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Abstract. Thickness reduction due to uniform corrosion increases the tendency of lateral
torsional buckling (LTB) of open cross-sections and it reduces the moment capacity of the beam.
The effect of the various corrosion cases on the LTB moment capacity (M, ,q) of the I-beams are
investigated in this paper. An analytical framework for patch corroded I-beams is introduced to
provide a guideline for simulating the nonlinear lateral torsional buckling behaviour of patch
corroded simple beams. Hence the effect of different corrosion scenarios to reduce the buckling
reduction factor (y.r) is investigated by conducting a parametric study. Twelve different beam
lengths were considered to obtain different non-dimensional slenderness ratios (4;7) in this
parametric study. The degraded buckling curves were obtained for each corrosion scenarios.

1. Introduction

Outdoor structures, bridges and offshore structures are exposed to corrosion. In general, five of the most
common types of corrosion affect railway bridges [1, 2]. The most common type of corrosion is general
(uniform) corrosion, which occurs in a uniform pattern across the surface. In bridges, general corrosion
frequently occurs where water accumulates, such as on the upper side of the bottom flange of broad
flange beams, built up sections, and both flanges of built-up sections consisting of riveted angles [1, 3].

Pitting corrosion is a form of corrosion that is restricted to a small area and typically starts with a
surface irregularity and is also known as local corrosion. This type of corrosion is dangerous because it
has the potential to trigger localized stress concentrations. Crevice corrosion is a form of localized
corrosion that occurs when different structural components are close together, resulting in narrow
spaces. When two separate metals are placed in an electrolyte and electrically linked, as is possible in
bolted or welded connections, galvanic corrosion occurs. Corrosion fatigue is the mechanical
degradation of a material caused by the combined action of localized corrosion and cycle loading, which
is the last and most common form of corrosion [4].

In general, bridge structures exposed to aggressive environmental conditions suffer from time-
dependent loss of both coating and material due to corrosion. As a result, the thickness of the structural
steel decreases steadily [1, 5, 6, 7, 8]. A reduction in thickness is accompanied by a reduction in a few
other geometric/cross-sectional properties that govern structural behavior, such as effective cross-
sectional area, moment of inertia about the y-y axis and the z-z axis, torsional constant and warping
constant [1, 5, 6, 7, 8]. One of the main structural behaviors of flexural members with open cross-
sections, which governs the moment capacity of the member, is the LTB and, due to patch corrosion,
the buckling capacity may be reduced affecting the overall stiffness of the structure.
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A lack of studies is found in literature related to the simulation of the effect of corrosion in the
reduction of the lateral torsional buckling moment capacity (My, gq) of open cross-sections. Even though
several experimental works have been performed in order to get a better understanding of the My, gq of
corroded structural members, there is no generalized analytical framework to calculate the remaining
elastic critical moment (M) and the My, g4 on structural members exposed to corrosion scenarios which
do not occur throughout the entire cross-section of the member. Alternatively, the design capacity can
be determined based on simulations from finite element (FE) methods. The accurate simulation of
nonlinear LTB behavior is quite challenging due to the interaction effect of local buckling behavior with
both geometrical and material non-linearities and numerical discrepancies at the supports. The accuracy
of the results is also dependent on the capabilities of the FE software employed for the simulation.

In order to overcome the above-mentioned research gaps, the main objective of this paper is to
provide an analytical framework for patch corroded I-beams. The framework will comprise the time-
dependent degradation formulas for the effective second moment of areas (I¢f), the effective torsional
constant (I; o) and the effective warping constant (I, o), Which are required to determine the time-
dependent degradation of the M. and the M}, rq capacities. The secondary objective is to investigate the
degree of effect of different patch corrosion scenarios with regards to the buckling reduction factor ()
versus the non-dimensional lateral torsional slenderness ratio (4.r).

2. Proposed analytical approach

The purpose for the proposed analytical approach is to estimate the effect of patch corrosion on open
cross-sections. In order to determine the remaining My, gq, the reduction in thickness, the effective cross-
sectional properties and the M. must be ascertained.

2.1. Corrosion wastage rate modelling

The formula for the time-dependent growth of corrosion wastage rate is obtained by taking into account
the most common form of corrosion, such as general corrosion. Equation (1), as presented in [9], suggest
that a nonlinear function can be used to predict corrosion propagation as shown below.

Ct) =At—t)P;t >t (1)

where C(t) is the average corrosion penetration in micrometres (10™3 mm), t is the age in years and
t, 1s the time in years since the first appearance of signs of uniform corrosion. The model parameter A
and the model parameter B are taken from previous published articles [1].

2.2. Effective cross-sectional properties

The effective cross-sectional area, the second moment of area about the major axis (Iy ¢fr), the torsional
constants (I, ¢f) and the warping constants (I, o) can be calculated by the proposed formulae presented
in the previously published paper [9]. These formulae were derived by taking the reduction of plate
thickness due to uniform corrosion into account. Only the effective second moment of area about z-z
axis is derived in this paper. The distance between the new neutral axis about the z-z axis and the initial
neutral axis (i.e. the neutral axis of the uncorroded cross-section) is obtained as:

e, (t) _ 2?21 Ci (t)llyl (2)

Ae ff (t)

where y; is the height from initial neutral axis to the centroid of the i** corroded surface as shown in
Figure 1, the [; is the length of the corrosion spread over the cross-section at the i*" corroded surface
as shown in Figure 1, the C;(t) is the average corrosion penetration at the i corroded surface and this
is generally calculated using Eq. (1) and A,¢¢(t) is the effective cross-sectional area of the corroded
cross-section which can be calculated by the proposed formula in the previously published paper [9].
The effective second moment of area about the z-z axis of the corroded cross-section is calculated as:
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n
3)
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where I , is the second moment of area about the z-z axis of the uncorroded cross-sections, Al , is
the second moment of the i” reduced area about its own neutral axis and A, is the initial cross-sectional
area of the uncorroded cross-section.
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Figure 1. Schematic representations of effective cross-sectional parameters of corroded cross-sections
2.3. Elastic critical moments of corroded members

The elastic critical moment ( M, o) 1s derived from the effective cross-sectional properties of the
corroded beams and is presented as:

TL'ZEI_ ff TL'ZEI eff
Mcr,cor = <L—Zze> * (Glt,eff + <Twe 4

where E is the modulus of elasticity, I, of is the corroded moment of inertia about the z-z axis, G is
the shear modulus, I ¢¢f is the corroded torsional constant, I, ¢ is the corroded warping constant and L
is the length of the I-beam. The corroded non-dimensional slenderness A1 o is calculated as:

Wpl,y,eff * fy

)

ALt =

cor

’ M
cr,cor

where Wy g off is the corroded plastic modulus and f; is the yield strength. The plastic neutral axis
of the corroded cross section, yj, is calculated as:

T=C
Atfy = Acfy
((ret) = (tretu) = (5 + o) + (etid) = (1) + (tit) ©
= 2ty

where T is the tension force, C is the compression force, A; is the tension area, A is the compression
area, Y, is the corroded dimensional plastic neutral axis, h. is the corroded height, t,, is the web
thickness, t¢ . is the corroded flange thickness, h,y is the height of the web, t,, . is the corroded thickness
of the web, b. is the width of the corroded part of the cross-section, b is the width of the uncorroded
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part of the cross-section and ¢ is the thickness of the flange. Hence, the plastic modulus Wy, y e of the
corroded cross section is calculated as:

Tension part: Compression part:
Atl = btf ACl = bctf‘c
A = (yp - tf)tW Az = hy/2 tw,c
Va1 = Yp — te/2 Az = (hc —Yp —lgc— hw/z)tw
Ve = (p — tr)/2 Yer = he = ¥p — tie/2

Ye2 = hc Y~ tee — hw/4'
Ve3 = (hc —Yp —lfc— hw/Z)/Z
W,

plyeff = At1Ve1 + AV + AciVer + Ac2Ve2 + AczVes (7

where Ay and Ay, are the tension areas of the cross-section, y;; and y;, are the distances between
the plastic neutral axis and the location of the application of the tension forces, A.; A, and A3 are the
compression areas of the cross-section and y.; V., and y.3 are the distances between the plastic neutral
axis and the location of the application of the compression forces.

2.4. Corroded lateral torsional buckling moment capacity
The lateral torsional buckling moment capacity (M, rg cor) Of corroded I beam is derived as,

fy
Mb,Rd,cor = xLT,coerl,y,eff_ (8)
Ym1

1

2 2
(¢LT,cor+J¢LT,cor =ALT,cor”)

2
where ¢LT,cor = 0-5[(1 + aLT(/lLT,cor - 0-2) + ALT,cor ]
where a7 is an imperfection factor and X1 o, is the corroded buckling reduction factor and y,,
is a safety partial factor.

where, Xptcor =

3. Finite element simulation

3.1. FE model
The finite element analysis (FEA) pertaining to this paper was performed using the general-purpose FE
software “Ansys Workbench”. The details of support/restraints are shown in Figure 2 and Table 1.

e

__— 2020R1

Figure 2. Boundary conditions.
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Table 1. Restrained degrees of freedoms of the boundary conditions

Ux Uy Uz URx URy URz

Corner X (A in Fig.2) 0 0 - - - -
Rotation @ Z (B in Fig.2) - 0 - - - -
Mid-node X, Z (C in Fig.2) 0 - 0 - - -
Remote displacement 1 (D in Fig.2) - 0 - - - -
Remote displacement 2 - 0 - - - -

The Ux in the Table 1 is the displacement in the x axis, Uy is the displacement in the y axis, Uz is
the displacement in the z axis, URx is the rotation about the x axis, URy is the rotation about the y axis
and URz is the rotation about the z axis.

Two loading types were implemented in the FE models such as moment applied at both ends of the
beam as shown in Figure 3 and uniform line pressure applied to the top flange of the beam as shown in
Figure 4.

Figure 3. Moment applied at both ends of the beam.

Figure 4. Uniform line pressure applied to the top flange of the beam.

In order to achieve the appropriate level of mesh convergence, both the linear and the non-linear
buckling analyses were performed with various mesh densities. By decreasing the mesh density, the
software uses less time to perform the analysis, but the results are less accurate. By increasing the mesh
density, the software uses more time to perform the analysis and the results are more accurate. As a
result, a 5 mm element size was implemented in all the FE models included in this paper. The
geometrical imperfection L/1000 was used for this study [10].

3.2. Considered corrosive cases
Three different corrosion scenarios were considered for the investigation of the LTB capacity. The beam
without corrosion is investigated as a control test specimen and is designated as CNC (i.e. case no
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corrosion). The case corrosion 1 (CC1) contains a corrosion case which is uniformly applied throughout
the I-beam cross-section. Case corrosion 2 (CC2) contains a corrosion case which is uniformly applied
throughout the bottom flange and the bottom section of the web of the I-beam cross-section. The
dimensions as implemented in the FE models of the corrosion cases CNC, CC1 and CC2 are given on
Table 2. Case corrosion 3-Model 1 (CC3-M1) contains corrosion at 1/3 of the length of the I-beam at
the top flange, bottom flange, and web. In other words, the I-beam will be divided into three parts. The
first - and third parts are without corrosion while the middle part is with corrosion. Case corrosion 3-
Model 2 (CC3-M2) contains corrosion at 1/3 of the length of the beam at the bottom flange and the
bottom section of the web. In other words, the beam will be divided in three parts. The first and third
parts are without corrosion while the middle part is with corrosion. The dimensions of the CC3 models

are given on Table 3.

Table 2. Dimensions and parameters for corrosive cases CNC, CC1 and CC2.

CNC CCl1 CcC2
Total height 200 mm 196.91 mm 198.45 mm
Top flange width 90 mm 86.91 mm 90 mm
Top flange thickness 11.30 mm 8.21 mm 11.30 mm
Bottom flange width 90 mm 86.91 mm 86.91 mm
Bottom flange thickness 11.30 mm 8.21 mm 8.21 mm
Web height 177.40 mm 184.92 mm 178.95 mm
Top web thickness 7.50 mm 4.41 mm 7.50 mm
Bottom web thickness 7.50 mm 4.41 mm 4.41 mm
Hypotenuse no-corrosion 7.07 mm - 7.07 mm
Hypotenuse corrosion - 3.97 mm 3.97 mm
Woly 250.92(10°) mm? 170.49(10°) mm? 199.93(10°) mm®
I,, 1.38(10%) mm* 9.06(10°) mm* 1.14(10%) mm*
Iy, 2.16(10") mm* 1.49(107) mm* 1.77(107) mm*
I; 1.11(10°) mm* 3.72(10%) mm* 7.38(10%) mm*
I, 1.22(10'%) mm® 7.99(10%) mm® 9.64(10%) mm®
Table 3. Dimensions for corrosive cases CC3-M1 and CC3-M2.
Non corroded beam ends CC3-M1 (mm) CC3-M2 (mm)
Total height 200 200
Flange width 90 90
Flange thickness 11.30 11.30
Web height 177.40 177.40
Web thickness 7.50 7.50
Hypotenuse 7.07 7.07
Corroded middle section of beam CC3-M1 (mm) CC3-M2 (mm)
Total height 196.91 198.45
Top flange width 86.91 90
Top flange thickness 8.21 11.30
Bottom flange width 86.91 86.91
Bottom flange thickness 8.21 8.21
Web height 180.49 178.95
Top web thickness 4.41 7.50
Bottom web thickness 4.41 4.41
Hypotenuse 3.97 3.97
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4. Comparison of results and discussion
4.1. Parametric study results
Table 4 shows the results obtained from the FEA (M.._,) and from the Eurocode 3 [10] (M.._c) for the

linear buckling analysis considering all the corrosion cases and all the implemented beam lengths.

Table 4. Results-Elastic critical moment by linear buckling analysis

Beam lengths (m)
Elastic critical 0.55 1 1.5 2 23 25 3 34 4 5 7 10

moment (kNm)

CNC Mc_a - 1904 111.5 76.3 63.7 574 457 39.1 319 238 146 7.6
Mg _c 936.2 313.3 160.5 104.7 86.3 77.3 613 52.6 43.5 339 23.6 163

cCl Mc_a - 90.6 552 348 275 239 174 139 101 6.1 1.7 -1.5
Mg _c 598.9 191.7 93.0 57.9 46.7 412 31.8 26.8 21.8 16.6 113 7.7

cCa Mc_a - 157.1 93.6 61.6 502 444 339 28.1 21.8 149 74 2.1
M _c 749.8 248.0 124.8 80.4 66.0 59.0 463 39.6 32.6 253 17.5 12.0

CC3-MI %cr—A - 1464 864 593 49.6 44.6 354 30.0 242 175 99 43
cr—C - - - - - - - - - - - -

CC3-M2 Mc_a - 181.4107.6 73.2 773 545 428 36.5 29.1 209 133 48

Mer—c - - - - - - - - - - - -

Table 5 shows the results obtained from the Eurocode 3 [10] (Mp q—c) and from the FEA (M4, and
My,.43) for the nonlinear buckling analysis considering all the corrosion cases and all the implemented
beam lengths.

Table 5. Results- lateral torsional buckling moment capacity by nonlinear buckling analysis.

Beam lengths (m)
Torsional buckling  0.55 1 1.5 2 23 25 3 34 4 5 7 10
moment (kNm)

Myrd—c 93.5 839 720 60.5 545 50.9 435 389 335 272 19.8 142

CNC Mprqz - 600 673 534 47.0 41.0 36.0 33.0 20.0 18.0 9.0 -
Myra3 - 653 70.7 59.5 54.0 50.6 443 40.0 36.0 30.0 17.0 -

Myra—c 63.3 56.1 46.3 36.7 32.0 294 241 21.0 17.6 139 98 69

CCl1 Myrqz - 40.0 38.0 27.0 24.0 22.1 18.0 16.0 10.0 7.0 3.5 6.6

Myra3 - 461 454 356 31.0 287 240 21.5 188 13.0 7.0 6.6

Myra—c 745 668 56.9 473 423 394 334 29.7 254 205 14.8 10.6
cC2 Myrqz - 452 555 444 340 33.0 270 240 16.0 125 6.5 -
Mpras - 531 595 49.1 44.0 41.2 344 324 28.0 23.0 135 -
CC3‘ Mbrd—C - - - - - - - - - - - -
M1 Myyz - 533 500 43.0 38.0 36.0 31.5 28.1 22.0 20.0 120 -
Mbras - 576 540 483 45.0 424 375 340 26.7 259 170 -
CC3- Myra—c - - - - - - - - - - - -
M2 Myrqz - 550 63.0 540 45.0 42.0 33.0 27.0 24.1 200 87 -

Mpras - 640 68.6 58.0 524 489 43.1 325 29.5 255 160 -
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4.2. Plots-Applied moment vs lateral deflection for the 5 corrosive cases and the 10 beam lengths
The following plots show the FEA results with regards to the 5 corrosive cases and the 10 beam lengths

concerning the development on the decrease in the My,.4 vs the increase in the lateral deflection.
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Figure 5. Applied moment vs lateral deflection,
Beam length = 1 m, Imperfection = 1 mm
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The following plots show the Eurocode 3 [10] results for the CNC corrosive case and the results from
the proposed analytical approach for the CC1 and CC2 corrosive cases vs the FEA results concerning
the development on the A; 1 versus the Xt and the development on the A; versus the My, 4.
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The lateral torsional buckling curves presented in Figures 15 and 16, which apply to the case no
corrosion (CNC), show that the buckling capacities My, 4, and M43 obtained from the FEA matched
with those obtained from the Eurocode 3 [10] except for the LTB non-dimensional slenderness (4 ) is
equal to 0.7 where the values for My .4, and My 43 deviate from the value obtained from the Eurocode 3
[10].

The lateral torsional buckling curves presented in Figures 17 and 18, which apply to the case
corrosion 1 (CC1), show that the buckling capacities My 4, and M, 43 obtained from the FEA matched
with those obtained from the proposed analytical approach.

The lateral torsional buckling curves presented in Figures 19 and 20, which apply to the case
corrosion 2 (CC2), show that the buckling capacities My 4, and M, ,4; obtained from the FEA matched
with those obtained from the proposed analytical approach, except for when the LTB non-dimensional
slenderness (A1) is equal to 0.7 where the values for M4, and M, .45 deviate from the value obtained
from the proposed analytical approach.

5. Conclusions

The LTB moment capacity of I-beams, which were subjected to five different corrosion scenarios, were
investigated in this paper using the finite element method employed ANSYS Workbench program. Only
the effect of uniform corrosion was considered in this study and the following general conclusions are
made based on the outcomes of this research study.

The results presented in Figure 5 to Figure 14 show that the curves for CC1 have the lowest LTB
moment capacity (M,.4). This conclusion is valid since in this corrosion case, the I-beam is most affected
to thickness reduction due to uniform corrosion. Additionally, the curves for CC3-M2 illustrate that the
LTB moment capacity (M,.q) reduces approximately to 48.8% due to corrosion when the length of the
I-beam increases to 7m. Moreover, the LTB stiffness of the curves for CC3-M2 decreases after the
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lateral deflection is approximately equal to 7 mm, especially for beam lengths 3.4 m and 4 m, due to
local stress concentration and its effect on the nonlinear behaviour.

The results presented in Figures 15 and 16 show that the buckling capacities My,4, and M .4; obtained
from the FEA matched with those obtained from the Eurocode 3 [10], except for when the “non-
dimensional slenderness for LTB” (4.1) is equal to 0.7 and where the values for My, .4, and My, .45 deviate
from the value obtained from Eurocode 3 [10]. The reason for this discrepancy may be the interaction
between local buckling and the LTB as short members are more exposed to local plate buckling.

The results presented in Figures 17 and 18 show that the buckling capacities My, and My,.4; obtained
from the FEA matched with those obtained from the proposed analytical approach and this confirmed
the validity of the proposed analytical approach for LTB moment capacity of corroded members.

The results presented in Figures 19 and 20 show that the buckling capacities My, and My,.4; obtained
from the FEA matched with those obtained from the proposed analytical approach, except for when the
non-dimensional slenderness for LTB (A1) is equal to 0.7 and where the values for My.q, and M43
deviate from the value obtained from the proposed analytical approach. The reason for this discrepancy
may be the interaction between local buckling and the LTB as mentioned above. The discrepancy
between the used non-linear material behaviour of steel and the real behaviour may also affect the
deviation of the mentioned buckling capacities of the beam. Therefore, FEA of LTB behaviour of short
beams is recommended for future studies. A similar study with different beam parameters and
experimental comparisons of analytical LTB capacities are recommended for future studies.
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