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Abstract: The following work consists of the analysis of a beam designed only for numerical simulation purposes. The 

main goal of the dissertation is the evaluation of the nonlinear behavior of deteriorated reinforced concrete beams due 

to corrosion. The analysis is based on the finite element method, adopting an incremental approach. Both the corrosion 

and the bond-slip models were adopted from literature. The beam was subjected to load carrying capacity evaluation 

tests in three distinct stages: first of all, the beam is loaded under a uniformly distributed load until it reaches a value 

corresponding to the service load (approximately 60% of the ultimate load); then the steel reinforcement is subjected to 

a temperature variation depending on the location of the damage to be imposed in order to simulate the corrosion effect; 

finally, the value of the uniformly distributed load increases until yielding of the steel is reached. Different tests were 

carried out according to the corrosion level and location of damage.  The results presented in this work are: i) the 

load- displacement diagrams obtained at mid-span; and ii) the tensile stress diagrams displayed by the steel 

reinforcement for each loading stage. 
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1- Introduction & Theoretical concepts 

Nowadays, the rehabilitation of existing structures 

represents one of the main activities in civil engineering 

due to the existence of numerous examples of 

deteriorated structures. One of the main causes to this 

problem is the steel reinforcement corrosion. The 

corrosion is an electrochemical process, characterised 

by chemical reactions and electrical currents. It involves 

4 interveners (as represented in Figure 1), which are: 

the anode (steel after depassivation); the cathode (steel 

with access to oxygen); the electric conductor (steel 

reinforcement); and the electrolyte (concrete). 

 
Figure 1- Corrosion process interveners [1] 

After the depassivation of the steel reinforcement, the 

following chemical reactions will occur, which represent 

the steel dissolution: 

 𝐹𝑒 → 𝐹𝑒2+ + 2𝑒− (1) 

 
1
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𝑂2 + 𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− (2) 

 𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2 (3) 

Besides the above reactions, others will take place in 

the anode, responsible for the corrosion products 

formation, represented in equations (4) to (7); these 

products are associated with a large volume increase 

(the steel can expand between 2 to 6 times the original 

volume [2] [3]) which can result in cracking and 

delamination of the concrete cover. 

 𝐹𝑒 + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻+ + 3𝑒− (4) 

 3𝐹𝑒 + 4𝐻2𝑂 → 𝐹𝑒3𝑂4 + 8𝐻+ + 8𝑒− (5) 

 𝐹𝑒 + 2𝐻2𝑂 → 𝐹𝑒𝑂(𝑂𝐻−) + 3𝐻+ + 3𝑒− (6) 

 𝐹𝑒𝑂(𝑂𝐻−) + 𝑂2 → 𝐹𝑒3𝑂4 𝑜𝑢 𝐹𝑒(𝑂𝐻)2 (7) 

The corrosion process can also reduce the steel and 

concrete cross-section, the steel ductility (changing the 

structural ductile behaviour to brittle behaviour) and the 

concrete’s confinement level conferred to the 
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steel  [1] [4] [5], as well as affect the behaviour of the 

bond between steel and concrete [6]. 

In the field of rehabilitation, structural interventions have 

gained considerable importance. Since an operation of 

this type requires the prior study of the load carrying 

capacity of structural elements affected by corrosion, it 

is necessary to carry out analyses related to this kind of 

evaluation. The progress shown by the fracture 

mechanics field and the finite element method (FEM) 

allows more accurate analyses, especially in cases of 

cracking evolution evaluation [7] [8]. In the particular 

case of the concrete material, it displays relevant 

nonlinearities besides cracking, such as concrete 

crushing, bond-slip between concrete and 

reinforcement and also plastic behaviour of steel 

reinforcement [9]. Hence, only a nonlinear analysis can 

successfully analyse the propagation of 

corrosion- induced cracks and their influence on the 

behaviour of a structural element, such as the beam. 

One of the main aims of this paper is to analyse the 

behaviour of a reinforced concrete (RC) beam with 

corrosion-induced damage, using a program based on 

the FEM. 

2- Case study 

2.1- Description 

The beam subjected to analysis in this work is a simply 

supported RC beam (Figure 2), with a 2,0 m span and 

a rectangular cross-section, with a 0,1 m width and a 

0,2 m height. Three steel bars of 10 mm diameter 

(310), which are hooked at the ends of the beams, 

were used as the tensile reinforcement and 6 mm steel 

bars were used as stirrups, spaced at 100 mm within 

the entire span of the beam (EST6//0,10). 

 
Figure 2- Case study model 

The beam’s materials used are a concrete C30/37 and 

a steel S400, whose main properties are displayed in 

Table 1.  

Table 1- Material properties 

MATERIAL E [MPa]  ºC-1 fc [MPa] ft [MPa] 

CONCRETE 32000 0,2 0,00001 30 3 

STEEL 200000 0 0,00001 400 400 

 

In the table above, E is the elasticity modulus,  is the 

Poisson coefficient,  is the thermal expansion 

coefficient and fc and ft represent the compressive and 

tensile strengths, respectively. 

For analysis purposes, a FE model (Figure 4) was 

adopted simplified by symmetry (Figure 3). The finite 

elements can be classified as bulk elements or interface 

elements. 

 

Figure 3- Simplified model by symmetry 

 
Figure 4- Finite element mesh 

In Figure 4, a prescribed path was created for 6 cracks, 

using interface elements: five transverse cracks 

(𝑥 =  500, 650, 800, 900, 1000 𝑚𝑚) and one 

longitudinal crack at 𝑦 = 30 𝑚𝑚, coinciding with the 

central axis of the steel bars. Interface elements are 

also used for the description of the steel-to-concrete 

bond.  

2.2- Loading stages 

The analysis is divided into three distinct stages: firstly, 

the beam is loaded under a uniformly distributed load 

until a value corresponding to the service load (which is 

approximately 60% of the ultimate load); then, a 

temperature variation is imposed in the steel 

reinforcement to simulate the effects of corrosion’s 

expansion reactions; lastly, the value of the distributed 

load is increased until reaching yielding of the steel. In 

Table 2, the summary of the three loading stages is 

displayed. 
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Table 2- The three loading stages 

Loading stage Description 

1st Until service load 

2nd Corrosion 

3rd Load increase 

 

In the ultimate limit state, the beam is designed to resist 

a 24 kN/m load, according to the following calculations: 

 𝐴𝑠(3𝜙10) = 3 × (𝜋
𝜙2

4
) = 2,36 𝑐𝑚2 (8) 

 𝜔 =
𝐴𝑠

𝑏 × 𝑑
×

𝑓𝑦𝑑

𝑓𝑐𝑑

= 0,2414 (9) 

 𝜇 ≈ 𝜔(1 − 0,588𝜔) = 0,2072 (10) 

 𝑀𝑅𝑑 = 𝜇 × 𝑏 × 𝑑2 × 𝑓𝑐𝑑 = 11,97 𝑘𝑁𝑚 (11) 

 𝑝𝑅𝑑 =
8 × 𝑀𝑅𝑑

𝐿2
= 23,95 𝑘𝑁/𝑚 (12) 

where: As is the steel cross-section area;  is the 

reinforcement’s mechanical percentage;  is the steel 

bar diameter; b is the concrete cross-section width; 

d(≈  0,17 𝑚) is the distance from the extreme 

compressive fiber to the centroid of the tensile 

reinforcement; fyd (=348 MPa) is the design tensile 

strength for the steel S400; fcd (=20 MPa) is the design 

compressive strength for the concrete C30/37;   is the 

reduced bending moment; MRd is the design resistant 

bending moment; and pRd is the design ultimate load, 

corresponding to a service load (pser) equal to 

14,4 kN/m. 

3- Methods 

3.1- The program 

For this paper, a non-commercial program was used, 

developed in the Instituto Superior Técnico for 

investigation purposes. The program enables fracture 

modelling based on the discrete crack approach, using 

interface elements or embedded discontinuities [10] [11] 

[12] [13] as well as iterative and non-iterative methods 

[9] [14] [15] [16] [17]. 

As previously mentioned, it is based in the finite element 

method using bulk and interface elements. The former 

are 4 node bilinear isoparametric elements and the 

latter are 4 node linear elements. 

3.2- The corrosion model 

The adopted corrosion model is proposed by 

Fang et al.  [18], which will enable to calculate the 

temperature variation values corresponding to the 

corrosion level () to be imposed in the steel 

reinforcement. The latter can be determined by the 

following equation [6]: 

 𝜂 =
𝐴0−𝐴

𝐴0
× 100  (13) 

where A0 is the steel cross-section area before 

corrosion and A is the steel cross-section area after 

corrosion. 

Figure 5 shows the physical interpretation of the 

variables in this corrosion model [18]: 

 

Figure 5- Corrosion model [18] 

The variables are: 𝐱, which is the corrosion penetration; 

a that represents the free increase of the radius (r) due 

to corrosion products’ formation; and uncor, the real 

increase of r, which will be less than a due to the 

pressure from the concrete. There is another variable, 

which is not represented in Figure 5, that represents the 

relation between the rust and the uncorroded steel 

volumes (𝐯); it is known to vary depending on the 

corrosion products produced. It is assumed a value of 2, 

since it was considered this value in other related 

papers [19] [20] [21]. From these variables, it is possible 

to calculate the temperature variation (T): 

 𝑎 = −𝑟 + √𝑟2 + (v − 1) × (2. 𝑟. x − x2) (14) 

 𝑟𝑓 = 𝑟 + 𝑎 (15) 

 𝜀 =
𝑟𝑓 − 𝑟

𝑟
= 𝛼 × ∆𝑇 

(16) 

 

where rf is the final radius of the reinforcement bar, 

considering the expansion of the corrosion products,  

is the deformation and the other variables are previously 

mentioned. 

Considering a 10% and 20% as corrosion levels, the 

corresponding values of temperature variation are, 

respectively, 4888ºC and 9547ºC (Table 3). 
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Table 3- Corresponding temperature variation to different 
corrosion levels 

 x [mm] a [mm] rf [mm]  T [C] 

0 0 0 5 0 0 

10 0,257 0,244 5,24 0,049 4888 

20 0,528 0,477 5,48 0,095 9547 

 
The considered values for modelling the corrosion level 

will be 4500ºC and 9500ºC for =10% and=20%, 

respectively. 

3.3- The bond-slip model 

According to Fang et al. [18], bond is the interaction 

between reinforcing steel and the surrounding concrete. 

This interaction involves three different mechanisms [6]: 

friction, adhesion and mechanical interlock. The first 

mechanism is related to the friction coefficient and the 

normal pressure: the corrosion products softens the 

contact surface between the steel and the concrete, 

reducing the friction coefficient [22]; however, for 

reduced corrosion levels, the expansion reactions due 

to corrosion will increase the normal pressure at the 

interface before significant cracking, thus increasing the 

bond resistance [23] [24] [25]. As shown in equations 

(4) to (7), the corrosion transforms the iron into iron 

oxide, which is a weak material from a point of view of 

adherence. Therefore, an increase of corrosion level will 

lead to a reduction of bond by adhesion. The 

mechanical interlock is exclusively related to bars with 

ribs: the corrosion-induced expansion reactions lead to 

micro-cracking in the surrounding concrete, resulting in 

the reduction of mechanical interlocking forces, since 

this third mechanism is directly related to the concrete 

strength. 

The loss of bond can represent a much more critical 

situation than loss of steel cross-section, especially for 

an unconfined specimen [26]. Taking this into account, 

it is necessary to define the degradation of bond due to 

corrosion through the bond-slip defined by Jiang 

et  al.  [6]. This model is based in the work of Wu & 

Zhao [27], which incorporates most of the relevant 

factors, such as concrete cover confinement, transverse 

confinement and concrete strength and, is applicable in 

numerical simulations. The equations (17) to (23) 

represent the bond-slip model used in this paper: 

 (√𝑓𝑐)𝜂 = √𝑓𝑐 × [0,5 + 0,5 × cos(𝜂0,514 × 𝜋)] (17) 

 (𝐾𝑐𝑜)𝜂 =
𝑐

𝑑𝑏

×
1 − 𝜂

1 − 27,027 × 𝜂 + 1099,275 × 𝜂2
 (18) 

 𝐾𝑠𝑡 =
𝐴𝑠𝑡

𝑛 × 𝑆𝑠𝑡 × 𝑑𝑏

 (19) 

 
(𝜏𝑚𝑎𝑥)𝜂

(√𝑓𝑐)𝜂
=

2,5

1+3,1×𝑒−0,47×[(𝐾𝑐𝑜)𝜂+33.𝐾𝑠𝑡]  (20) 

 𝐵 =
0,0254 + 𝐾𝑠𝑡

−0,0232 − 8,34 × 𝐾𝑠𝑡

 (21) 

 𝐷 = 3 × ln (
0,7315 + (𝐾𝑐𝑜)𝜂 + 33. 𝐾𝑠𝑡

5,176 + 0,3333 × [(𝐾𝑐𝑜)𝜂 + 33. 𝐾𝑠𝑡]
− 0,13) − 3,375 (22) 

 𝜏𝜂 =
(𝜏𝑚𝑎𝑥)𝜂

[𝑒
−𝐵×

ln(𝐵/𝐷)
(𝐵−𝐷) − 𝑒

−𝐷×
ln(𝐵/𝐷)
(𝐵−𝐷) ]

× (𝑒𝐵.𝑠 − 𝑒𝐷.𝑠) (23) 

As previously stated, the model takes into account: the 

effect of two different types of confinement, using the 

variables Kco and Kst as parameters to the confinement 

effect of concrete and stirrups, respectively; the 

concrete compressive strength (fc), by evaluating its 

degradation due to corrosion (√𝒇𝒄)𝜼; besides that, the 

present model also takes into account other factors, 

such as the concrete and steel reinforcement’s 

properties, like the minimum concrete cover (c), the 

area of stirrups including all legs (Ast), number of tensile 

steel bars (n), stirrup spacing (Sst), diameter of the 

longitudinal reinforcement (db). The other variables are 

the maximum bond stress (max), the coefficient 

controlling the post-peak softening slope in the 

bond- slip curve (B), the coefficient controlling the 

ascending slope of the same curve (D), the bond 

stress () in fuction of the corrosion level () and the 

relative slip (s). 

The bond-slip curves with and without stirrups 

confinement, obtained from the equations above and 

the parameter values in Table 4, are represented in 

figures 6 and 7, respectively. 

Table 4- Case study parameters 

𝐴𝑠𝑡 [mm2] 56,5 

c [mm] 30 

𝑑𝑏 [mm] 10 

𝑓𝑐 [N/mm2] 30 

𝑆𝑠𝑡 [mm] 100 

n 3 

 

It is important to mention that the corrosion levels 

previously selected in 3.2 were =0, 10 and 20%. 
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Figure 6- Confined bond-slip model 

 
Figure 7- Unconfined bond-slip model 

4- Results and discussion 

4.1- Evaluation parameters 

There are three main evaluation parameters, which will 

guide the series of tests included in this analysis: stirrup 

confinement (depends on the existence of transverse 

reinforcement); damage location (it can be in the entire 

span or just located near the mid-span); and corrosion 

level (=10% or =20%). From the combination of the 

different parameters, 10 tests are performed, as 

described in Table 5. 

Table 5- Serie of tests under analysis 

Tests Confinement Damage location Damage length [m] Corrosion level [%] 

1 

Confined 

No corrosion 0,0 0 

2 Entire span 2,0 10 

3 

Mid-span 

0,8 10 

4 1,0 10 

5 0,8 20 

6 

Unconfined 

No corrosion 0,0 0 

7 Entire span 2,0 10 

8 

Mid-span 

0,8 10 

9 1,0 10 

10 0,8 20 

4.2- Load-displacement diagrams 

The results presented in this section only refer to the 

confined beam model (tests #1 to #5). 

The control node chosen is a specific node located at 

mid-span, at the top of the concrete cross-section with 

the coordinates (𝑥, 𝑦) = (1000,200). The coordinates 

are given in millimeters (mm). After obtaining the 

load- displacement curve (LDY) for each test, the 

results are analysed according to the following criteria: 

1. If there is a noticeable horizontal plateau that 

suggests yielding of the structural steel, the 

tensile stresses are measured in order to check 

if they are superior to 400 MPa (characteristic 

value of the yielding stress fyk for a S400); 

2. In the case of non-existence of the mentioned 

plateau, the steel stresses are evaluated until 

reaching values around 500 MPa (average 

yielding stress of a S400), at which stage the 

test is stopped. 

In Figure 8, the load-displacement curves are 

presented, where P is the nodal force applied in the 

control node and uy is the displacement in y-direction of 

the same node. The horizontal plateaus are 

represented with a discontinuous line for illustrative and 

comparative purposes of the different tests analysed. 

 

Figure 8- LDY diagrams for confined tests 

The LDY curves corresponding to tests #2 (=10%; 

entire span) and #5 (=20%; mid-span) show a 

horizontal plateau according to the 1st analysis criteria 

and tensile stresses showed that the steel was yielding. 

For the remaining tests (=10%; with different damage 

lengths), the tensile stresses measured for the step 

before the horizontal plateau were around 450 MPa. 
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As expected, the corresponding test to the highest 

corrosion level (test #5) reached the yielding level 

prematurely, showing the serious damage of the 

corrosion in the load carry capacity of the beam.  

The results displayed in Figure 8 also prove that the 

greater the damage extension, the smaller is the 

yielding load. Comparing the tests with a corrosion level 

of 10% (tests #2, 3, 4), a horizontal plateau can be 

observed first in test #2 (𝑙=2,0 m), then in test #4 

(𝑙=1,0 m) and last of all test #3 (𝑙=0,8 m). The variable 

𝒍 is defined in Table 5 as the damage length, whose 

values correspond to the model in Figure 2. 

4.3- Steel tensile stresses 

The resistance of a RC element depends on the bond 

between the steel and the concrete, defined by the 

mechanism of adherence (joint mechanism of the three 

mentioned in 3.3). The bond must resist to the bond 

stresses that occur in the steel-to-concrete interface. 

Loss of bond due to corrosion-induced cracks results in 

a decrease of these stresses, reducing the resistance of 

a deteriorated structure.  

The resulting cracks from bending also affect the 

structural behavior. The example given by the tensile 

stresses in test #1 (Figure 9) for a distributed load of 

p=35,4 kN/m shows how the tensile stresses behave 

under bending-induced cracks (also valid for the first 

loading stage of the corrosion-induced tests). The 

displayed stress peaks match with the location of the 

transverse prescribed cracks: with the increase of the 

distributed load, these cracks open and the steel resists 

separately from the concrete. 

 
Figure 9- Steel tensile stresses for p=35,4 kN/m of test #1 

In this subsection, the main results will be displayed, in 

order to analyse different situations. Therefore the 

results from tests #2, 3, 4, 5, 9 and 10 will be presented, 

in order to evaluate the damage location, the corrosion 

level and the confinement effect. 

4.3.1- Test #2 (=10 %; l=2,0 m) 

The test #2 evaluates a uniformly corrosion of 10% in 

the entire span of the reinforcement steel. The 

corrosion-induced crack opening is 0,50 mm after the 

corrosion loading stage, which is in accordance to the 

values displayed in Table 3.  

In Figure 10, the displayed tensile stresses correspond 

to the same value of distributed load (the service load 

pser=14,4 kN/m), inferring that the differences shown by 

the same figure have its origin in the resulting effects of 

the expansion reactions due to corrosion, which 

ultimately result in a bond degradation. 

 
Figure 10- Steel tensile stresses before (1st) and after (2nd) 

corrosion of test #2 

The tensile stress (t) is represented in the y-axis and 

the x-axis represents the mid-span of the simplified 

model by symmetry. Due to the simplification by 

symmetry (Figure 3), the tensile stresses between 

𝑥 =  1000 and 𝑥 = 2000 mm are symmetric. 

4.3.2- Test #3 (=10 %; l=0,8 m) 

As displayed in Figure 11, which represents the 

deformed configuration of the beam after corrosion in 

test #3, the corrosion-induced crack is located between 

𝑥 = 600 and 𝑥 = 1000 mm, representing a total damage 

extension of 0,80 m. The crack opening is 0,50 mm, the 

same value checked in 4.3.1 (zoom-in of the 

corrosion- induced crack in Figure 12). 

 
Figure 11- Amplified deformed configuration of the beam at 

the end of the 2nd loading stage (test #3) 

0

100

200

300

400

500

600

0 200 400 600 800 1000


t

[M
P

a]

x [mm]

0

50

100

150

200

0 200 400 600 800 1000


t

[M
P

a]

x [mm]

1st

2nd



7 
 

 
Figure 12- Zoom-in of the corrosion-induced crack (test #3) 

In Figure 13 there is the comparison between the tensile 

stresses before and after the corrosion for this particular 

case. 

 
Figure 13- Steel tensile stresses before (1st) and after (2nd) 

corrosion of test #3 

Due to the location of the corrosion-induced damage, 

the corrosion effects are only visible in the deteriorated 

zone. Comparing the tensile stresses after corrosion of 

tests #3 and #4 (greater damage extension), it is 

possible to conclude that a slight increase in the 

damage length results in an increase of tensile stresses 

at the zone located closest to the left extremity (Figure 

14). 

 
Figure 14- Steel tensile stresses after corrosion for tests #3 

and #4 

4.3.3- Confinement effect 

Based on Table 5, it is possible to stablish a confined 

beam model to the correspondent unconfined one. 

Thus, test #4 (=10%, 𝑙=1,0 m) has its correspondent 

unconfined test in #9. 

As done previously, the Figure 15 represents the 

comparison of the above mentioned tests at the end of 

the second loading stage (after corrosion). Opposite to 

what was expected due to the fact that the adherence 

conditions are better in the confined specimen, the 

stresses of test #4 are greater than test #9. 

 

Figure 15-Steel tensile stresses after corrosion for tests #4 
and #9 

The above results can be explained with the 

comparison of the figures 6 and 7: the ascending slope 

of both diagrams is very similar, which can mean that 

for small relative slip (s) values, the adherence 

conditions will not be as noticeable. As the load is 

increased in the third loading stage, s will increase and 

the confinement influence will be more perceptible, as 

shown in Figure 16. 

 
Figure 16- Steel tensile stresses in the third loading stage for 

tests #4 and #9 (p=28,4 kN/m) 

In the corrosion level’s case of 20% (tests #5 and #10), 

the stirrups will have greater influence as shown in 

Figure 17, which shows the tests’ comparison at the end 

of the second loading stage.  
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Figure 17- Steel tensile stresses after corrosion for tests #5 

and #10 

As the load increases (p=20 kN/m), the same behavior 

is exhibited by the different tensile stresses diagrams 

(Figure 18). 

 

 
Figure 18- Steel tensile stresses in the third loading stage for 

tests #5 and #10 (p=20 kN/m) 

5- Conclusions 

The present work consisted in the nonlinear analysis of 

a beam with corrosion-induced damage, considering 

important nonlinearities such as the interface 

steel- to- concrete behavior. A corrosion model was 

also adopted in order to determine temperature 

variations that would simulate the effect of different 

corrosion levels. A =10% and =20% corrosion levels 

were considered, with different locations and extension 

of damage. 

The results presented and discussed in this paper allow 

to enumerate the following conclusions: 

 A beam with a considerable corrosion-induced 

damage can reach the yielding plateau of the 

structural steel prematurely; 

 The greater the extension damage, the smaller 

the yielding load; 

 The corrosion-induced expansion reactions 

result in cracking of the surrounding concrete 

and consequently in degradation of the bond 

between the steel and the concrete; 

 A slight increase of the damage length has 

influence on the magnitude of tensile stresses; 

 For small values of relative slip, the stirrup 

influence is not relevant; 

 The increase of a distributed load can result in 

the increase of the relative slip and, in this 

situation, the confined specimens present 

better performances than unconfined 

specimens in the point of view of bond between 

the steel and concrete; 

 In cases of corroded beams with a great 

corrosion level (=20%), the stirrups will be of 

relevant importance. 

Notation 

E elasticity modulus 

 Poisson coefficient  

 thermal expansion coefficient  

fc compressive strength 

fy tensile strength 

As steel cross-section area 

 diameter of longitudinal reinforcement 

 reinforcement’s mechanical percentage 

b concrete cross-section width 

d distance from the extreme compressive fiber to 

the centroid of the tensile reinforcement 

fyd design tensile strength 

fcd design compressive strength 

 reduced bending moment 

MRd design resistant bending moment 

pRd design ultimate load 

pser service load 

 corrosion level 

A0 uncorroded steel cross-section area 

A steel cross-section area after corrosion 

x corrosion penetration 

a free increase of the radius 

r radius of the reinforcement steel 

uncor real increase of the radius 

v relation between the rust and the uncorroded 

steel volumes 
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T temperature variation 

rf final radius of the reinforcement bar after 

corrosion 

 deformation 

Kco confinement effect of concrete cover 

Kst confinement effect of stirrups 

c minimum concrete cover 

Ast area of stirrups including all legs 

n number of tensile steel bars 

db diameter of longitudinal reinforcement 

max maximum bond stress 

B coefficient controlling the post-peak softening 

slope 

D coefficient controlling the ascending slope 

 bond stress in fuction of corrosion level and 

relative slip 

s relative slip 

fyk characteristic yielding stress 

P nodal force 

uy displacement in y-direction 

𝑙 damage length 

p applied distributed load 
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