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ELASTIC TRIPPING ANALYSIS
OF CORRODED FLAT-BAR STIFFENERS

Axmao Paxoap-Panoici. AHATI3 NPYKHOTO I0310B:KHBEOI0 BUTHHY 3 KPYYeHHSIM IIOCKHX pedep :kopcTkocTi. [ToB310BXHIN BH-
I'HMH 3 KPYYEHHSIM pebep )KOPCTKOCTI € OHUM 3 BH/IB BTPATH CTIHKOCTI KOpaOeIbHUX MiAKPIIUICHUX [UIACTHH, 10 MOXE LIBHAKO NPH3BECTH
110 iX KatacTpoiuHOro pyifHyBaHHSA. BTpaTa TOBIIMHH IOIOTHA i (pIaHIlI depe3 KOPO3ilo MPU3BOJUTH O 3MEHIICHHS IPYXHOI MIITHOCTI
pebep XKOpCTKOCTi. 3a3BHUail BBAXKA€THCA, III0 CTOHIICHHS MaTepialy B pe3ylbTaTi Kopo3ii BitOyBaeThcsl pIBHOMIPHO, OTHAK peabHa KOpo-
JIOBaHa IUIACTHHA MA€ MIOPCTKYBATy IMOBEPXHIO, OTIKE, UL OLIHKU 3AJIHIIKOBOI MIl[HOCTI KOPOJOBAHOI KOHCTPYKIIi HEOOXiAHHI Habarato
OiNbII BUCOKHI piBeHb TOYHOCTI. Il0oKa3aHO, IO MUTaHHS MIIJHOCTI IPOIp:KABUIMX IUIACTHH 3 HIOPCTKOIO IIOBEPXHEI0 HEJOCTATHHO JIO-
CITiKeHe, 0COOINBO B 3aIKHOCTI Bifl CTyHeHs Kopo3ii. [l aHani3zy Ipy»KHOI HAPYTH IIPH ITO3T0BXHLOMY BHTUHI 3 KPYUEHHSIM CTAJICBHX
[UTOCKHX TUTACTHH, MiIJaHUX KOPO3ii 3 000X CTOPIH i sIKi MAlOTh MIOPCTKYBATy MOBEPXHIO, BUKOPHCTAHO METO/ CKiIHUCHHHX eneMeHTiB. [Ipu
MOPIBHSHHI OTPUMAHUX PE3yJIbTaTiB 3 BEIMYMHOIO NIPY)KHOI 00epTarodoi CHIIM JUTsl BUIAJKY IUIOCKHX CTPHXKHIB B HPHITYIIEHHI PIBHOMIpHO-
IO CTOHIIYBAaHHSI MaTepiaiy IPONOHYEThCS MOHIKYIOUHI Koe(ilieHT.

Kniouosi cnosa: KOpoIOBaHUIA CTaNCBHIT JINCT, TIO3/I0BXKHIH BUTHH 3 KPYYCHHSIM, METOJ] CKIHUCHHHX CIEMEHTIB, IOPCTKYBATa ITOBEPXHL.

Ahmad Rahbar-Ranji. Elastic tripping analysis of corroded flat-bar stiffeners. Tripping of stiffeners is one of the buckling modes
of stiffened panel which could rapidly lead to its catastrophic failure. Loss of thickness in web and flange due to corrosion reduces elastic
buckling strength of stiffeners. It is common practice to assume a uniform thickness reduction for general corrosion. Since the real corroded
plate has rough surfaces, to estimate the remaining strength of corroded structures, typically a much higher level of accuracy is required.
There is a little study on strength analysis of corroded plates with rough surface especially as a function of corrosion degrees. The aim of
present work is to analyze elastic tripping stress of flat bar stiffeners with both-sided corroded surfaces. Undulated surfaces are generated
based on the power spectrum of the corroded surface. Elastic tripping stress is calculated using ANSYS code. Finite elements method is
employed to analyze elastic tripping stress of corroded steel flat bars with both sided rough surfaces. Comparing the results with elastic
tripping strength of corroded flat bars with uniform thickness, a reduction factor is proposed. It is found that reduction factor of buckling
strength by uniform thickness assumption is overestimated.

Keywords: corroded steel plate, tripping, FEM, rough surface.

Introduction. Deterioration of aged structures due to corrosion is a common problem in steel
ships. For the structural safety assessment of corroded structures, residual strength should be determined
as a function of time to plan repairs and replacement. Two main corrosion mechanisms, namely, general
corrosion and pitting corrosion are recognized. Pitting is localized corrosion in the form of deep holes
and general corrosion which occurs in the relatively larger area is due to coalescence of pits.

Many research works are devoted to residual strength analysis of corroded structures. Nakai et al. [1]
have performed a series of nonlinear FEA for plates with pit corrosion subjected to in-plane compres-
sive load and bending moments. Jiang and Guedes-Soares [2] and Huang et al. [3] have studied the
ultimate strength of pitted plates under biaxial compression using nonlinear FEA approach Wang et al.
[4] have reported strength reduction of corroded deck plate in 20 years old ships under uniform longi-
tudinal compression. They quoted that for single hull tanker strength reduces by about 7 % while for
double hull tanker — by 14 %.

Significant relevant works have been performed in the area of residual strength evaluation of
corroded structures. However, a limited number of research works are investigated time-dependent
surface geometries of plates due to corrosion. The actual thickness distribution of corroded plate
would be time dependent variable and should be expressed as a function of corrosion degree. Strength
analysis of such plate could yield some acceptance criteria to assist surveyors or designers in repairs
and replacement planning. Rahbar-Ranji [5] has proposed a spectrum for random simulation of the
geometry of corroded surface based on the mean and standard deviation of thickness diminution.
Rahbar-Ranji [6...9] has used this spectrum to analyze plastic collapse load, ultimate strength, shear
buckling strength and elastic buckling strength of corroded plates with irregular surfaces. He has
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concluded that though one-sided corroded plate has maximum reduction of plastic collapse load, and
buckling strength of one-sided and both-sided corroded plate are the same.

The aim of present work is to analyze elastic tripping stress of flat bar (FB) stiffeners with both-
sided corroded surfaces. Undulated surfaces are generated based on the power spectrum of the
corroded surface. Elastic tripping stress is calculated using ANSYS code (version 5.6). A reduction
factor is introduced for a quick estimation of elastic buckling strength of corroded FB as a function of
corrosion degree which could assist surveyors to make decisions.

Materials and Methods.

Geometry of corroded surface. Steel plate that has been exposed to corrosive environments
exhibits a characteristically irregular surface and this one would expect that the thickness of the plating
varies from point-to-point as follows:

t(x,x,)=t, +C(x,x,)+C (x,x,), (1)
where C*(x,,x,) and C (x,,x,) are distance of points on top and bottom surfaces from average thick-
ness plane (Fig. 1), respectively.

Since it is not feasible to measure all points, Monte Carlo simulation methodology was used to
generate {  and {*. Among the various Monte Carlo simulation methods, the spectral representation
method [10] is one of the most widely used today.

The power spectrum is another way of representing of sampling data series, {(x;, x,), based on
wave number, (k;, k»), which shows the contribution of different wave numbers in the series. Direct
Fourier transform of original sampling points can be used to develop corresponding spectrum function.

Corrosion of structures shows a wide variation affected by a large number of factors, including
the type of protection system, the age of the structure, location, temperature, humidity, and cleaning.
One would expect to express a spectrum of the corroded surface as a function of above-mentioned
variables, which are called external environmental variables. It is not feasible to express a spectrum of
the corroded surface as a function of above-mentioned variables since so many sampling data is
needed. The spectrum of the corroded surface is expressed as a function of geometry parameters which
are called internal parameters and these parameters are related to environmental variables. Average
thickness diminution and standard deviation of thickness are two geometry parameters of the corroded
surface which are given for any environments. In order to express spectrum of corroded surface as a
function of average and standard deviation of thickness diminution, following assumptions are made:

1. Thickness diminution is the average value of the sufficiently large number of thickness measurements.

2. The thickness of plate element is a stationary and ergodic random variable.

Based on these assumptions, one can apply type I asymptotic distribution rule to calculate
extreme values of thickness diminution. Maximum thickness diminution is assumed as the extreme
largest corrosion depth with a cumulative probability of 95 %, and minimum thickness diminution, as
the smallest corrosion depth with a cumulative probability of 5 %. According to type I asymptotic
distribution rule, these values are calculated as follows:

At =At, +297c; @)

At =At, —2970,
where At,,, is average thickness diminution and ¢ is the standard deviation of thickness diminution (Fig. 2).
The Fast Fourier transform (FFT) technique is used to calculate two-dimensional spectrums of all

sampling points from both sides of a corroded plate. Based on above assumptions and calculated
spectrums, an expression for spectrum of corroded surface is proposed in the following form [5]:

3
11-8820‘[36 Exp 2B At, <297c;
k 3 2.97c|k]|
S(k) = : ©)
2
OB, +2970) o | 2| B Ar,, >2970,
Atuvrk 3 Ataw k|

where k is wave number and o and B are two constants which depend on corrosion condition and lie in
the following range: a=0.01...0.15, =0.02...0.15.
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Fig. 1. Geometry of a plate with undulated surfaces Fig. 2. Definition of At At,,, and At
for corroded surface

These two parameters are defined in a such way that

1.5 statistical characteristic of the simulated surface has to be
1.0 the same as the target surface. Fig. 3 shows some of the
= 05 calculated spectrums from sampling points and proposed
& o spectrums.
= Isotropic spectrums in two directions are expressed by
g Eq. (3) since the stochastic characteristics of corroded surface
%) 10 0.025 1.5 in all directions are the same, where equivalent wave number
951 . . . .
0.5k\-p=0.06 — (1) .2 is defined as follows:
. 2 2
k,=Jk k. 4)

05 10 % 05 10 o .
k, [Rad/mm] Three-dimensional geometry of corroded surface is

Fig. 3. Calculated and proposed spectrum simulated from the following equation:

of corroded surface: calkulated (——); C(x,x,) =

d(---- N Ny
proposed (- - - -) = \EZZ\/ZS(k”,kZI.)AkIAkZ [cosk,x, +k,,x, +¢ )+ (5)

i=l j=1

+cos(k,x, =k, x, +9,,)],

where N, and N, are discretization numbers of spectrum in x; and x, directions respectively, ¢;; and
¢,; are random phase angles uniformly distributed between O and 2x, Ak, and Ak, are wave number
increments in x; and x, directions respectively, and k=iAk, and ky=jAk,.

Elastic tripping analysis of flat bar stiffeners.

Stiffened plate could buckle in different modes, including flexural or torsional buckling of
stiffeners, local buckling of flange or web of stiffeners and buckling of the plate between stiffeners. In
torsional buckling or tripping, stiffener rotates as a rigid body about intersection point of the stiffener
to attached plate. Tripping occurs in stiffeners with high flexural rigidity and low torsional rigidity.

Euler stress for tripping of beams about center of torsion is calculated from following equation [11]:
2

T
EIL, (sz +GJ
TE = IO
where E is Young’s modulus, G is shear modulus, Iy, J and I, are sectorial moment of inertia, St. Ve-
nant’s moment of inertia, and polar moment of inertia about the center of torsion respectively, and L is
the length of the beam. The position of the center of torsion depends on boundary conditions of the

beam. In stiffened panel, the center of torsion is located at the junction point of the stiffener to at-
tached plate. Above cited parameters for FB stiffeners about this point are calculated as follows [12]:

) (6)

(¢

th,
I, =+r: 7
v =36 (7N
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=2 ©)

Elastic buckling assessment of corroded stiffeners with uneven thickness is only based on
numerical analysis with FEM. A both-sided corroded plate with the same rough surfaces at each side
is generated using shell elements with variable thickness at each node. A computer code in Fortran 90
is developed to generate irregular surfaces based on the mean and standard deviation of thickness
reduction. Ordinates of this surface are deducted from an initial thickness of the plate and irregular
thickness at each node is determined. In Fig. 4 finite elements model of FB with both sided corroded
surfaces is shown.

Results and Discussion. In order to demonstrate the detrimental effect of corrosion with rough
surfaces on elastic tripping stress, a series of FEM eigenvalue analyses are performed for different FB.
The computer code ANSYS (version 5.6) has been used for this analysis. Both-sided corroded FB is
modeled using shell element SHELL63. To enforce tripping about junction point of the web to attached
plate and prevent flexural buckling, displacement in transverse and vertical directions at the baseline of
the web are restrained. To ensure tripping of the beam without web distortion the rigid web is created.
A uniformly distributed normal stress was applied over one end while holding the other end fixed.

Verification of finite elements model accuracy.

In order to check the accuracy of FE Models some preliminary un-corroded FB models are
analyzed and compared with Eq. (6) (Table 1). As can be seen, very good agreements between FEM
and Eq. (6) exist.

Corrosion conditions.

Guo et al. [13] have given equations to calculate the mean and standard deviation of corrosion
wastage in deck plate of single hull tankers as a function of ships age based on measured data. Wang
et al. [4] have given a mean and standard deviation of thickness reduction based on 110000 data
measurements. Southwell et al. [14] have proposed the linear and bilinear model to estimate mean and
standard deviation of corrosion wastages. Yamamato and Ikegami [15] have reported corrosion lost in
bulk carriers based on data measurements. Guedes Soares et al. [16] have studied corrosion in differ-
ent types of ship and have proposed some models for corrosion loss estimation. Five different corro-
sion conditions (Table 2) are considered and random irregular surface is generated for each condition.

Table 1 Table 2
Tripping Euler stress (MPa) of un-corroded Corrosion conditions considered
Flat bars with different methods in this work

Flat-B Euler Stress Mean value Standard deviation

a-bar TR 6) | FEM (mm) (mm)

(mm)

505 793.51 | 790.29 0.6 0.2

65x6 676.37 674.07 1.0 0.23

St | 6T | et L3 025

X . .

100x9 | 643.75 | 641.94 175 0.28

110x11 795.10 | 729.95 20 0.30

120x12 795.48 793.40
140x13 686.64 684.96
160x14 610.46 609.07
180x15 554.49 553.32

Based on studies of Rahbar-Ranji and Zakeri [17], corrosion changes mechanical properties of
steel plate, while Young’s modulus and Poisson's ratio remain almost unchanged. Therefore, material
is considered as mild steel with £=206 GPa and v=0.3, length of 3200 mm has been considered for
stiffeners in this study. Statistical characteristics of generated surface for different corrosion conditions
and FBs together with parameters a and f§ are given in Table 3.
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Table 3
Statistical characteristics of simulated surface for different FBs
Target surface T fFB Simulated surface
Aty (mm)| o (mm) ypeo a § At (mm) | At,,.(mm) | At (mm) | CTP (mm) | 6 (mm)
50x5 0.035 0.03 0.01 0.61 1.33 1.33 0.20
65%6 0.095 0.009 0.01 0.60 1.42 1.42 0.19
75%7 0.032 0.030 0.01 0.60 1.43 1.42 0.20
90x8 0.035 0.025 0.01 0.61 1.34 1.33 0.19
0.6 0.2 1009 0.025 0.036 0.01 0.61 1.39 1.38 0.20
12012 0.015 0.060 0.01 0.62 1.38 1.38 0.20
140x13 0.030 0.030 0.01 0.61 1.32 1.31 0.20
160x14 0.030 0.030 0.01 0.61 1.32 1.31 0.20
180x15 0.030 0.030 0.01 0.61 1.33 1.32 0.20
50x5 0.035 0.034 0.32 1.0 1.92 1.60 0.23
65%6 0.038 0.030 0.32 1.01 1.92 1.60 0.23
75%7 0.034 0.031 0.32 1.00 2.01 1.69 0.22
90x8 0.050 0.020 0.32 1.00 1.95 1.64 0.22
1.0 0.23 1009 0.060 0.017 0.32 1.02 2.00 1.68 0.22
120x12 0.014 0.070 0.32 1.02 1.86 1.54 0.23
140x13 0.034 0.033 0.32 1.02 1.87 1.55 0.23
160x14 0.035 0.030 0.32 1.00 1.84 1.53 0.23
180%15 0.035 0.030 0.32 1.00 1.84 1.52 0.23
50x5 0.054 0.024 0.75 1.50 2.50 1.74 0.25
65%6 0.035 0.035 0.75 1.51 2.50 1.74 0.25
75%7 0.056 0.020 0.75 1.52 2.56 1.80 0.24
90x8 0.055 0.020 0.75 1.50 2.44 1.69 0.24
1.5 0.25 1009 0.035 0.032 0.75 1.53 245 1.69 0.25
120x12 0.022 0.052 0.75 1.50 2.71 1.96 0.25
140x13 0.036 0.033 0.75 1.49 247 1.71 0.25
160x14 0.040 0.029 0.75 1.50 247 1.71 0.25
180x15 0.036 0.030 0.75 1.50 2.34 1.59 0.25
50x5 0.060 0.025 0.92 1.76 291 1.99 0.28
65%6 0.015 0.090 0.92 1.77 2.75 1.83 0.27
75%7 0.015 0.090 0.92 1.76 2.92 2.00 0.28
90x8 0.030 0.052 0.92 1.78 2.87 1.95 0.28
1.75 0.28 1009 0.061 0.020 0.92 1.75 2.81 1.89 0.27
120x12 0.036 0.036 0.92 1.76 3.12 2.20 0.28
140x13 0.036 0.035 0.92 1.75 2.77 1.86 0.28
160x14 0.038 0.035 0.92 1.74 1.76 1.85 0.28
180x15 0.036 0.036 0.92 1.75 1.76 1.84 0.28
50x5 0.080 0.020 1.11 2.01 3.23 2.12 0.3
65%6 0.015 0.095 1.11 2.01 3.16 2.05 0.29
75x7 0.015 0.095 1.11 2.00 3.23 2.12 0.30
90x8 0.015 0.090 1.11 2.02 3.28 2.17 0.29
2.0 0.3 1009 0.043 0.031 1.11 2.03 3.20 2.09 0.30
120x12 0.037 0.037 1.11 2.00 3.45 2.34 0.29
140x13 0.046 0.030 1.11 2.01 3.11 2.00 0.30
160x14 0.039 0.029 1.11 2.08 3.36 2.25 0.30
180x15 0.041 0.035 1.11 2.00 3.09 1.98 0.30

Euler tripping stress for FB with irregular thicknesses at each no is calculated using FEM and
compared with Euler stress of FB with uniform thickness using Eq. (6). A reduction ratio for each case
is defined as follows:

— (GET )Rough

; (10)
(GET )Flu.rh

d
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where oy is Euler stress for tripping mode of buckling. In Table 4 Euler tripping stresses and reduc-
tion ratio for FB with different corrosion conditions are quoted.

Table 4
Euler tripping stress of FBs with different corrosion conditions (MPa)
Target surface Tvpe of FB : Euler tripping stress (MPa) . _
At,,, (mm) 6 (mm) P Irregular thickness | Uniform thickness | Reduction ratio

50%5 590.72 601.39 0.982

65%6 534.02 544.08 0.982

75%7 568.45 572.04 0.994

90x8 528.99 528.74 1.00

0.6 0.2 100x9 556.11 556.23 1.00
120x12 708.72 710.05 0.998

140x13 616.85 622.39 0.991

160x14 552.28 557.28 0.990

180x15 504.17 508.74 0.991

50%5 478.91 503.04 0.952

65%6 456.05 462.69 0.986

75%x7 494.85 505.48 0.979

90x8 473.15 475.45 0.995

1.0 0.23 100x9 497.95 504.84 0.986
120x12 660.35 658.32 1.003

140x13 581.81 579.72 1.004

160x14 524.27 522.77 1.003

180x15 480.994 479.79 1.003

50%5 359.12 384.27 0.935

65%6 366.32 373.52 0.981

75%7 411.04 419.79 0.979

90x8 408.02 409.65 0.996

1.5 0.25 100x9 437.17 436.90 1.00
120x12 597.18 603.00 0.990

140x13 528.29 533.35 0.990

160x14 478.06 481.13 0.990

180x15 444.12 448.16 0.990

505 299.15 327.75 0.913

65%6 317.46 330.62 0.960

75%7 376.55 381.91 0.986

90x8 375.70 376.76 0.997

1.75 0.28 100x9 410.64 412.05 0.997
120x12 566.77 573.26 0.989

140%x13 512.47 509.79 1.005

160x14 457.90 462.05 0.990

180x15 431.31 429.49 1.004

50x5 249.01 278.57 0.894

65%6 283.38 297.31 0.953

75%7 340.82 346.65 0.983

90x8 342.51 345.60 0.991

2.0 0.30 100x9 382.56 382.95 1.00
120x12 538.89 545.81 0.987

140%x13 489.65 486.76 1.006

160x14 441.51 446.49 0.990

180x15 408.92 410.14 0.997
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As can be seen, reduction factor can be as low as 0.894. This indicates that by uniform thickness
assumption, buckling strength of FB could be overestimated up to 11 %. Also in this table, the reduc-
tion ratio in some instances are equal or slightly bigger than one. This means that, depending on thick-
ness distribution, buckling strength of FB with uniform thickness and irregular thickness could be the
same. Oszvald and Dunai [18] have reported the same situation in buckling analysis of corroded angle
elements. Due to randomness of thickness, which for some cases uniform thickness assumption yields,
the interpretation could have the same results as an irregular surface assumption.

Fig. 4 shows the effect of standard deviation of thickness diminution (roughness of surface) on
buckling strength reduction factor for FB 160x 14 mm with average thickness diminution of 1.0 mm.
As can be seen, standard deviation of thickness diminution has no influence on reduction factor of
buckling strength.

Fig. 5 shows the effect of average thickness diminution for FB 16014 mm with a standard
deviation of thickness diminution 0.25 mm. As can be seen, average thickness diminution also has no
influence on reduction factor.

1.1

oy
=3
S

=
=
=]

Reduction of
buckling strength
=
Reduction of
buckling strength

0.9 0.95
020 022 024 026 028 030 032 034 0.36 074 079 084 089 094 099 104 1.09

Standard deviation (mm) Average thickness diminution (mm)

Fig. 4. Reduction of buckling strength factor for FB Fig. 5. Reduction ratio of buckling strength for FB
160% 14 mm with average thickness diminution 1.0 mm 160%14 mm with standard deviation
of thickness diminution 0.25mm

Fig. 6 and 7 show reduction ratios of buckling strength for FB 50x5 mm and 160x14 mm for
different ratios of average thickness diminution to initial thickness (amount of corrosion loss). In these
figures, standard deviation and average thickness diminution are taken as 0.30 mm and 2.0 mm, and
0.275 mm and 1.0 mm respectively. As can be seen, the ratio of average thickness diminution to initial
thickness has a weakening effect on reduction factor. The buckling strength reduction factor can
become 0.89 in FB 50x5 mm when the ratio of thickness diminution reaches 0.4 or in FB 160x14 mm
when the ratio of thickness diminution reaches 0.18. In other words, buckling strength is over-
estimated by uniform thickness assumption up to 11 % in FB 50x5 mm when corrosion lost is 40 %,
and in FB 160x14 mm when corrosion loss is about 18 %.

= 1.00
B0 —_—
§ 0.98 ﬁ\
2]
0.99 E"O.%
— =
o 5097 S 0.94
g g 0.95 i
g50 %092
2 2093 g \
& 3 091 g 0.90 N
= ]
el Q
0.89 ~ 0.88
0.15 0.20 0.25 0.30 0.35 0.40 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19
Ratio of average thickness diminution to initial thickness Ratio of average thickness diminution to initial thickness

Fig. 6. Reduction factor of buckling strength for FB Fig. 7. Reduction factor of buckling strength for FB
50%5 mm with average thickness diminution 2.0 mm  160% 14 with average thickness diminution 1.0mm and
and standard deviation 0.30 mm standard deviation 0.275mm

Conclusions. There is a little study on strength of corroded plate with rough surface especially as
a function of corrosion parameters. Eigenvalue analysis using FEM is used for tripping Euler stress
analysis of corroded FB with both sided rough surface. A reduction factor is presented as a ratio of
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buckling strength of corroded FB with irregular thickness over buckling strength of corroded FB with
uniform thickness. Influential parameters are studied and it was found that standard deviation and av-
erage thickness diminution have no effect on reduction factor of buckling strength. The ratio of aver-
age thickness diminution to initial thickness (amount of corrosion loss) has a weakening effect on re-
duction factor. Having reduction factor as a function of corrosion parameters, buckling strength of cor-
roded FB could be evaluated easily as a function of the age of the structure. On the basis of considered
set of FBs and tested corrosion assumptions this study reveals that considering uniform thickness, the
buckling strength of FB is overestimated.
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