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ABSTRACT 

Carbon steel cantilever beams are widely used in many applications in aerospace, civil and mechanical engineering. 
Pitting corrosion is a phenomenon which places severe limitations on the design of such applications. As such, under-
standing this phenomenon and the methods to deal with it, are of a great importance. This paper presents numerical in-
vestigation by using F. E. (Finite Element) simulation on the load carrying capacity of corroded cantilever beams with 
pitting corrosion damage. The pitting corrosion hole shape has been modeled using ASTM G46 Standard Guide. Sev-
eral different cases of pitting corrosion, represented by hemispherical holes, were modeled and examined by using 
ANSYS computer program. Clamped edge constraint was used on one end, while the other end was free. In these F. E. 
models, element of Solid95 was used and comparison to Bernoulli-Euler theory was made. The effect of the radius of 
the pitting corrosion holes on the stresses in the beam was examined in comparison to yield stress. It has been found 
that the M. S. (Margin of Safety) has been reduced gradually with increasing radii. Agreement with Bernoulli-Euler 
theory has been achieved only for small radii. Moreover, three methods of pitting corrosion repairs were examined, to-
gether with Bernoulli-Euler theory comparison: 1) Regular surface repair; 2) Extension surface repair; and 3) “Handy 
Removal”. It was found that extension surface repair has the highest M. S. value. 
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1. Introduction 

Pitting corrosion is a critical problem in many fields such 
as civil engineering, ocean engineering and aircraft inte- 
grity design. In some cases, it can cause the formation of 
fatigue cracks, increase in the internal stresses and stren- 
gth reduction. Pitting corrosion phenomenon, including 
other types of corrosion, has been investigated experi-
mentally by Hoeppner [1] and Zhang et al. [2]. The fa-
tigue of pre-corroded aluminum plate was investigated 
experimentally by Piprani et al. [3]. 

In addition, F. E. simulations and numerical calcula- 
tions have been made on the subject for different geome- 
tries of mechanical components. For instance, Chatterjee 
et al. [4] investigated pitting corrosion effect on cantile- 
ver beam in case of breathing crack under harmonic loa- 
ding by using modal analysis. Also, model of one side 
pitted steel plates under uniaxial compression has been 
examined by Nouri et al. [5]. In addition, analysis of the 
mechanical properties of corroded deformed steel bar 
was prepared by Gang et al. [6]. 

Additionally, studies that include both experimental 

and numerical simulations were conducted by Potisuk et 
al. [7] and Zhang et al. [8] on reinforced concrete beams 
with corrosion subjected to shear and on micro-sized 304 
stainless steel beams respectively. 

A thorough investigation that included F. E. analysis 
together with experimental data was done by Ruwan [9]. 
The latter study deals with reduction of ultimate strength 
due to corrosion and concentrates on experimental data 
tests. 

In contrary to many of the recent studies, this article 
concentrates on F. E. analysis rather than experimental 
data. In addition, a comparison to Bernoulli-Euler theory 
with the presence of pitting corrosion is performed. The 
last part of this article suggests three repair methods of 
pitting corrosion damage and comparison to Bernou- 
lli-Euler theory is included.  

In this study, a simulation of corroded cantilever beam 
has been done by using F. E. analysis and compared to 
Bernoulli-Euler theory. The pitting corrosion hole has 
been modeled by using hemispherical shape. The influ- 
ence of hemispherical corrosion radius has investigated 
and comparison to Bernoulli-Euler theory was made. 
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Eventually, three methods for repair of corrosion damage 
have been proposed and examined by using F. E. method 
and compared to Bernoulli-Euler theory. 

to model curved boundaries. The element is defined by 
20 nodes having three degrees of freedom per node: 
translations in the nodal x, y, and z directions. The ele- 
ment may have any spatial orientation. SOLID95 has pla- 
sticity, creep, stress stiffening, large deflection, and large 
strain capabilities. 

2. Model Geometry 

The Beam in Figure 1 is full section-profile. The geome- 
try of the pit hole is modeled by hemispherical hole that 
is presented in Figure 1. The assumption of using hemi- 
spherical hole shape in order to model corrosion is de- 
rived from ASTM G46 Standard Guide [10] for the “Exa- 
mination and Evaluation of Pitting Corrosion”. 

The width and height of the section are represented by 
the parameters (b, h) and P is the force that is applied on 
the right end of the cantilever beam area. The left end of 
the cantilever beam is fully constrained and L represents 
the cantilever span. These geometric parameters are sum- 
marized in Table 1. 

3. General Finite Element Model 

The F. E. M. model has been created by using ANSYS 
10.0 program. The model includes geometry, mechanical 
properties of the carbon steel and appropriate mesh se- 
lection and refinement.  

The elements that were used to create the basic model 
are Solid95. According to ANSYS 10.0 information docu- 
ments [12] these elements are higher order version of the 
3-D 8-node solid element. It can tolerate irregular shapes 
without as much loss of accuracy. SOLID95 elements 
have compatible displacement shapes and are well suited 
 

 

L/2 

P 

 

 

Figure 1. Pitting corrosion analytic model. 

The mesh refinement must satisfy the need for a fine 
mesh to give an accurate stress distribution in a reason- 
able analysis time. The optimal solution is to use a finer 
mesh in areas of high stress: in the hemi spherical hole of 
the pitting corrosion and in the supports regions, respec- 
tively (Figure 2). 

Total load of 73575N was applied on 9 nodes con- 
nected to area in the right end of the beam. Also, the left 
end surface area is restrained in every possible direction. 

The material model that was used is AISI 1025 carbon 
steel. The yield and ultimate tensile stresses considered 
for the beam according to MIL-HDBK-5H [11] were 248- 
MPa and 379 MPa respectively. The steel was modeled 
for Young’s modulus E equals to 2 × 105 and Poisson’s 
ratio   equals to 0.32. Geometrical and material model 
parameters are summarized in Table 1. 

Additionally, three different repair methods were es-
tablished and modeled by F. E. M. The first repair 
method as illustrated in Figure 3 simulates surface of 1 
mm thickness that covers only the upper area of the 
hemi-sphere surface. The elements that were used to cre-
ate repair area are SOLID95. The reason for using 
SOLID95 instead of Shell elements is due to the bending 
of the cantilever beam that creates out of plane stresses 
and movement deflection that cannot be considered in 
shell structure. Comparison to shell elements repair is 
presented in this paper and discussed in Section 5. 

Shell elements model for the first repair is illustrated 
in Figure 4. The elements that were used in this repair 
method are SHELL 181. According to [12] these ele- 
ments are well suited to model thin to moderately-thick 
shell structures. It is a 4-node element with six degrees of 
freedom at each node: translations in the x, y, and z di- 

 
Table 1. Geometrical and material model parameters. 

Model parameters 

0.1 h  [m] 

0.1 b  [m] 

0.5 L  [m] 

379 UTS  [MPa] 

248 yield  [MPa] 

0.32   

52 10  E  [MPa] 

75,375 P  [N] 
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(a)                                                       (b) 

   

(c)                                                     (d) 

Figure 2. (a)-(d) Mesh discretization of the corrosion model. 
 

 
while  is the deformation as function of  axis and u z
I  is the second moment of inertia. 

rections, and rotations about the x, y, and z-axes. SHELL- 
181 is well-suited for linear, large rotation, and/or large 
strain nonlinear applications. Change in shell thickness is 
accounted for in nonlinear analyses. 

  3

bending ;
12

M z c bh
I

I



           (2) 

The second repair is an extension of the first repair by 
creating thick layer plate (0.06 × 0.06 × 0.01) that covers 
not only the hole but also the regions around it. The 
model was built by SOLID95 elements as illustrates in 
Figure 5. The reason for using SOLID95 elements in- 
stead of SHELL elements is the same as for the first re-
pair method. 

while M  is the bending moment and  is the maxi-
mum perpendicular distance to the neutral axis that in our 
case is 

c

2h . 

Substitution of z L  and 
2

h
c  ns (1)-(2)  

while 

 in Relatio

M PL  leads to: 

max 1.84u                (3) mmThe third repair method is called “Handy Removal” 
and is based on removing the corrosion by mechanical 
means. The removal geometrical model situation is shown 
in Figure 6.  

        (4) bending-max 220.72 MPa 

Comparison between Bernoulli-Euler th
tio

4. Model Calibration 

parison to Bernoulli-Euler 

 

eory (Equa-
ns (3) and (4)) and pitting corrosion F. E. model for 

the stress and deflection will be will be made in the next 
sections. 

Comparison between the repairs above and the influ- 
ence of pitting corrosion on material strength will be dis- 
cussed in Section 5. 

The Bernoulli Euler equations of deflection and ben- 
ding stress respectively are given by: 

In order to make credible com
   

2 3

, 0 0 0
2 6

PL z z
u u u

EI L

 
     

 
      (1) theory, model calibration should be made. The F. E. mo- 

del calibration is made of SOLID95 elements and no 
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(a)                                                  (b)    

   
(c)                                                      (d) 

Figure ents. 
 
orrosion pitting is modeled. The model is bounded in 

with maximum deflection and 
pr

5. Results 

 of the corrosion pitting on the beam’s 

and deflection increasing (see Table 2). The reason for 

eam F. E. model as shown in Table 3 
w

hows that solid elements are more 
ac

. analysis. Three kinds of pitting co-  

   

 3. (a)-(d) Mesh discretization of the first repair model by solid elem

c
one end and the other end is subjected to a bending force 
on its area. The displacement in axis Y direction (see Fig- 
ure 7) and principal stress simulates deflection and ben- 
ding stress, respectively. 

F. E. model together 
incipal stress results are presented in Figure 7. It seems 

that the error is negligible for principal stress (2%) and 
for the maximum deflection it is zero (“0”% error—the 
numerical calculation has its own accurate limit). As a 
result, the model calibration assumption is valid. 

The influence
strength has been examined by F. E. analysis. Three ra-
tios of pitting corrosion hemisphere were modeled inde-
pendently. It was found that the maximum principal 
stress is obtained on the circular shape of the corrosion 
according to Figures (8)-(10). Corrosion diameter size- 
increasing leads to M. S. (margin of safety) decreasing 

that is due to cross section reduction that leads to stress 
concentration.  

In addition, agreement with Bernoulli-Euler theory and 
pitted corrosion b

as found only in cases where the diameter of the pitting 
corrosion was small enough (about 0.32%, 15% and 47% 
error for 30 mm, 60 mm and 80 mm, respectively). One 
possible explanation for this phenomenon can be under- 
stood by saying that Bernoulli assumption (“cross-sec- 
tional planes during bending deformation remain planes 
and perpendicular to the neutral axis”) is no longer nec- 
essary valid for increasing diameter size of hemi-sphe- 
rical hole corrosion. 

Comparison between shell and solid elements in case 
of 30 mm diameter s

curate in cases where the thickness is more critical and 
out of plane stresses and deflection play a main role as 
shown in Figure 11. 

The sensitivity of the corrosion pitting repair has also 
been examined by F. E
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(a)                                                            (b) 

   
(c)                                                               (d) 

Figure 4. (a)-(d) Mesh discretiz
 

Table 2. Cantilever bea

corrosion 
deflection principal 

f 

in respect to 

ation o e first repair model by shell elements. f th

m with pitted corrosion results. 

Pitting  
Maximum Maximum 

Margin o
safety 

diameter 
[mm] 

[mm] stress [MPa] the yield 
stress 

30 1.88 220 0 < 0.13 < 1

60 1.94 261 −0.05 < 0 

80 2.06 423 −0.41 < 0 

 
rrosion repair were m led indep ntly. T er 

at was chosen to be repaired was 30 mm. Results of the 

zed in Ta-
bl

aximal M. S. value while handy removals repair 
m

er beam with pitted 
corrosion results. 

theory [%] theory [%] 

ode ende he diamet
th
three models are shown in Figures (12)-(14). 

Comparisons between these repairs for principal stress, 
deflection and M. S. parameters are summari

e 4. 
The surface extension repair method was found to be 

with m
ethod was found to be with minimal M. S. value. The 

handy removal repair method is based on cross section  

Pitting  
corrosion  

Deflection error in 
respect to  

Bending stress error 
in respect to  

Table 3. Bernoulli-Euler vs Cantilev

diameter 
[mm] 

Bernoulli-Euler Bernoulli-Euler 

30 2.12 0.32 

60 5.15 15.71 

80 10.68 47.82 

 
reduction that causes to h  stress concen n value 
and ther  it’s the least ef ctive method t   

In addition, agreemen
these repairs as shown in Table 5. was found only for 

 in- 
ad

ighly
fe

tratio
o use.efore

t with Bernoulli-Euler theory for 

extension surface repair (3.8% error) but for regular sur- 
face and handy removal repairs it was found to be

equate (about 27% and 40% error respectively). Possi- 
ble explanation for this phenomenon is laid on repair 
surface effectiveness; by connecting to as many nodes as 
possible, the repair surface area is large enough to cause  
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(a)                                             (b) 

   
(c)                                                 (d) 

Figure 5. (a)-(d) Mesh discretization of the second repair model—“Extension Repair”. 
 

   
(a)                                                         (b) 

   
(c)                                                          (d) 

Figure 6. (a)-(d) Mesh discretization of the third repair model—“Handy Removal Repair”. 
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(a)                                         (b) 

 
(c) 

Figure 7. (a)-(c) Model calibration. 
 

   
(a)         (b)                                    

 
(c) 

Figure 8. (a)-(c) Principal stress and deflection results of 30 mm pitting corrosion diameter. 
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(a)                                               (b)     

 
(c) 

Figure 9. (a)-(c) sion diameter. 
 

 Principal stress and deflection results of 60 mm pitting corro

   

(a)                                          (b)     

 
(c) 

Figure 10. (a)-(c) P rrosion diameter. rincipal stress and deflection results of 80 mm pitting co
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SOLID 95 

   

(a)                                                  (b) 

SHELL 181 

   
(c)                                             (d) 

Figure 11. (a)-(d) Principal stress and def arison between shell and solid elements. 
 

Table 4. Cantilever beam repair results. 

Repair list for  
30 [mm] pitting 
diameter case 

Deflection error in 
respect to  

Bernoulli-Euler 
theory [%] 

Bending stress 
error in respect to 
Bernoulli-Euler 

theory [%] 

lection comp

Regular surface 
repair made of solid 

elements 
2.12 28.70 

Extension surface 
repair made of solid 

elements 
1.08 3.80 

“Handy Removal” 
Repair 

5.15 40.0 

 
homogen  leads to 
concentration reductio

6. Conclusions 

F. E. analysis is very effectiv se in un- 
de  corrosio echanical be . AN- 
SYS program is used in this study since it presents a 
plain and simple way to study the behavior of cantilever 
beam pitting corrosion.  

The influence of hemispherical pitting corrosion shape  

Table 5. Bernoulli-Euler vs Cantilever beam repair results. 

Repair list for  
30 [mm] pitting 
diameter case 

Maximum 
deflection 

[mm] 

Average 
maximum 

principal stress 
[MPa] 

Margin of 
safety 

in respect to 
the yield 

stress 

Regular surface 
repair made of 
solid elements 

1.88 309.54 −0.2 < 0 

Extension  

86 229.33 0.08 > 0 

“Handy Removal” 
1.94 367.81 −0.32 < 0 

surface repair 
made of solid 

1.

elements 

eously behavior of the stress flow that Repair 

 
n. 

e tool to u  order to 
rstand the pitting n m havior

on  has been studied by F. E. analysis in 
the con  stress failur mparing to y stress) 
nd maximum deflection allowance. Three types of he- 

aused by corrosion diameter in- 
creasing since cross section reduction causes to stress 

Also, compatibility between maximum principal stress  

cantilever beam
text of e (co ield 

a
misphere radii were examined (30 mm, 60 mm, 80 mm). 
The M. S. decreasing is c

concentration. 
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                     (b) (a)                          

   
(c)                                                    (d) 

Figure 12. (a)-(d) Regu surface repair results. 
 

lar 

   

(a)                                           (b)       

   
(c)                                                           (d) 

Figure 13. (a)-(d) Surfa nsion repair results. ce exte
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(a)                                    (b)     

   
(c)                                      (d) 

Figure 14. (a)-(d) “Hand emoval” repair results. 
 

and deflection to Bernoulli-Euler theory was found only 
for small radius of the hemispherical corrosion shape (30 
mm). Possible explanation was given by saying that Ber- 
noulli assumption (“cross-sectional planes during bend- 
ing deformation remain planes and perpendicular to the 
neutral axis”) is no longer necessarily valid for increas- 
ing diameter of pitted corrosion. 

Moreover, examination of pitting corrosion repair was 
examined by using F. E. analysis. Three methods of re-
pair have been investigated: 1) Regular surface repair; 2) 
Extension surface repair; and 3) “Handy Removal”.  

Due to cross section reduction, the removal repair me- 
thod is found to be with minimal M. S.
extension repair method is with the 

 addition, agreement with Bernoulli-Euler theory for 

gh to cause homogene- 
ou

Th

by Technion—Israel institute of Technology. 
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