm using the results obtained from 

broad based corrosion testing programs have failed to provide enough differentiation 

between moderately corrosive environments. [20] 

 

 

Figure 2.1: The CDA algorithm for determining the corrosion severity for a given 

location 
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2.1.2 Corrosion mapping 

Corrosion map is a powerful tools use in the field of Corrosion Engineering. A 

diagram that shows regional corrosion behavior is called as a corrosion map and it 

helps to understand the period of maintenance of major structures and measures to 

prevent corrosion. 

 

Development of a corrosion map can be done with direct measurement of corrosion 

loss (rate of corrosion) by exposure test and prediction of corrosivity by atmospheric 

variables. Exposure of standard metal specimens at a grid of sites and the generation 

of computer contoured corrosion maps has been shown to be a sensitive and cost-

effective means of differentiating geographical variations in corrosivity, which is a 

measure of the aggressiveness of the environment [21]. Various countries have 

already developed their corrosion maps. Few examples are shown in Japan (Figure 2) 

Mexico (Figure 3) India (Figure 4). 

 

 

Figure 2.2 - Corrosion map of Japan 
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Figure 2.3 - Corrosion map of Mexico 

 

 

 

Figure 2.4 - Corrosion map of India 
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2.1.3 Corrosion modeling  

Models of materials degradation processes have been developed for a multitude of 

situations using a great variety of methodologies. For Scientists and Engineers who 

are developing materials, models have become an essential benchmarking element 

for the selection and life prediction associated with the introduction of new materials 

or processes. In fact, models are, in this context, an accepted method of representing 

current understandings of reality. Traditional models can be divided into two main 

categories. 

 

(1) Mathematical or theoretical models. 

(2) Statistical or empirical models. 

 

Mathematical models have the common characteristic that the response and predictor 

variables are assumed to be free of specification error and measurement uncertainty. 

Statistical models, on the other hand, are derived from data that are subject to various 

types of specification, observation, experimental, and/or measurement errors. In 

general terms, mathematical models can guide investigations, and statistical models 

are used to represent the results of these investigations. 

 

2.2 Reviewing of existing models  

In 1968, Guttman and Sereda [6] proposed a model for corrosion loss. This was a 

most primary level corrosion model expressed as follows. 

k= 0.16	��	
.�(
�� + 1.78)     (2) 

 

Where: 

k : Corrosion loss  (g/m2. month) 

TOW : Time of wetness (hours) 

SO2: Sulphur deposition rate in (mg/m2.day) 
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In 1974, Haynie and Uphan [7] developed a model which describes the “Corrosion 

Depth” in terms of sulphur deposition rate and percentage of relative humidity.  

 

� = 325�
.��{
.

��������
� !."
#$ %}     (3) 

 

Where: 

K : Depth of Corrosion ( µm) 

RH : Percentage relative humidity 

SO2: Sulphur deposition rate in (mg/m2.day) 

t : time (year) 

 

In 1980, Hakkarainen and Yladaari [8] developed a model to describe the corrosion 

depth (K in µm) as a function of time of wetness (TOW in hours) and sulphur 

dioxide (SO2 in mg/m2.day ).  

 

� = 1.17TOW
.**(
�� + 0.048)     (4) 

 

In 1984,  Knotkova et.al. [9] developed a model to describe the corrosion depth (K, 

µm) as a function of the time of wetness (TOW),  Sulphur dioxide deposition rate 

(SO2), Chloride deposition rate (Cal). 

    

� = 1.327 + 0.4313
�� + 0.005��	 + 0.138,-  (5) 

 

In the corrosion model shown in equation 4 and 5, the corrosion loss was estimated 

as a function of time of wetness (TOW) and Sulphur dioxide (SO2) deposition rate. 

The main disadvantage of these models is it could not be useful for the prediction of 

service life of a steel structure because this equation do not contain any component 

of time factor.  
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Japanese scientists analyzed the corrosion rate of carbon steel for one year in 43 

exposure sites [10]. They have developed equations for each atmospheric condition. 

 

(a) In urban or industrial sites, 

Corrosion rate (mdd) = 4.15+0.88×T (°C)–0.073×RH (%)–0.032×rainfall 

(mm/month) 

+2.913×[Cal-](×10-6)+4.921×[SO2] (mdd).       (6) 

Where : mdd: mg per square decimeter per day 

 

(b) In marine atmosphere, 

Corrosion rate (mdd) = 5.61+2.754×[Cal¯](×10-6)+6.155×[SO2] (mdd).   (7)

  

The corrosion model shown in equations 6 calculate the corrosion loss as a function 

of relative humidity, rain fall, salinity and sulphur dioxide. In this model when the 

RH becomes zero there is a value for corrosion rate but in real practice moisture 

(relative humidity) is the essential factor for the occurrence of electrochemical 

reaction and in absence of moisture there is no corrosion, but this model has failed to 

represent this phenomenon. 

 

Equation 6.and 7 calculates corrosion loss as a function of chlorides, relative 

humidity, time of wetness, and sulphur dioxide. According to the equation the 

corrosion loss has a constant value even if all of environmental parameters equal to 

zero. Therefore this model structure is not an accurate representation of the corrosion 

process. 

 

A model has been developed by International Cooperative Program ICP group 

(Equation 8, 9, 10and 11) with the aim to generalize the corrosion loss over time 

period for different environments, reporting the climate and pollutants variables as 

independent factors. These functions have been formulated for different metallic 

materials and are based on both long-term exposures and trend analysis based on 

repeated one-year measurements of exposure. The degradation of metal over time is 

expressed by means of mass loss (ML) as a function of climatic parameters (RH; T), 
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gaseous pollutants (SO2, O3) and precipitation parameters (Rain, H+ Cal–) reported as 

fallows [11]. 

 

 

(a) Weathering Steel 

ML= 34[SO2]
0.33exp{0.020Rh+ f(T)}t0.33     (8) 

 

(b) Zinc 

ML=1.4[SO2]0.22exp{0.018Rh+ f(T)}t0.85 + 0.029Rain[H+]t   (9) 

 

(c) Aluminum 

ML = 0.0021[SO2]0.23.Rh exp{f(T)}t1.2 + 0.000023Rain[Cal–]t  

 (10) 

 

(d) Copper 

 ML=0.0027[SO2]0.32[O3]0.79Rh exp{f(T)}t0.78 + 0.050Rain[H+]t0.89 

 (11) 

 

Where: 

ML:  Mass loss [g/m2], 

t:  Exposure time (years),  

Rh:  Relative humidity (%), 

T:  average annual temperature (°C), 

 

f(T) = a(T – 10) when T< 10 °C, otherwise f(T) = b (T – 10), 

 

a, b being constant values depending on the specific metal, 

SO2: Sulfur dioxide concentration (µg/m3), 

O3: ozone concentration (µg/m3); 

Rain: Average annual rainfall precipitation (mm), 

H+: hydrogen ion concentration in precipitation (mg/L), 

Cal–: Chloride ion concentration in precipitation (mg/L). 
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The model shown in equation 8 calculate the corrosion loss as a function of sulphur , 

relative humidity and temperature although this model is applicable  for weathering 

steel, this is not applicable for general structural steels due to there is no effect of 

chloride on corrosion rate of steel.  

Field exposure test conducted by a research group in Brazil [12] obtained values for 

parameter n and k  of Power law C=ktn (Table 2.6) with the following equations. 

This model is a primary version of power model and it can be applicable only for the 

location where the field exposure was conducted. 

 

 
./
.0 = 12�3�4        

 (12) 

 1 = 1 + 0.477[log �.9.0%� − log �.9.0%4]    

 (13) 

 

k=
4
< (

.9

.0)4        

 (14) 

 

Where	(.9.0)4,	(
.9
.0)� represent the first year and second year corrosion losses 

respectively.  

 

Table 2.6 - Values of n and k 

 

location 

Low carbon steel Copper Aluminium 

n k n k n k 

1 

2 

1.55 

0.86 

71.25 

22.13 

0.72 

1.12 

8.43 

2.88 

0.58 

1.02 

1.12 

0.17 

 

Research project conducted by group of Iberoamerican presented an Artificial Neural 

Network (ANN)-based solution methodology for modeling atmospheric corrosion 

processes from observed experimental values, and an ANN model developed using 

the cited methodology for the prediction of the corrosion rate of carbon steel in the 
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context of the Iberoamerican Corrosion Map (MICAT) Project, [5] which includes 

seventy-two test sites in fourteen countries throughout Iberoamerica. Classical 

regression model also developed in the context of this study, 

In this model when there is no presence of chloride and sulphur compounds the 

corrosion loss becomes constant. 

 

Fe = b0+Cl-(b1+b2.P+b3.RH)+b4.TOW.SO2    (15) 

 

With b0=6.8124, b1=1.6907, b2=0.0004, b3=0.0242, and b4=2.2817. 

 

Where: 

Fe:  Depth of corrosion (µm/month) 

Cal- : Chloride deposition rate (mg/m2.day) 

SO2: Sulphur deposition rate (mg/m2.day) 

 

In the year 2007 by Dawn E Klinsmith develop a corrosion model by addressing the 

many of the problems mentioned above  

 

> = ?�@ �A�B9 %
C
�1 + DE�

F %
G
�1 + 9H

I %
C
�J(AKA
)     

 (16)  

In this model fallowing features of corrosion is described. It is well known fact that 

the rate of corrosion is increased by atmospheric salinity and sulphur compounds,  

but in absence of  moisture  in atmospere there is no effect of chloride or sulphur on 

corrosion rate. Therefore this phenominon was described by including this model. 

The corrosion can occur in absence of chloride or sulphur therefore to express this 

phenomina a separate TOW component was added in to the model. The temperature 

has effect on overall rate of corrosion. Therefore the temperaute component was also 

included as it effect on all component of  the model . 

Therefore among many of corrosion models revieved it can be identified this model 

as a one of best corroison mode that describe the nature of atmospheric corrosion.  
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3. EXPERIMENTAL PROCEEDURE 

In this chapter the process involve in field exposure test ,  data collection and 

processing,   model development, model calibration and validation of model will be 

described. 

3.1 Field exposure test 

The main part of the project is field exposure test that was conducted in different four 

locations, in Sri Lanka namely Peradeniya (Rural wet), Colombo (Urban) , Kolpetty 

(Marine) and Anuradhapura  (Rural dry). The geographical locations of test sites are 

shown in the figure 3.1. 

Specimens of mild steel plates having dimensions 150X100X2mm were used for this 

study. The atmospheric variables temperature, humidity and rain fall of each location 

were recorded by one month time intervals which were obtained from the data 

available at the Department of Meteorology. The sulphur dioxide deposition rate was 

measured by passive sampling method and chloride deposition rate was determined 

by wet candle method as per the method given in ISO 9225: 1992. [19]. The average 

mass loss of three specimens with same exposure condition was determined by two 

month time intervals for two years as per the method given in ISO 9226: 1992 [20].  

 

 

 

 

              

 

 

                                     

 

 

 

Figure 3.1 Locations of field exposure program conducted. 



19 

 

 

(a )Anuradhapura                         (b) Peradeniya                         (c) Colombo ITI 

Figure  3.2:  Field exposure racks in diffferent  locations 

 

3.1.1 Preparation of corrosion test panel 

3.1.1.1 Preparation of corrosion test specimen 

Three type of materials (Mild steel : 45 specimens, Stainless steel grade 304 :15 

specimens, Stainless steel grade 316: 12 specimens) with the dimension 150X100X2 

mm and having chemical composition shown in table 3.1 were used for this study, 

the test specimens were prepared according to the method given in ISO 9226 [19] in 

Appendix A. The specimens were fixed on the exposure rack with the aid of plastic 

fixing elements as shown in the figure 3.1 and placed in the selected locations.  

 

 

 

 

 

 

 

 

 

 

 

Figure: 3.3 fixing of test specimen to panel 
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3.1.2 Measurement of atmospheric variables and corrosion loss 

3.1.2.1 Measurement of sulphur deposition rate:  

For the measurement of sulphur deposition rate the passive sampling method that 

was given in ISO 9225 was used. (Appendix B). Three passive samplers were located 

in each location and the sulphur deposition rate was measured by two month time 

intervals

 

Figure 3.4: Passive sampler for SOx deposition       Figure 3.5: Wet candle for Cl- Deposition 
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3.1.2.2 Measurement of chloride deposition rate: 

For the measurement of chloride deposition rate the wet candle method that was 

given in ISO 9225 was used. ( Appendix C). Three wet candles were located in each 

location and the chloride deposition rate was measured by two month time intervals. 

 

3.1.2.3 Measurement of temperature and relative humidity: 

The meteorological data such as temperature, rain fall and relative humidity were 

obtained from the Department of Meteorology, Sri Lanka. 

 

3.1.2.4 Measurement of corrosion loss (Mass loss): 

Three specimen from each location were removed by two months periods and the 

corrosion loss was determined according to the method given in ISO 9226  

(Appendix D) 

3.2 Data processing 

The average result of each parameter of data collected  from exposure test was 

determined  by the  to  the equation given  below and tabulated. As an example, 

Average chloride deposition during the period of ‘t months’ was determined  as 

follows. 

 

(,-)0 = ∑ (9HM)NMO�
P  ………………….  (18) 

 

Where: ,-3:  Average chloride deposition of the nth month 

  (,-)0: Average chloride deposition during the period of t months 

       t:  Duration 

   

Similarly results of Temperature (�)0 Chloride deposition rate (,-)0, Sulphur 

deposition rate (S)0, and rainfall (RF)t  during the period of t months were 

determined. 
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3.3 Development of corrosion model. 

3.3.1 Development of model structure 

It is well established fact  that the  rate of atmospheric  corrosion follows the   power 

equation shown in equation 19. 

, = ��3 ……………………….  (19) 

Where C is the loss of weight due to corrosion and t is the exposure time which is the 

primary factor that determines the basic rate of corrosion. The initial corrosion loss 

observed during the first unit time of exposure is described by K, while n is a 

measure of the long-term decrease in corrosion rate or pasivation of materials which 

is directly dependent on the metal, the physical–chemical atmospheric conditions and 

the exposure conditions [3]. 

Therefore, power equation can be applicable for any location by appropriately 

defining constant K and n as a function of atmospheric variables in particular 

location.  

 

n=F (TOW,Cl-, RF, SO2, T,etc.)…………..  (20) 

K=F (TOW,Cl-, RF SO2, T,etc.)…………..  (21) 

 

Therefore based on the above concept a model structure was proposed that can be 

applicable in  for Sri Lankan atmospheric conditon.. Based on this, two type of 

corrosion models were selected. 

in model formulation fitting of data to a linear model is a more common practice. 

Therefore, firstly the most basic type of model that represent the multy variable 

linear equation shown in equation  22 and 23 were considered.  

 

1 = R4(ST) + R�(�) + RU(
0�) + R4(,-�) + R�(SV)   (22) 

2 = W4(ST) + W�(�) + WU(
0�) + W4(,-�) + W�(SV)   (23) 

The symbols “α1 ,α2 ,α3, α4 ,α5 , β1 , β 2 , β 3,  β 4 , β 5  “ represent the model constant 

which has to be determined by  environmental and corrosion data of field exposure 

test. 
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Secondly,  by reviewing published  literature on  corroion modeling it was identified 

few corrosion models can be applicable in sri lankan condiiotns. Among those 

models the corrosion model published by Dawn E. Klinsmith [4]  (Shown in 

equation 24 ) was identified as a one of best corrosion model which suitable to Sri 

Lankan conditions. This corrosion model shows basic features of power equation and 

it do not show many of disadvantages in other published models. 

 

> = ?�@ �A�B9 %
X
�1 + D�"

F %
G
�1 + 9H

I%
C
�J(AKAY)          (24) 

 

Where, 

Y  - Mass loss due to corrosion 

t -Time 

TOW -Time of wetness 

SO2 -Sulphur deposition rate 

Cal -Chloride deposition rate 

T -Temperature 

A, B, C, D, E, F, G, H, J and T0 – Constant 

       

Although this model has shown good performances in many cases, when consider the 

Sri Lankan atmospheric conditions the rain fall is one of main factor that can be 

influenced the outdoor atmospheric metal corrosion according to the meteorological 

data it is shown that comparatively high rainfall even in dry zone of the country 

throughout the year and the effect of rain on atmospheric corrosion damage are 

somewhat ambiguous. While providing electrolyte effect for corrosion and rain can 

influence in beneficial manner by diluting harmful corrosive surface species [3]. 

Therefore, when consider the Sri Lankan atmospheric condition parameter of Rain 

fall (RF) has to be added to the model. In addition to that relative humidity is the 

main factor that determine the time of wetness (TOW). In general practice TOW is 

defined as the time duration in which relative humidity more than80 % and the 

temperature is higher than the 0
0
C[1]. When the Sri Lankan atmospheric condition 

is considered the relative humidity everywhere in the country is always nearly 80% 
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or more. Therefore, whole exposure time of metals in atmosphere is equal to time of 

wetness. Further, the value of relative humidity determines the amount of moisture 

deposit on the metal surface and it has a significant effect on the corrosion rate. 

Therefore, the authors have decided that it is reasonable to replace TOW by RH in 

the equation no.5 and the constants A and C in equation 5 has been reduced to constant A 

in equation 6 {(A/CD) =A}.Then the modified equation of the proposed corrosion 

model will be as follows; 

 

> = ?�@(ST)X �1 + DE�
F %

G
�1 + 9H

I%
C
�1 + ZG

[ %
\
�J(AKA
)   (25) 

 

Where  : RF is rain fall and K,L are constants.  

(In addition to the constant given in equation 24) 

3.3.2 Calibration of Corrosion Model Structure. 

For the determination of constant of model structure software based mathematical 

iteration method was used. (Refer Appendix .E method for Equation 25) 

In this exercise the iteration involves the fallowing processes. 

1. The systematic substitution of all possible combination of numerical values 

which are within the pre identified range to the model. 

2. Determination of Root Mean Square Error (RMS Error) for each combination 

according to the equation 23 given below. 

3. Select the combination which gives the minimum chi square value and 

meaningful value to the constants as the best combination.  

RMS	Error	 = ∑(abcdebf�acbfcefbdgh)"
aicdebf

    (26) 

Where: 

Ccalculated : Corrosion loss calculated by Proposed equation. for a 

given combination of model constant.  

Cactual :  Corrosion loss from field exposure data. 
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3.3.3 Validation of corrosion model 

The field exposure test of Peradeniya and Colombo were continued for another few 

years to collect required data and  also it was started another two exposure  in 

Puttalum and Nawala .  Then the actual test results collected by exposure test was 

compared by means of percentage with the results calculated by the proposed models 

to find out the prediction capability of models. In this process it was assumed that the 

pattern of variation of atmospheric variables throughout the year is same for all the 

years. Therefore for the calculation of forecasted mass loss the average values of 

atmospheric variables in first year were used. 
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4. Results  

Table 4.1 shows the date of commencement and durations of exposure program in 

different location, the exposure program was continued in all locations for 24 month 

except in Anuradhapura. In Anuradhapura after the completion of 20 month the 

exposure rack has been destroyed by animals due to insufficient security.  Therefore 

this incident is an important factor to be considered when the exposure racks are 

installed.  

 

Table .4.1 Exposure program details (Date of commencement of the exposure) 

Location Exposure date Exposed duration (Months ) 

Urban –ITI (Colombo 7) 

Rural (Wet) -Peradeniya 

Marine -Kolpetty 

Rural (Dry) –Anuradhapura 

Marine -Puttalum  

2011/07/15 

2011/08/25 

2011/10/28 

2012/03/09 

2016/06/26 

24 

24 

24 

20 

04 

 

4.1 Atmospheric data 

The Table 4.2, Table 4.3 and Table 4.4  show   that the variation of relative humidity, 

temperature  and rain fall respectively  in   each location and  the graphical 

representation  of the same data are shown in figure 4.1, figure 4.2, figure 4.3 .  

These data were obtained from the Department of Meteorology (DOM)  Sri Lanka.  

The data measurement location is not the same location that exposure panel was set 

up  but both locations are within  the  same region and assumed  that has similar 

environmental conditions. Initially, it was measured the variation of temperature and 

relative humidity in exposure locations with the aid of a data logger for two month 

and compared with the data obtained from DOM . Then it was found that there is no 

considerable difference between these two values. 
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4.1.1 Variation of  average relative humidity in exposure locations with the 

month  

Table. 4.2: Average relative humidity (%) in testing locations 

 Year  Month Colombo Peradeniya Kollupitiya Anuradhapura 

2011 

July 81.5  -  -  - 
August 81  -  -  - 
September 79 84  -  - 
October 81.5 84  -  - 
November 81.5 86 81.5  - 
December 79 85.5 79  - 

2012 

January 75.5 80.5 75.5  - 
February 78.5 80 78.5  - 
March 78.5 77 78.5 75 
April 83.5 85.5 83.5 80.5 
May 77 78.5 77 76 
June 81.5 79.5 81.5 73.5 
July 80.5 80.5 80.5 74 
August 82.5 81.5 82.5 70.5 
September 83 81 83 72 
October 84 86.5 84 82 
November 82 88.5 82 84.5 
December 82.5 87 82.5 88 

2013 

January 74 83.5 74 84.5 
February 78.5 84 78.5 82.5 
March 80 83.5 80 79.5 
April 79.5 84 79.5 77 
May 83 85 83 79.5 
June 82.5 80 82 75 
July   82.5 82.5 74.5 
August   81 83 72 
September     82 69 
October     83.5 80.5 
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4.1.2 Variation of average temperature in exposure locations with the month  

Table 4.3: Average temperature (0C) in exposure locations 

 Year  Month Colombo Peradeniya Kollupitiya Anuradhapura 

2011 

July 28.2  -  -  - 
August 28.2  -  -  - 
September 28.3 24.8  -  - 
October 28.1 25.6  -  - 
November 27.55 24.7 27.6  - 
December 27.05 23.8 27.1  - 

2012 

January 26.8 23.9 26.8  - 
February 27.55 24.7 27.6  - 
March 28.2 25.8 28.2 29.1 
April 27.9 25.9 27.9 28.9 
May 29.2 26.0 29.2 29.9 
June 28.65 25.7 28.7 30.0 
July 28.55 25.3 28.6 29.9 
August 28.1 25.1 28.1 30.2 
September 28 25.4 28.0 30.3 
October 27.65 25.3 27.7 28.5 
November 27.5 24.7 27.5 27.1 
December 27.3 24.0 27.3 26.0 

2013 

January 27.265 23.1 27.3 25.8 
February 27.685 24.4 27.7 27.0 
March 28.51 26.1 28.5 28.7 
April 29.4 26.8 29.4 30.1 
May 28.97 26.5 29.0 29.6 
June  - 26.0 29.7 27.8 
July  - 25.3 27.2 30.5 
August  -  - 26.2 30.4 
Sept   -  - 26.1 29.7 
October  -  - 26.6 28.9 

 

 

According to the above data it can be observed that comparatively there is no 

considerable variation of temperature and relative humidity in different locations in 

Sri Lanka throughout the year.   
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4.1.3 Variation of average rainfall in exposure locations with the month  

Table 4.4:  Rain fall (mm) in exposure locations 

Year  Month Colombo Peradeniya kollupitiya Anuradhapura 

2011 

July 98.2    
August 148.6    
September 76.2 150.8   
October 242.0 275.1   
November 188.3 102.3 188.3  
December 45.3 77.5 45.3  

2012 

Jan 158.7 40.4 158.7 
Feb 140.1 147.3 140.1 
Mar 122.0 48.7 122.0 75.2 
Apr 532.3 173.1 532.3 145.4 
May 152.0 0.9 152.0 0.2 
Jun 88.6 66.0 88.6 0.0 
Jul 41.1 135.0 41.1 23.9 
Aug 200.3 63.6 200.3 0.0 
Sep 180.0 28.5 180.0 16.2 
Oct 507.3 596.3 507.3 683.9 
Nov 207.4 265.0 207.4 242.1 
Dec 134.8 426.1 134.8 593.7 

2013 

Jan 90.90 298.7 90.91 203.3 
Feb 164.3 91.9 164.3 75.9 
Mar 108.3 71.3 108.3 232.6 
Apr 148.1 178.7 148.1 79.3 
May 404.50 146.7 404.5 57.4 
Jun 349.6 268.1 349.6 0 
July   130.6 100.3 95.3 
aug   91.2 132.5 147.1 
sep     300.5 9.3 
oct     475.3   
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4.1.4 Variation of chloride deposition rate in exposure locations with the month  

Table  4.5: Chloride deposition rate (g/m2.day) in exposure locations 

Year Month Colombo Peradeniya Kollupitiya Anuradhapura 

2011 July 100 * - - 
August 105 * - - 
September 95 * - - 
October 80 * - - 
November 70 * 250 - 
December 75 * 300 - 

2012 January 70 * 350 - 
February 80 * 300 - 
March 65 * 380 * 
April 80 * 270 * 
May 90 * 400 * 
June 110 * 280 * 
July 115 * 250 * 
August 115 * 300 * 
September 100 * 315 * 
October 100 * 275 * 
November 100 * 200 * 
December 80 * 250 * 

2013 January 85 * 250 * 
February 80 * 250 * 
March 85 * 300 * 
April 85 * 375 * 
May 110 * 400 * 
June 100 * 250 * 
July - * 250 * 
August - * 300 * 
Sept - - 375 * 
Oct - - 400 * 
* Below 5 
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4.1.5  Variation of  Sulphur deposition rate in exposure locations with the month 

Table 4.6 Sulphur deposition rate in exposure locations 

Year Month Colombo Peradeniya Kollupitiya Mihinthale 

2011 July 25  - - 
August 20 * - - 
September 30 * - - 
October 22 * - - 
November 11 * 10 - 
December 16 * 15 - 

2012 January 20 * 10 - 
February 18 * 20 - 
March 23 * 9 * 
April 24 * 28 * 
May 25 * 30 * 
June 20 * 14 * 
July 23 * 15 * 
August 21 * 28 * 
September 26 * 33 * 
October 22 * 28 * 
November 14 * 15 * 
December 14 * 17 * 

2013 January 18 * 14 * 
February 16 * 20 * 
March 19 * 14 * 
April 22 * 25 * 
May 22 * 26 * 
June 21 * 13 * 
July - * 14 * 
August - - 26 * 
September - - 30 * 
October - - 19 * 

 

As per the above results (Table: 4.5) it can be observed that relatively high chloride 

deposition rate is present in Kollupitiya which is more closure to the sea 

(approximately 100m). The location named as Colombo which is 1km away from 

coastal line shows relatively low concentration in chloride deposition rate. In the 

other two locations Anuradhapura and Peradeniya it can be observed that there is no 

presence of chloride and these locations are more than 90 km away from coastal line. 

When it is considered, the geographical situation of Sri Lanka it can be observed that 
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there are no chloride emitting sources in mid of the country, therefore it can be 

decide that inside the country are free from chloride or considerably negligible 

amount.  

According to the results shown in table 4.6  it can be observed that there are no 

sulphur deposition can be observed in Anuradhapura and Peradeniya, In the other 

two locations it can  be observed that similar amount of sulphur deposition rate and 

those are comparatively low value. In Sri Lanka there are no highly polluted large 

cities and industrial areas comparative to the other countries, Only few factories are 

located in several places. Most of the factories in these industrial zones  are garment 

industries and there is no highly emission of pollutions  

4.1.6 Corrosion loss in exposure locations (mass loss) 

Table 4.7: corrosion loss (mass loss) data 

 Duration 

(month) 

Corrosion loss/ mass loss  (g/m2) 

Colombo Peradeniya Kollupitiya Anuradhapura 

 

2011 

July- Aug 84.66 - - - 

Sep-Oct 175.32 58.66 - - 

Nov-Dec 210.46 80.23 271.33 - 

 

 

 

2012 

Jan-Feb 288.72 102.45 498.53 - 

Mar-Apr 362.72 121.43 678.32 31.12 

May-jun 426.24 135.43 820.25 64.89 

Jul-Aug 462.26 155.34 898.53 84.16 

Sep-Oct 485.43 182.34 1045.68 110.32 

Nov-Dec 506.24 210.65 1254.26 132.41 

 

 

2013 

Jan-Feb 518.34 246.54 1366.11 154.23 

Mar-Apr 526.32 266.54 1597.34 176.45 

May-Jun 542.36 284.32 1684.56 190.00 

Jul-Aug  - 299.62 1786.50 201.54 

Sep-Oct - - 1832.32 210.68 
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4.2 Data Processing for Corrosion Model 

As per the method described in 2.1.2.6 the average value of exposure data were 

calculated, the table 4.8 shows the summary of calculated data.  
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4.3 Corrosion model: 

The constants of   equation 20 (Model 1) was determined as per the method describe 

in clause 2.5, the obtained values of   constants of model 1 are as follows. 

 

α1 =0.007,  α2=0.0015, α3 =-0.0013,   α4=0.0008, α5=0.0002 

 β1=0.32,  β2=0.015, β3=0.053, β4=0.244 β5=0.054 

 

By substituting above values the equation 26 can be obtained. Therefore when 

climatic data and atmospheric data are available this equation can be used for the 

determination of the corrosion loss in any area of Sri Lanka.  

 

, = (0.32ST + 0.015� + 0.53
�2 + 0.244,- + 0.054SV)�
.

4(�ZCK4.�AK4.U�K
j9HK
�ZG)	(26) 

 

In the same way the constant of corrosion model shown in equation 25 (Model 2) 

was determined and obtained values of   constants of model 2 are as follows. 

 

A=6.82 B= 0.78 D=0.07 E= 93  F=0.31  

G= 158 H= 1.70 J=0.023 K= 150 L= 0.18 To=7.3  

 

By substituting above values the equation 27 can be obtained. Therefore when 

climatic data and atmospheric data are available this equation  also can be used for 

the determination of the corrosion loss in any area of Sri Lanka.  

 

 

k = 6.82t
.�jRH
.
� �1 + DE�
nU %


.U4
�1 + 9H

4�j%
4.�


�1 + ZG
4�
%


.4j
�
.
�U(AK�.U)   (7) 
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4.3.1 Model performance analysis  

The figure 4.6 and 4.7 shows the percentage deviation of calculated corrosion loss 
from actual corrosion loss. This result can be used for the performance evaluation of 
model’s goodness of fit with the data. Therefore these results show that more than 
80% of data are within the ±10% deviation. That means the model’s goodness of fit 
is in reasonably acceptable level or in another word the values obtained for the model 
constant are acceptable by means of goodness of fit. 
 

 

Figure 4.6: Percentage deviation from actual value (Model 1) 

 

Figure 4.7:Percentage deviation from actual value (Model 2) 

 

The figures 4.8 , figure 4.9, figure 4.10 and figure 4.11 shows the graphical 

representation of comparison of actual corrosion loss with forecasted corrosion loss 

calculated by model 1 and model 2 . 
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Figure 4.8 : Comparison of actual mass loss with forecasted mass loss  in Colombo 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 : Comparison of actual mass loss with forecasted mass loss  in 

Anuradhapura 
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Figure 4.10: Comparison of actual mass loss with forecasted mass loss in Kollupitiya 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Comparison of actual mass loss with forecasted mass loss in Peradeniya 
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4.3.2 Model validation 

The table 4.9 shows the mass loss due to corrosion in different locations in Sri Lanka 

and the same determined by the corrosion model 2. 

 

 

According to the results of Colombo, Nawala and Peradeniya, the model shows good 

forecasting capability and the deviation is below the 10 %.  

In the case of Puttalam there is a considerable difference in forecasted value and 

actual value. Possible reason is the range of data used for the calibration does not 

cover the actual environmental condition in Puttalam  (Eg. For chloride deposition 

rate the calibrated data range is 0-316 mg/m2.day but the actual value is  436 

mg/m2.day . In addition to that the location of specimen mounted was closed to the 

sea about 25m from the sea. Therefore, the specimens are directly exposed to the sea 

breeze and this provides excess moisture to the sample that was not represented by 

relative humidity.  These kinds of conditions such as sea breeze are not considered in 

the formation of model and also for the determination of  loss of mass due to 

corrosion  model relative humidity and temperature values were obtained from 

Department of Meteorology Sri Lanka but the actual values are much higher than the 

measured value due to sea breeze  (Eg :  measured value for relative humidity is 82  
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but near to the sea the atmosphere is always saturate with sea water and therefore the 

RH is always near to 100 ). Therefore, in order to obtain more accurate results it is 

required to measure on the spot value of atmospheric variable such as relative 

humidity and temperature instead of use of area data from Meteorological 

Department 

Further the method given in ISO standard [3] for the measurement of chloride 

deposition rate (Wet candle method) is not suitable for the areas where it directly 

exposure to the sea breeze because the candle will be saturated within few days and 

further absorption of chloride will be limited and shows relatively low values.   

 

Relative Importance Analysis’ was conducted for independent variables (i.e. 
atmospheric variables) of the developed model by means of change of corrosion loss 
per unit variation of each atmospheric variable.  The table 4 shows that the 
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percentage relative importance of each variable under selected three different 
atmospheric conditions (1, 2, 3). For the convenience of comparison, the 
environmental conditions were selected so that chloride deposition rate was varied 
when other environmental conditions remain unchanged. According to the results 
given in table 4 it was observed that the contribution of each variable to total 
corrosion loss depends on the atmospheric condition and in this case temperature is 
the most important factor that determines the corrosion loss while rain fall is the least 
important factor. 
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5. Conclusions  

1. Development of many corrosion models has been reported in all over the world. 

Due to high diversity of environmental condition from place to place even in the 

local area of same country, It is difficult to obtain a universal corrosion model with 

acceptable accuracy because when the environmental conditions are more diverse 

level of accuracy of models output becomes low. Therefore Most of these models 

show good performance only within the predefined conditions. 

2. When it is consider the Sri Lankan atmospheric condition, it was observed 

environmental condition throughout the country varies in a similar pattern   

therefore; it is possible to develop a one corrosion model for Sri Lanka with 

considerable accuracy. 

3.  The corrosion rate of metal is mainly depends on its environment and the long 

term corrosion loss follow the parabolic equation. It means that the initial corrosion 

rate is higher than the long term corrosion rate and the corrosion rate is decreased 

with the time mainly due to corrosion product deposited on the metal surface and act 

as a barrier to further contact of base metal with environment. 

4. For mild steel it was observed there is a considerable difference in  mass loss due 

to corrosion under different atmospheric conditions in Sri Lanka, Therefore, it was 

possible to develop a relation between corrosion of mild steel and atmospheric 

variables. The developed corrosion model shows good performance in prediction of 

corrosion. 

5. In practice, development of a `corrosion map'  is a massive and costly exercise 

therefore it has to be an all-country effort with field stations throughout the country 

in all major cities and industrial areas. But in case of Sri Lanka there are no highly 

polluted large cities and industrial areas comparative to other countries, only few 

factories are located in several places and the geographical area is very small. 

Therefore, it would not be a difficult task to develop a corrosion map with the model 

developed in this research work. 
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6. The advantage of this model is that to develop a corrosion map for Sri Lanka it is 

not necessary to place (Expose ) Samples in all over Sri Lanka to measure the mass 

loss. According to this model if the environmental data are available in a particular 

location then it is possible to calculate the mass loss in that particular location. 

However further work is necessary to be done to fine tune the constants of the model 

by placing more samples in selected location in Sri Lanka 

 

7. Stainless steel grade 304 and 316 do not show considerable mass loss under the 

selected atmospheric conditions and there is no detectable differences under different 

atmospheric condition therefore it is not possible to determine mass loss due to 

corrosion of stainless steel (304, 316) as a function of atmospheric variables. 
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Appendix E 

Macro Program Used to find out the best fit value of Constants 

Sub looping() 
Cells(1, 10) = 1 
Cells(4, 10) =1 
Cells(1, 11) = .1 
Cells(4, 11) = 0.1 
Cells(1, 12) = 1 
Cells(4, 12) = 1 
Cells(1, 13) = 0.1 
Cells(4, 13) = 0.1 
Cells(4, 14) = 1 
Cells(4, 14) = 1 
Cells(4, 15) =.1 
Cells(4, 15) = .1 
Cells(4, 16) = 1 
Cells(4, 16) = 1 
Cells(4, 17) = .1 
Cells(4, 17) = .1 
Cells(1, 18) = 0.001 
Cells(4, 18) = 0.001 
Cells(1, 19) = 1 
Cells(4, 19) = 1 
Cells(1, 26) = 1 
Cells(4, 26) = 1 
Cells(1, 27) = .1 
Cells(4, 27) = .1 
Cells(3, 24) = 1000 
For p = 1 To 1000 Step 1 
For a = -0.1 To 0.1 Step 0.1 
Cells(4, 10) = Cells(4, 10) + a 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 10) = Cells(4, 10) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 10) = Cells(4, 10) - a 
Next a 
Cells(4, 10) = Cells(1, 10) 
 
For b = -0.1 To 0.1 Step 0.1 
Cells(4, 11) = Cells(4, 11) + b 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 11) = Cells(4, 11) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 11) = Cells(4, 11) - b 
Next b 
Cells(4, 11) = Cells(1, 11) 
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Appendix E 

For c = -0.1 To 0.1 Step 0.1 
Cells(4, 12) = Cells(4, 12) + c 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 12) = Cells(4, 12) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 12) = Cells(4, 12) - c 
Next c 
Cells(4, 12) = Cells(1, 12) 
 
For d = -0.1 To 0.1 Step 0.1 
Cells(4, 13) = Cells(4, 13) + d 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 13) = Cells(4, 13) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 13) = Cells(4, 13) - d 
Next d 
Cells(4, 13) = Cells(1, 13) 
 
For e = -5 To 5 Step 5 
Cells(4, 14) = Cells(4, 14) + e 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 14) = Cells(4, 14) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 14) = Cells(4, 14) - e 
Next e 
Cells(4, 14) = Cells(1, 14) 
 
For f = -0.1 To 0.1 Step 0.1 
Cells(4, 15) = Cells(4, 15) + f 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 15) = Cells(4, 15) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 15) = Cells(4, 15) - f 
Next f 
Cells(4, 15) = Cells(1, 15) 
 
For g = -05 To 5 Step 5 
Cells(4, 16) = Cells(4, 16) + g 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 16) = Cells(4, 16) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 16) = Cells(4, 16) - g 
Next g 
Cells(4, 16) = Cells(1, 16) 
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For h = -0.1 To 0.1 Step 0.1 
Cells(4, 17) = Cells(4, 17) + h 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 17) = Cells(4, 17) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 17) = Cells(4, 17) - h 
Next h 
Cells(4, 17) = Cells(1, 17) 
 
 
 
For j = -0.1 To 0.1 Step 0.1 
Cells(4, 18) = Cells(4, 18) + j 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 18) = Cells(4, 18) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 18) = Cells(4, 18) - j 
Next j 
Cells(4, 18) = Cells(1, 18) 
 
For t = -0.1 To 0.1 Step 0.1 
Cells(4, 19) = Cells(4, 19) + t 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 19) = Cells(4, 19) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 19) = Cells(4, 19) - t 
Next t 
Cells(4, 19) = Cells(1, 19) 
 
For k = -5 To 5 Step 05 
Cells(4, 26) = Cells(4, 26) + k 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 26) = Cells(4, 26) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 26) = Cells(4, 26) - k 
Next k 
Cells(4, 26) = Cells(1, 26) 
 
 
For l = -0.1 To 0.1 Step 0.1 
Cells(4, 27) = Cells(4, 27) + l 
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 27) = Cells(4, 27) 
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24) 
Cells(4, 27) = Cells(4, 27) - l 
Next l 
Cells(4, 27) = Cells(1, 27) 
 
Next p 
End Sub 


