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Abstract

The paper is on the behaviour of corroded angle section mem-

bers under centric compression. The structural elements, with

different cross-sections and slenderness, are studied by finite el-

ement analysis. The joint effects of various corrosion param-

eters are studied. The behaviour modes are determined in the

function of the parameters of the corrosion and the cross-section

characteristics. Conclusions are drawn on the decreasing ten-

dency of the ultimate load.
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1 Introduction

1.1 General

Corrosion is one of the most common problems of steel struc-

tures. The different weather circumstances and the lack of the

maintenance are leading to corrosion. The corrosion influences

both the material properties and the surface conditions. In civil

engineering practice the corrosion usually causes only surface

changes; first the paint comes off in flakes and then the element

thickness is reduced. The appearance and rate of the corrosion

can be various therefore different parameters (e.g. thickness re-

duction, position and extension of corrosion) are to be defined to

characterise the phenomenon. The knowledge of the behaviour

and the resistance of the corroded elements are important to de-

cide whether the elements must be replaced or it is enough to

strengthen it. The recent codes of steel structures (Eurocode [1],

CAN/CSA, AISC, ASCE) give only minor recommendation [2],

how to consider the effect of corrosion in the analyses of the

elements. Typically the average cross-section is proposed by

the standards, but in general this approximation is not accurate

enough due to the diversity of the corrosion.

1.2 Literature overview

Several theoretical and experimental studies are completed on

the effect of corrosion on the behaviour and the remaining ca-

pacity of steel elements. Rahgozar analysed corroded I-section

beams [3] and determined minimum curves to estimate the re-

maining capacity of the members in the function of the loss of

thickness and the failure types. In the study the assumed corro-

sion type was uniform corrosion along the whole member. The

rate of the web and flange thickness reduction was various in

the analyses. Experimental and analytical analyses were car-

ried out and the different failure modes (shear, lateral torsional

buckling, bearing failure) were determined. The study showed

that different rate of thickness reduction lead to various failure

modes and the plate slenderness of the cross-section is changed

by the corrosion. Peak et al. investigated sheared steel plate

elements with pitting corrosion [4, 5]. Parametric nonlinear fi-

nite element analyses were carried out and closed-form design

formula was proposed to calculate the ultimate strength of the
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pitted plates. Jiang and Soares investigated pitted steel plates

under biaxial compression [6]. Khedmati et al. analysed cor-

roded plates with both-sided randomly distributed pits under

uniaxial compression [7]. The effect of localized corrosion on

plate buckling was investigated by Sadovsky and Dradcky [8].

Nakai et al. carried out extensive analyses on hold frames of

bulk carriers [9, 10]. The research involved tensile tests, buck-

ling tests, 3- and 4-point-bending tests and finite element anal-

yses on pitting corroded elements. Angle section members – in

the subject of the current study – were previously analysed by

Beaulieu et al. [2]. The specimens were corroded artificially

by galvanic process and the tests results were compared to the

analytical results calculated according to the proposals of the

relevant Canadian and American standards. In the test set-up

eccentric compression was applied by gusset plate. Comprehen-

sive study on corroded steel angle compression members, ana-

lyzing the effect of the main corrosion parameters has not been

found in the literature. Extended studies were, however, com-

pleted on non-corroded compression angle members; Liu et al.

analysed equal and unequal single steel angle elements by tests

and numerical methods [11–13]. The effect of the eccentricity,

the behaviour and the ultimate load were determined on equal

section element and the test results were compared to the re-

sistances obtained from standards and other suggested process.

The observed failure modes were flexural and flexural-torsional

buckling, depending on the eccentricity.

1.3 Purpose and scope

The aim of the current research is to discover the stability

behaviour of corroded compression angle members by a com-

prehensive numerical study. In the study it is aimed to consider

the diversity of the corrosion applying different corrosion pat-

terns, thickness reductions, extension and position of the corro-

sion. The relevant behaviour modes and the resistance decreases

are to be determined in the function of the introduced corrosion

parameters.

2 Experimental background

In the first phase of the research experimental study is carried

out on twenty-four specimens by the authors [14]. In the tests

centric compression is applied and the effects of the following

damages are analysed: uniform, pitting and local corrosion. The

corrosion is modelled by thickness reduction, the thickness of

the legs is reduced by artificial mechanical process. The dimen-

sion of the cross-section is 40×40×4 mm, the nominal length

of the member is 790 mm and the effective length (distance be-

tween the bearing ball supports) is 840 mm. Hinge support is

applied in the cross-sectional centroid of the non-corroded mem-

bers. The buckling behaviour and the relationship between the

corrosion reduction and the resistance decrease are determined.

The observed typical failure modes are shown in Fig. 1. The

governing buckling mode is flexural buckling for uniform and

pitting corrosion specimens, and local plate buckling for locally

corroded specimens in the investigated cases. The rate of the

cross-section reduction is various in terms of the corrosion types

and the other corrosion parameters. The results showed that the

prediction of the resistance on the basis of the maximal cross-

section reduction results in better approach comparing to the

average cross-section reduction based calculation. The maxi-

mal cross-section reduction is calculated as the maximal cross-

section decrease in the member compare to the gross area, and

the average cross-section reduction as the ratio of the corroded

volume comparing to the total original volume of the specimen.

The resistances are compared to the Eurocode based calcula-

tions; it is concluded that the standard buckling resistances can

be used as conservative estimation by applying the maximal

cross-section reduction. The experiments are used as validation

background of the finite element model development.

3 Finite element modelling

3.1 Corrosion modelling

The stability behaviour of the corroded compression angle is

simulated by finite element model. The corrosion is modelled by

thickness reduction similarly to the previous numerical studies

[5–7]. In the ANSYS [15] finite element software environment a

4-node shell element (SHELL 181) is applied, which can model

thin and moderately thick plated structures and it is well-suited

for large strain nonlinear applications. Note that this finite ele-

ment was applied in Liu’s numerical study [12] of non-corroded

angle elements under compression and by Kövesdi et al. [16]

to investigate stability problems of steel girders with trapezoidal

webs. In case of shell models the different continuously rough

surface cannot be modelled accurately if the corrosion is differ-

ent on the two sides of the legs. In order to consider the corroded

geometry more accurately, solid model is used, by applying 20-

node-element (SOLID186). The element supports elastic-plastic

material behaviour, large deflection, and large strain capabilities.

To facilitate the numerical analyses, a parametric code is pro-

grammed in ANSYS own language (APDL). In the algorithm

the location, the extent and the distribution parameters of the

corrosion are considered. In the algorithm of the pitting corro-

sion the distribution of the pitting can be completed randomly or

uniformly, using solid elements. Similar algorithm is developed

and programmed for uniform corrosion using shell elements.

Figure 2 illustrates the different corrosion models.

The steel is modelled as linear elastic – perfectly plastic ma-

terial; steel grade S235 is used, with the nominal yield strength

of fy = 235 N/mm2; the Young’s modulus is 210000 N/mm2 and

the Poisson’s ratio is 0.3.

The support condition is hinge connection, the same as in the

compressive buckling tests.

3.2 Model calibration and validation

3.2.1 Centric compressive buckling tests

The developed shell and solid models are calibrated in the

preliminary study on the bases of the executed tests. The geom-
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Fig. 1. Behaviour modes of centric compressed members

Fig. 2. Numerical models: (a) solid model for thickness reduction; (b) solid model for pitting corrosion; (c) shell model for thickness reduction

etry of the corroded specimens are modelled and the measured

yield stresses are used in the geometrically and material non-

linear imperfect analyses (GMNI). The shape of first buckling

mode of the stability analysis is applied as initial geometric im-

perfection. Its magnitude is calibrated on the basis of the mea-

sured resistances. Both solid and shell models are applied in

the analyses. The accuracy and the efficiency of the models are

evaluated on the basis of element types and sizes [17].

Fifteen investigated members of the preliminary study are il-

lustrated in Table 1. On schematic figure of the specimens both

legs are illustrated and the black colour marks the corrosion.

The position of the corrosion is detailed on the figures. The

cross-section reduction of the members is given in Mcorr col-

umn. Table 1 contains Nb,m, the measured maximal load of the

test and the ultimate load of the numerical models: Nb,S HELL

and Nb,S OLID. In the notation the subscript marks the finite el-

ement types applied in the numerical analyses. The ratios of

the numerical analysis and the test results are also presented in

Table 1. In the case of the shell model the applied magnitude

of geometrical imperfection is between L/400 – L/2000 and for

solid model it is between L/100 – L/1500, where L is the length

of the compression member.

The results of the preliminary study are illustrated by the

load-displacement curves of specimen L4 in Fig. 3(a). Fig-

ure 3(b) shows the local buckling failure mode of specimen L3.

In Fig. 3(a) the results show that both shell and solid models are

in good agreement with the test.

3.2.2 Eccentric loading tests

The numerical model is verified under eccentric loading con-

ditions, too, on the basis of the tests of Liu et al. [11]. In the

nonlinear analyses the geometrical and the material properties

of the investigated elements are the same as in tests, as detailed

in [11]. The measured average initial geometric imperfection

(L/2100) is used in the analyses. Table 2 contains the same ID of

the elements as in [11] and the same measured eccentricities. In

the table the measured ultimate load of the tests RM , the results

of the numerical analyses are detailed. The ratio of the numer-

ical and the test results and the mean value and the coefficient

of variation of the comparative ratios are also presented. The

ultimate behaviour modes obtained by the FEM analyses corre-

spond to the test results, the observed behaviours were flexural

buckling and flexural-torsional buckling.

3.2.3 Evaluation of the model validation results

The results show that both shell and solid models can model

the behaviour of the centric compressive corroded members.

The disadvantage of the solid model is the small finite element

size in (i) large number of model DOF’s in the model and (ii)

time consuming analysis. The results of the test can be more

accurately estimated by solid finite element model, but the shell

model also gives acceptable results.

In the eccentric tests it is observed that the shell model better

approximates the test results: the mean value of the comparative

ratio is 1.0, while this value is 1.06 in the case of solid model The
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Tab. 1. Results of preliminary numerical study on centric compression members

Fig. 3. Results of preliminary study: (a) load-displacement curves of specimen L4; (b) local buckling failure mode of specimen L3
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C.O.V is also less in the case of shell model. It can be concluded

that the shell model gives an acceptable approach to estimate the

resistance of the eccentrically compressed angle specimen and

it follows the observed behaviour. Having these findings in the

further analysis the shell model is applied

4 Numerical study program

In the frame of the numerical study program virtual exper-

iments are completed. Bifurcation stability analysis (geomet-

ric non-linear buckling analysis – GNB) and geometrically and

material non-linear imperfect analyses (GMNI) are completed

on various corroded elements. The results of the GNB analysis

provide with the shape of the initial geometrical imperfection for

the nonlinear analyses; the magnitude is assumed at the level of

L/200. In the GMNI analyses the ultimate behaviour and load

are determined. Various size and patterns of corrosion are as-

sumed, as detailed in the followings. Eleven basic elements are

investigated with relative slenderness between 0.7-1.5, as shown

in Table 3. The initial b/t (width-to-thickness) ratio is detailed,

as the basis of the cross-section classification of angle-section

elements by Eurocode 3. In the further evaluation of the cor-

roded elements the b/t is the ratio of the reduced thickness and

the width of the legs, as a corrosion parameter.

Two typical corrosion patterns are applied in the numerical

study: in the case of pattern “A” the corrosion occurs on one

leg and in case of pattern “B” both of the legs are corroded.

The corrosion is marked by black on the simplified figure of the

patterns in Table 4. The parameters which describe the corrosion

in the study are as follows: the thickness reduction (Tred), the

extension of corrosion (Ext) and the position of the corrosion

(pc). The Ext parameter is equal to the ratio of the length of the

corroded area to the total length. The pc parameter is defined as

the ratio of the centroid of the corroded area to the half of the

length.

In the further evaluation the b/t ratio is an important param-

eter of the comparison. The same Tredparameter does not equal

to the same b/ton elements RF-1, RF-6, RF-9 because of the ini-

tial b/t ratio is different. Therefore consecutive GMNI analyses

are carried out on further corroded elements, where the Tred is

modified to have equal b/t ratio.

5 Buckling modes

The aim of the GNB analysis is to get the first relevant buck-

ling mode of the perfect elements to be applied in the GMNI

analysis as imperfection. Three different stability modes are

observed in the analyses (Fig. 4): flexural buckling about the

weak axis, local plate buckling and torsional buckling in the

corroded part. In the case of pattern “A” the first and second

modes and in the case of pattern “B” the first and third modes

are observed. The length of the local buckling wave is approxi-

mately two times the free width of the outstanding plates if the

corrosion is on one leg (pattern “A”). In case of pattern “B” the

length of the buckling wave is the length of the corroded area

The aim is to determine the relationship between the corro-

sion parameters and the buckling modes. In the case of the cor-

roded element’s b/t ratio “sufficient” and “necessary” values are

defined as follows: if the b/t is greater than a sufficient value the

buckling mode is local buckling or torsional buckling depending

on the corrosion patterns. If this parameter is less than the suf-

ficient value, but greater than a necessary value the behaviour is

determined by the other corrosion parameters (position and ex-

tension of corrosion). The “necessary” and the “sufficient” b/t

values are different in the cases of the two patterns. Considering

the relative slenderness Table 5 summarizes the necessary and

the sufficient b/t values.

In Table 6 the various buckling modes are presented in the

function of the extension (Ext) and the position of corrosion

(pc), the b/t ratio and the relative slenderness (λ). If the b/t ratio

is greater than the “necessary”, but less than the “sufficient”, the

following observations can be done:

• The numbers of the local and torsional buckling cases are in-

creased as b/t approaches the sufficient value in cases, pattern

“A” or “B” (as shown in Table 6 Part 1). The results belong

to elements with pattern “B” and 0.7 relative slenderness. In

these cases the decisive parameters are the position and the

extension of corrosion to determine the buckling mode.

• Corrosion next to the support changes the buckling mode

from global to torsional buckling if the extension of corro-

sion is 20%. More than 20% extension of corrosion causes

change of buckling mode, from global to local. The maximal

value of the extension for local mode depends on the b/t ratio

and on the relative slenderness.

• In case of pattern “B” the same buckling modes are observed

(Table 6 Part 3) irrespectively of the initial b/t ratio of the

non-corroded element, beside the same parameters as b/t, Ext

and pc.

• In case of pattern “A” the previous statement is not valid; in

these cases the same b/t, Ext and pc parameters do not re-

sult in the same buckling mode (Table 6 Part 2). The reason

is that the same b/t ratio belongs to different Tred, because

of the different initial b/t ratio of the non-corroded elements.

Therefore Tred is the governing parameter beside the b/t to

determine the buckling mode.

6 Ultimate behaviour

6.1 Behaviour modes

In the next phase of the numerical study GMNI simulations

are carried out on the corroded elements. The observed be-

haviour modes are generally determined by the applied buck-

ling shapes, as geometrical imperfections. Flexural buckling is

observed in the case of global buckling mode about the weak

axis. Yield mechanism developed in the half of the member on

non-corroded member, but it shifted on the corroded members
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Tab. 2. Results of preliminary numerical study on eccentric compression members

No. Specimen ID ex[mm] ey[mm] RM [kN] RS OLID [kN] RS OLID/RM RS HELL [kN] RS HELL/RM

1 E900-1 0 0 117 124.35 1.06 105.34 0.90

2 E900-2 4.2 0 110.9 118.68 1.07 107.29 0.97

3 E900-3 10 0 105.3 106.06 1.01 102.56 0.97

4 E900-4 16.8 0 84.5 80.71 0.96 99.48 1.18

5 E900-5 29.4 0 59 58.86 1.00 60.32 1.02

6 E900-6 50.4 0 46.1 41.55 0.90 40.42 0.88

7 E900-7 0 8.4 65.6 66.19 1.01 61.46 0.94

8 E900-8 0 16.8 46.4 49.65 1.07 46.09 0.99

9 E900-9 0 29.4 34.4 36.45 1.06 33.92 0.99

10 E900-10 0 50.4 23.3 25.6 1.10 23.65 1.02

11 E1200-1a 4.2 0 68.1 73.65 1.08 67.84 1.00

12 E1200-1b 4.2 0 69.7 73.65 1.08 67.84 0.97

13 E1200-2 10 0 66.7 73.56 1.10 66.27 0.99

14 E1200-3a 16.8 0 66.4 73.29 1.10 66.27 1.00

15 E1200-3b 16.8 0 71.3 72.36 1.01 65.03 0.91

16 E1200-4 29.4 0 57 53.36 0.94 57.17 1.00

17 E1200-5 50.4 0 42.5 39.47 0.93 40.73 0.96

18 E1500-1a 0 0 45.3 50.98 1.13 46.61 1.03

19 E1500-1b 0 0 41.1 50.98 1.13 46.61 1.13

20 E1500-1c 0 0 42.8 50.98 1.13 46.61 1.09

21 E1500-2 8.4 0 42.9 50.99 1.19 46.36 1.08

22 E1500-3 16.8 0 41.3 50.81 1.23 45.55 1.10

23 E1500-4 29.4 0 40.1 48.89 1.22 42.59 1.06

24 E1500-5 50.4 0 37 36.66 0.99 35.72 0.97

25 E1500-6 0 8.4 35.2 36.97 1.05 34.78 0.99

26 E1500-7 0 16.8 27.8 30.82 1.11 28.54 1.03

27 E1500-7 0 29.4 23.4 24.82 1.06 22.93 0.98

28 E1500-7 0 50.4 18 18.72 1.04 17.44 0.97

mean value 1.06 1.00

C.O.V 7.6 6.8

Tab. 3. Characteristics of the non-corroded structural elements

ID
Cross-section

[mm×mm×mm]
Length [mm]

Relative

Slenderness
b/t

RF-1 40×40×4 510 0.7 10

RF-2 40×40×4 650 0.9 10

RF-3 40×40×4 840 1.15 10

RF-4 40×40×4 95 1.3 10

RF-5 40×40×4 1100 1.5 10

RF-6 60×60×8 750 0.7 7.5

RF-7 60×60×8 1250 1.15 7.5

RF-8 60×60×8 1640 1.5 7.5

RF-9 100×100×12 1280 0.7 8.3

RF-10 100×100×12 2100 1.15 8.3

RF-11 100×100×12 2760 1.5 8.3

Per. Pol. Civil Eng.68 Katalin Oszvald / László Dunai



Tab. 4. Corrosion patterns and parameters applied in the numerical study

Fig. 4. Illustration of buckling modes: (a) local plate buckling λ = 0.7; (b) local plate buckling λ = 1.5; (c) torsional buckling; (d) flexural buckling

towards the damaged region. If the corrosion is unsymmetri-

cal within the cross-section, the axis of the bucking is rotated

from the axis of the non-corroded case. In the case of corrosion

pattern “A” local buckling occurs. When the corrosion is not

close to the support a global flexural buckling mode is percepti-

ble after the occurrence of the yield mechanism. In the case of

pattern “B” the typical behaviour is torsional buckling; similarly

to the local buckling cases, global flexural buckling is observed

after the ultimate load. Figure 5 presents the results of three el-

ements with pattern “A” corrosion and in Fig. 6 the behaviour

modes of pattern “B” are presented. In the cases of local buck-

ling behaviour one wave is dominant (as shown in Fig. 4(a)), if

the corrosion is close to the support and the number of buckling

wave is less than or equal three in buckling mode.

Tab. 5. Minimum “necessary” and “sufficient” b/t ratios

Relative slenderness ( λ )

Pattern Condition 0.7 1.15 1.5

“A”
necessary Ż 25 33.3

sufficient 18.7 27.8 37.5

“B”
necessary 13.9 18.7 25

sufficient 18.7 25 33.3

As in the bifurcation stability analysis the “necessary” and

“sufficient” values of b/t ratio are determined to predict the be-

haviour mode. On the basis of the GMNI results it is concluded

that the same values are valid as presented in Table 5.

The typical load-displacement curves are presented in Fig. 7.

Sudden decreasing can be observed on the curves after the ulti-

mate load is reached in the cases of local and torsional buckling.

The displacements of the middle point of the corroded part are

plotted on the load-horizontal displacement curves.

6.2 Imperfection sensitivity

In the previous studies the applied magnitude of the imperfec-

tion is L/200 for all the examined elements. This is extended to

the range of L/1200 – L/200 in order to investigate the sensitiv-

ity of the ultimate behaviour. It is concluded that the behaviour

does not change if the failure mode is local or torsional buck-

ling. In the case of global buckling if the relative slenderness is

0.7 the ultimate failure mode can be changed to local buckling;

after an initial global buckling the corroded area yields and local

buckling occurs. In Fig. 8 the load-vertical displacement curves

and the displacements of the middle point are shown (the middle

point is located in the corner edge of the middle cross-section of

the corroded area). The coordinate axes are the displacements in

direction of y and z on the right curves of the figure. The effect

of the increasing magnitude of imperfection can be followed on

the load-displacement curves: after reaching the ultimate load

the descending branch decreases rapidly in the case of global

buckling and the middle point changes its location. In Fig. 8 re-

sults of four ranges of the applied imperfections are presented.
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Tab. 6. Buckling modes: 1 – global buckling about weak axis, 2 – local plate buckling, 3 – torsional buckling

Fig. 5. Behaviour modes – corrosion pattern “A”

Fig. 6. Behaviour modes – corrosion pattern “B”
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Fig. 7. Typical load-displacement curves

In the case of global buckling the cross-section position is mov-

ing from 1 to 2, and in the case of local buckling from 1 to

3 in Fig. 8(b). Changing in the behaviour is observed for the

magnitude of appr. L/800 geometric imperfection, in the case

of pattern “A”. The reduction of the geometrical imperfection’s

magnitude causes increase in resistance.

7 Resistances

7.1 Observed tendencies

The trivial conclusion of the numerical study is that the cor-

rosion causes decrease in the resistance. In this chapter the de-

creasing tendency of the resistances is analysed in the function

of the corrosion parameters. In the following figures the vertical

axis is the ratio of the corroded and the non-corroded elements’

resistances. In Fig. 9 the results of the RF-1 elements are shown;

the resistances of the two patterns are plotted separately, the lo-

cal/torsional and global behaviour modes of the elements are

signed. The tendency is different in the cases of the two pat-

terns. By the increasing of the b/t ratio non-linear decrease in

the case of pattern “A” and exponential decrease in the case of

pattern “B” are observed. For pattern “A” the elements with lo-

cal buckling are clearly separated, but it is not unequivocal for

pattern “B”. Large standard deviation can be observed in the re-

sults for the same b/t ratio; the difference can be more than 20%

in the resistance.

The “necessary” and the “sufficient” b/t ratios can be fol-

lowed in Figs. 10–11(a), where the results of the elements with

different relative slenderness values are plotted. The sudden de-

crease in the resistance means that the behaviour is changing

from global to local buckling. The number of these cases is de-

creasing as the relative slenderness is increasing.

The effect of the increasing corrosion extension is different

on the resistance of the analysed elements. In the case of pat-

tern “A” (for both global or local behaviours) the increasing

extension causes decrease in resistance. While by pattern “B”

the increasing extension causes decrease in resistance if the be-

haviour is global buckling and increase if torsional buckling.

Figure 11(b) presents the results of four different elements with

various Tred values in the function of the extension of corrosion.

The effect of the position of the corrosion on the resistances is

presented in Fig. 12. The curves show the results of the elements

for two different b/t ratios and five relative slenderness values,

where the extension is the same in all cases, just the corroison

position is changed. The tendencies are different, non-linear in-

creasing or decreasing in terms of the relative slenderness. The

“neccessary” b/t condition of the behaviour mode can be fol-

lowed e.g. in Fig. 12(a): in the case of relative slenderness 1,15

and if the corrosion is close to the support (pc = 0.2) the de-

crease is greater than in the case when the corrosion is in the

mid-length (pc = 1.0).

In general it can be observed that the change in the corrosion

position parameter causes non-linear decrease in resistances as

shown in Fig. 12. If the thickness reduction and extension of cor-

rosion are constant parameters, the change of corrosion position

causes modification in the behaviour mode and in the tenden-

cies of the resistances. The different corrosion position causes a

maximal 17% difference in resistance.

7.2 Prediction of the resistance reduction

The joint influence of different corrosion parameters on the

behaviour and on the resistance is various, as it is shown in

Figs. 9–12. Getting closed formula for the reduction of the resis-

tance is difficult if all of the corrosion and cross-section charac-

teristics are considered. It is essential to consider the changes of

the behaviour modes if such a formulation is derived. In Fig. 13

part of the results are plotted in the function of the thickness re-

duction and the cross-section reduction. The solid straight line

marks the tendency, where the resistance reduction is the same

as the thickness reduction (Fig. 13(a)) or as the cross-section re-

duction (Fig. 13(b)). This estimation is not quite accurate, espe-

cially in terms of Cred. In the case of Tred the estimation differs

from the results about 40% on the safety side or 20% on the op-

posite side. The values under the estimation line mostly belongs

to local behaviour modes.

In Fig. 14(a) the results belonging to elements having pattern

“A” and the solid line marks the lowest resistance values of all

(both of pattern “A” and “B”) of the analysed RF-1 elements

in the function of the thickness reduction. If the estimation is

determined by this tendency, the difference between the calcu-

lated and the estimated values can be significant. In Fig. 14(b)

the curves are determined by the same process as in Fig. 14(a),

where the solid lines for all of the investigated elements RF-1–

Behaviour of corroded steel angle compression members – numerical study 712013 57 1



Fig. 8. Effect of the initial imperfection: (a) load-vertical displacement curves; (b) displacements of the middle cross-section

Fig. 9. Resistances of RF-1 elements in the function of the b/t parameter: (a) pattern “A”; (b) pattern “B”

Fig. 10. Resistances of RF-1, RF-3 elements (pattern “A”) in the function of the b/t parameter: (a) RF-1; (b) RF-3

Fig. 11. Resistances: (a) RF-5 elements (pattern ”A”) in the function of the

b/t parameter, and (b) the effect of extension of corrosion on the resistance de-

crease of pattern “B” elements
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Fig. 12. Resistances of RF-1-5 elements (Ext = 20%) in the function of the pc parameter: (a) b/t = 25; (b) b/t = 20

Fig. 13. Resistances of RF-1 elements in the function of the corrosion parameters: (a) Tred ; (b) Cred

11 are shown. The tendency is different by the different ele-

ments, therefore simplified formula cannot be determined.

Regarding the worst cases, a conservative estimation can be

done in terms of the ultimate behaviour. Two corrosion param-

eters, as the position of corrosion and the extension of corro-

sion are left out of the estimation. For global buckling be-

haviour of either pattern “A” or “B” elements, the resistance

decrease is approximately equal to the cross-section reduction

factor (Nb,Rd,S /Nb0,Rd,S ∼ 0.01Cred). In the cases of local or tor-

sional buckling, the tendencies are different from global case

and depend on the relative slenderness. Figure 15(a) presents

the estimation in the cases of pattern “A” and λ = 0.7, while in

Fig. 15(b) the results of pattern “B” and λ = 0.7 are shown. The

estimation is linear in all cases.

Table 7 contains the equation of the linear approximation of

the local and the torsional buckling cases, the dimension of Cred

is percentage [%] in the equations.

Tab. 7. Equations of the conservative estimation

Nb,Rd,S /Nb0,Rd,S

Pattern “A” Pattern “B”

λ = 0.7 0.995 − 0.023Cred 1.098 − 0.013Cred

λ = 1.15 0.73 − 0.016Cred 1.53 − 0.018Cred

λ = 1.5 1 − 0.0225Cred 0.79 − 0.009Cred

If the behaviour mode is global buckling a more accurate

approximation formula can be determined, what can be calcu-

lated from the thickness reduction (Tred), the ratio of a modified

length (Lmod) and the total length (L), as it is shown in Fig. 16.

Part of the results is shown in Fig. 17 in the function of Lmod/L.

The effect of the various extension and corrosion position can be

considered by this parameter.

Figure 17(a) presents the results for various Tred and the solid

line marks the approximation. The results can be illustrated by

a surface in Fig. 17(b), calculated by Eq. (1), in the function of

two parameters.

Nb,Rd,S /Nb0,Rd,S = a+b·Tred+c·Tred ·(Lmod/L)+d·Tred ·(Lmod/L)2

(1)

The applied a, b, c and d constants are dependent on the relative

slenderness.

On the basis of previous experimental and numerical stud-

ies the reduction factor was determined for the design buck-

ling resistance of corroded members [18]. Note that the re-

duction factor is valid only for RF-3 elements of less then 50%

cross-section reduction. If the relative slenderness and the initial

cross-section change, that estimation is not acceptable, and the

above proposals can be used.

8 Summary and conclusions

In the current study comprehensive analyses on different cor-

roded angle elements are carried out. The joint influence of the

corrosion and cross-section parameters on the behaviour and re-

sistance are investigated. In the numerical study the following

parameters are considered: position of corrosion (pc); extension

of corrosion (Ext); thickness reduction (Tred); b/t ratio and rel-

ative slenderness. In the study two different corrosion patterns

are applied, which are typical corrosion appearance in civil en-

gineering practice. The results of the analyses are evaluated in

terms of the parameters. On the basis of the results the following
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Fig. 14. Approximation and tendencies of resistance reduction for pattern “A”: (a) RF-1 element; (b) all of the elements

Fig. 15. Conservative estimation: (a) pattern “A” and λ = 0.7 ; (b) pattern “B” and λ = 0.7

Fig. 16. Definition of the modified length parameter

Fig. 17. Resistance reduction results in the function of the modified length parameter: (a) RF-1 elements; (b) the resistance surface
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conclusions can be done:

• A parametric finite numerical model is developed; which can

model various corrosion damages. The finite element model

is calibrated and verified by test results.

• Geometrical non-linear buckling analyses (GNB) are carried

out on the corroded elements. The typical buckling modes

are determined (local plate buckling, torsional buckling and

global flexural buckling). The necessary and sufficient con-

ditions are assessed to determine the buckling behaviour in

terms of the corrosion patterns and the relative slenderness.

• Geometrically and material non-linear analyses (GMNI) are

carried out using the first buckling mode as initial geometric

imperfection. The ultimate behaviour modes are determined,

characterised and classified. It is observed that in some cases

besides local or torsional buckling, global flexural buckling

occures after the yield mechanism is developed. The effect

of the magnitude of the initial geometric imperfection on the

behaviour mode is analysed.

• Tendencies of the resistance reduction are determined in the

function of the different parameters for the two corrosion pat-

terns. The joint effect of the parameters (extension and posi-

tion of corrosion, b/t ratio, thickness reduction, corrosion pat-

tern and relative slenderness) is determined: closed formula

is developed to predict the resistance reduction by non-linear

regression analysis.
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