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Abstract: Comparative effect of temperature and relative humidity data at five places 

along Indian coasts on corrosion initiation time of steel reinforcement in concrete 

members subjected to chloride ingress is investigated. Corrosion initiation time at all the  

places is predicted by considering respective temperature and relative humidity data and 

assuming same values of all other parameters. A large variation is found in corrosion 

initiation time which showed necessity to consider the temperature and relative humidity 

data in a region. Corrosion initiation time is useful for owner, designer, or to an 

organization to take decision in time of priority of repairs, repair strategy, corrosion 

protection. Cover required for 50 years time to initiate corrosion is also determined and 

presented. Similar approach can be applied to design a new structure for expected time to 

initiate corrosion. 

Keywords: Corrosion, concrete, chloride ingress, diffusion, temperature, relative 

humidity. 

1. Introduction 

Reinforced concrete (RC) structures are most widely used across the world. These 

structures deteriorate with time in corrosive environment naturally affecting aesthetic, 

functional and structural aspects in service. The rate of deterioration depends on factors 

such as planning, design, construction, operation/use, and maintenance. Degradation of 

concrete is related to its durability aspect and of reinforcing steel to its corrosion. The 

corrosion of the steel reinforcement leads to concrete fracture through cracking, 

delamination and spalling of concrete cover, reduction of concrete and reinforcement cross 

sections, loss of bond between the steel reinforcement and concrete, and reduction in 

strength and ductility, which leads to irrecoverable losses and collapse of structures. 

Hence, the safety and serviceability of concrete structures in service needs to be 

considered.  

Carbonation, sulfate and chloride attack, and steel corrosion may cause the degradation of 

reinforced concrete members. The chloride-induced (penetration of chloride ions in to 

concrete) corrosion of the steel reinforcement is identified as one of the main cause of 

deterioration of different concrete structures (e.g. bridges, off-shore structures and parking 

garages). The sources of chlorides are the seawater, deicing salts
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and air in marine environment.  Reinforcement corrosion starts (in presence of moisture 

and oxygen) once the concentration of chloride ions at the reinforcing steel surface 

exceeds a threshold value (critical chloride content).  

Most corrosion initiation models are based on assumption of a Fickian process of 

diffusion for predicating the time and space variations of chloride content in concrete and 

on the concept of chloride threshold to define corrosion resistance of reinforcing steel to 

chloride attack. Chloride diffusion coefficient in concrete mainly depends on water-cement 

ratio of concrete. It decreases with age (t) and gets affected by temperature (T) and relative 

humidity (h) and hence requires to be modified (by applying correction). Temperature and 

relative humidity variation causes corrosion initiation time estimates to differ, which 

affects the validity of the choice and project scheduling of maintenance, repair, and 

rehabilitation alternatives. Life-365 [1] considers fully saturated condition of concrete and 

thus underestimates the corrosion initiation time of a reinforced concrete member. 

In this paper, comparative effects of temperature and relative humidity data at five 

places along Indian coasts on corrosion initiation time of steel reinforcement in concrete 

members subjected to chloride ingress is investigated. Temperature and relative humidity 

data collected by India Metrological department is used. Previously proposed diffusion 

based chloride ingress model for constant surface chloride concentration and variable 

diffusion coefficient is used. Corrosion is initiated when the chloride concentration on 

steel reinforcement exceeds a threshold value. The various input parameters considered in 

the model are surface chloride concentration (Cs), chloride threshold value (Cth), Concrete 

cover (X), reference diffusion coefficient (Dref), age (t), reference age (tref), diffusion decay 

index (m) and monthly temperature and relative humidity correction factors (f2(T) and f3(h) 

respectively) to reference diffusion coefficient. Cover required for 50 years time to initiate 

corrosion is also determined and presented.  

2. Corrosion of Steel in Concrete 

The corrosion process that takes place in concrete is electrochemical in nature. Corrosion 

will result in flow of electrons between anodic (where corrosion occurs and current flows 

from) and cathodic regions (where no corrosion occurs and current flows to) on the steel 

reinforcement. Concrete is capable of conducting electric current by ionic current flow and 

act as electrolyte. Connection between the anode and cathode allows current return and 

completes the circuit. Reinforcing steel in concrete normally does not corrode because of 

the formation of a passive oxide film on the surface of the steel due to the initial corrosion 

reaction. The hydration process of cement in freshly poured concrete develops a high 

alkalinity, which in the presence of oxygen stabilizes the film on the surface of embedded 

steel, ensuring continued protection while the alkalinity is retained. Normally, concrete 

exhibits a pH value above 12 because of the presence of calcium hydroxide, potassium 

hydroxide, and sodium.  Although the precise nature of this passive film is unknown, it 

isolates the steel from the environment and slows further corrosion as long as the film is 

intact. However Carbonation, sulfate and chloride attack are major situations in which 

corrosion of reinforcing steel can occur. The levels of chloride required to initiate 

corrosion are extremely low. 
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3. Diffusion-Based Corrosion Initiation Model 

3.1 Chloride ingress into concrete members 

Chloride diffusion is a transfer of mass by random motion of free chloride ions in the pore 

solution from regions of higher to regions of lower concentration. The rate of chloride 

ingress is proportional to the concentration gradient and diffusion coefficient of concrete. 

As in actual (in concrete), the chloride ingress occurs under transient conditions, Fick’s 

second law is used to predict the time variation of chloride concentration for one-

dimensional flow in a semi-infinite solid. The law is expressed by (1),  

( ),
.            

C x t C
D

t x x

∂ ∂ ∂ 
=  ∂ ∂ ∂ 

                                          (1) 

 Under the assumption of a constant diffusion coefficient D; constant surface chloride 

concentration Cs as boundary condition, and the initial condition as chloride concentration 

C = 0 for depth from concrete surface x > 0, at time of exposure t = 0, Crank’s solution of 

(1), for chloride concentration at depth x after time t, C(x, t) is given by (2), in which, erf 

is the error function.                                                                                    
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To account for variation of reference diffusion coefficient due to continued curing 

conditions, temperature and relative humidity (3) is used to calculate chloride 

concentration at depth x from the concrete surface. In Equation (3) an average month of 

30.417 days and age of concrete at the first exposure as 28 days (as tref = 28 days) is 

assumed. Corrosion initiation time for the RC member will occur when the chloride 

concentration at concrete cover depth (X) reaches a threshold value (Cth) i.e. when the 

C(X, t) = Cth.. The chloride accumulation in a particular month dC(X,t) is the difference of 

chloride accumulation calculated up to age in days at end and start of that month using Deff  

at the age at end of  that month. The age at which the sum of dC(X, t) reaches a threshold 

value that age corresponds to corrosion initiation time. The age of RC member of i months 

(i.e. i = one, two, three, etc.) is converted to number of days (number of days = i * 30 

417). C(X, t) at the end of i
th 

month (i > one) is calculated by using  (3) [2].  
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Deff,i is the effective diffusion coefficient at the end of i
th

 month. Chloride 

accumulation at the age of one month i.e. 30.417 days is calculated by (4) 

(2) 

(3) 
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3.1.1 Diffusion coefficient (D)  

Diffusion coefficient is a material property and is a function of several factors, e.g. 

concrete porosity, mix-proportions, exposure time, exposure temperature and relative 

humidity. Concrete porosity is a direct function of water-cement (w/c) ratio and when ratio 

increases the diffusion characteristics increases more than proportionally. Life-365 [1] 

suggests the relationship between diffusion coefficients of concrete exposed to chlorides at 

tref = 28 days (Dref = D28) and w/c for Ordinary Portland cement (OPC) concretes (without 

mineral admixtures) at 20°C and full saturation condition, as given by (5) in  m
2
/s. With 

addition of mineral admixtures generally diffusion is smaller than OPC concretes. 

( )( )12.06 2.4 /

28 10
w c

refD D
− +

= =  

3.1.2 Diffusion decay index (m) 

As concrete matures, additional hydration occurs depending on the continued curing 

conditions, which serve to reduce the diffusion coefficient. This time-dependent changes is 

modeled by (6) [[1, 3, 4] in which, D(t) is the diffusion coefficient at time t, Dref is the 

diffusion coefficient at some reference time tref,, m is a variable (dimensionless) depending 

on continued curing conditions to describe the rate of change of the diffusion. 
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Equation (6) gives the diffusion coefficient at time t; the average diffusion coefficient 

over a period (t – tref) can be obtained by using (7) [4]. 

( ) ( )( )
( ) ( )

( )

11

. .   =   . ,                   m 0, 1
1

mm

ref
m

AVG ref ref ref

ref

t t

D D t D f t
m t t

−−
−

= ≠
− −

 

3.1.3 Exposure temperature (T) 

It changes with the geographical location and causes the temperature-dependent changes in 

diffusion.  Life-365 [1] suggests (8) to determine diffusion coefficient D(T) at absolute 

temperature T (in Kelvin), in which, U is the activation energy of diffusion process 

(35000J/mol); R is the gas constant (8.314 J/mol.K) [5] and Tref is reference temperature 

293 K (20°C).   

( ) ( )
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To determine the effective diffusion coefficient for a fully saturated concrete at any time t 

and temperature T i.e. D(t, T), (9) can be used. 

( ) ( )( , ) . .refD t T D f t f T=  
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(9) 

(4) 
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3.1.4 Relative humidity (h) 

It changes with the geographical location and causes the saturation dependent changes in 

diffusion.  The ion diffusion is a humid process, which occurs only if water is present in 

the pores. In saturated conditions, ions can diffuse through the continuously water-filled 

channels; when the water content decreases, the diffusion process is hindered by the 

decrease of the number of porous channels, which have a continuity of pore solution, and 

because of the strong rise of the interaction forces between cement paste and ions due to 

decrease of thickness of adsorbed water layers. Therefore, to account for the effect of 

relative humidity on the chloride diffusion coefficient (10) is used [6, 7] in which D(h) is 

the diffusion coefficient at relative humidity h, and hc is critical humidity level at which 

the diffusion coefficient drops halfway between its maximum and minimum values.   

 ( ) ( )

1
4

1
1 .

1
ref ref

c

h
D h D D f h

h

−
  − = + = 

−   

 

3.1.5 Effective chloride diffusion coefficient (Deff)  

The Dref was evaluated in standard conditions of temperature 20°C [1], relative humidity 

(h = 100%) and cement hydration degree after 28 maturation days in standard condition. 

This reference value was then corrected to obtain the effective diffusion coefficient of 

chloride ions in concrete by using (11), in which f(t), f(T) and f(h) are the correction 

factors to the reference diffusion coefficient on account of continued curing condition, 

exposure temperature and relative humidity as defined in (7), (8) and (10).  

( ) ( ) ( )( , , ) . . .eff refD D t T h D f t f T f h= =  

3.2 Corrosion of Reinforcing Steel 

The corrosion initiation stage corresponds to the process of chloride transport onto a 

reinforcing steel surface, while the steel remains passivated. The onset of corrosion of the 

reinforcing steel is assumed to start when the concentration of chlorides at the level of 

steel has reached the chloride threshold level (Cth). Therefore the duration of the corrosion 

initiation stage is from time zero to the onset of corrosion. 

4. Calculation of Corrosion Initiation Time 

Data and input parameters:  

Surface chloride concentration Cs = 0.5% chloride of concrete mass, Chloride threshold 

Cth = 0.037% chloride of concrete mass, Concrete cover depth X = 50mm, Water-cement 

ratio of concrete = 0.5, Diffusion decay index m = 0.735, Monthly mean temperature (T) 

of monthly mean maximum and monthly mean minimum temperature is as given in   Table 

1, and Monthly mean relative humidity at 8.30 IST (h1) and at 17.30 IST (h2) is as given in 

Table 2. The alphabets A, B, C, D and E corresponds to different places in India 

respectively Colaba, Kanyakumari, Santacruz, Chennai and Vishakhapatnam. 

 

 

 

 

(10) 

(11) 
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Table 1: Monthly mean temperature (T) 

 

Month A B C D E 

January 24.73 27.45 24.04 25.6 23.65 

February 25.06 28.15 24.65 27 26.50 

March 26.96 28.65 26.92 28.2 28.55 

April 28.74 29.75 28.58 31.4 31.80 

May 30.31 29.8 30.07 33.1 33.10 

June 29.26 27.3 29.28 31.6 31.25 

July 27.77 27.15 27.84 30.1 30.10 

August 27.38 26.6 27.44 29.6 29.55 

September 27.75 27.3 27.64 29.9 30.10 

October 28.85 27.45 28.59 28.2 29.45 

November 28.31 27.65 27.47 27 26.85 

December 26.43 27.35 25.41 25.2 23.10 

Mean 27.63 27.88 27.33 28.91 28.67 
 

                       

Table 2: Monthly mean percentage relative humidity h1  at 8.30 IST and h2  at 17.30 IST  

 

A B C D E Month 

 h1 h2 h1 h2 h1 h2 h1 h2 h1 h2 

January 77.1 61.9 70 64 68.2 49.4 85 65 76 59 

February 75.0 60.7 71 68 65.6 47.3 83 70 76 68 

March 76.4 62.2 68 67 66.8 50.9 80 64 70 59 

April 76.2 66.3 70 71 68.8 59.6 74 67 64 66 

May 74.9 67.5 69 77 69.3 65.0 60 62 63 60 

June 83.1 77.1 80 79 79.7 74.6 60 58 74 68 

July 88.0 83.8 80 80 85.6 78.7 69 62 73 69 

August 88.3 83.0 82 79 86.3 81.1 71 64 77 72 

September 87.7 79.4 77 78 84.8 76.2 77 72 76 71 

October 84.2 72.9 74 79 74.3 64.6 81 72 69 63 

November 77.5 66.3 72 72 62.2 54.6 82 73 64 56 

December 75.9 63.3 64 64 62.6 51.5 82 65 67 67 

Using (5), Dref  = 1.193 mm
2
/day.  

The monthly correction factors f(T) to reference diffusion coefficient corresponding to 

temperature data in Table 1 are determined as defined in (8) and tabulated in Table 3. The 

monthly correction factors f(h1) and f(h2) to reference diffusion coefficient corresponding 

to relative humidity data at 8.30 IST and 17.30 IST in Table 2 are determined as defined 

in (10). The monthly mean correction factors due to relative humidity to reference 

diffusion coefficient f(h) is determined by taking mean of  f(h1) and f(h2) and tabulated in 

Table 3. 
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Table 3: Monthly temperature correction factor f(T) and monthly relative humidity correction factor  

f(h)  to reference diffusion coefficient (Dref) 

A B C D E 
Month 

f(T) f(h) f(T) f(h) f(T) f(h) f(T) f(h) f(T) f(h) 

January 1.26 0.37 1.43 0.26 1.22 0.166 1.31 0.57 1.19 0.41 

February 1.28 0.32 1.48 0.31 1.25 0.133 1.40 0.45 1.37 0.22 

March 1.40 0.36 1.51 0.26 1.39 0.154 1.48 0.35 1.50 0.21 

April 1.52 0.39 1.59 0.34 1.50 0.210 1.71 0.15 1.74 0.15 

May 1.63 0.38 1.59 0.44 1.61 0.256 1.85 0.12 1.85 0.37 

June 1.55 0.71 1.42 0.69 1.55 0.591 1.73 0.23 1.70 0.36 

July 1.45 0.90 1.41 0.71 1.45 0.778 1.61 0.27 1.61 0.49 

August 1.42 0.89 1.37 0.73 1.43 0.835 1.58 0.49 1.57 0.45 

September 1.45 0.81 1.42 0.60 1.44 0.715 1.60 0.57 1.61 0.23 

October 1.52 0.64 1.43 0.56 1.51 0.336 1.48 0.61 1.57 0.14 

November 1.49 0.42 1.44 0.39 1.43 0.122 1.40 0.50 1.39 0.25 

December 1.36 0.36 1.42 0.19 1.30 0.116 1.28 0.37 1.16 0.28 

Mean 1.44 0.55 1.46 0.46 1.42 0.37 1.54 0.39 1.52 0.30 

The analysis for corrosion initiation time is done using spread sheets by assuming the 

age of the RC member from first January and age of the concrete at the first exposure of 

28 days (as tref = 28 days) for the given data by using (3) and (4). The corrosion initiation 

time predicted is 8.58, 13.5, 15.58, 18.58 and 36.5 years respectively at Colaba, 

Kanyakumari, Santacruz, Chennai and Vishakhapatnam. 

5. Cover required for expected corrosion initiation time 

The cover required for a RC member to initiate corrosion after 50 years is determined for 

the same above data setting C(X, t = 50years) = Cth = 0.037, using spread sheets. The 

cover required is 70.4, 64, 62.5, 59.9 and 53mm respectively at Colaba, Kanyakumari, 

Santacruz, Chennai and Vishakhapatnam. 

6. Conclusion 

Diffusion process that takes place in concrete is a function of several factors, i.e. concrete 

porosity, mix-proportions, exposure time (to account for continued curing conditions) and 

is affected by temperature and relative humidity in the region. Continued curing conditions 

(i.e. diffusion decay constant m) are assumed same at all the places but in actual it may 

vary and to account its’ effect actual determination is necessary. The mean temperature 

along Indian coasts ranges between 27°C to 29°C. The temperature correction factor to the 

reference diffusion coefficient is in the range 1.42 to 1.54 whereas a wide range of 0.33 to 

0.55 is observed for the mean relative humidity correction factor. For the data considered 

the range of corrosion initiation time predicted is 8.58 to 36.5 years and in ascending order 

is found at places Colaba, Kanyakumari, Santacruz, Chennai and Vishakhapatnam. 

Therefore it is necessary to consider the variation of diffusion coefficient on account of 

relative humidity (partial saturation condition) in the analysis of corrosion initiation time 

even all other parameters are same. Life-365 considers full saturation condition of 

concrete and where partial saturation condition exists it underestimates the corrosion 

initiation time, hence the program can not be generalized.  Cover required for a RC 

member to initiate corrosion after 50 years for the same data is found to be 70.4, 64, 62.5, 
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59.9 and 53 mm respectively at Colaba, Kanyakumari, Santacruz, Chennai and 

Vishakhapatnam. 
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