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Abstract

The major design codes are changing to LRFD (Load Resistance Factor Design) replacing
traditional WSD (Working Stress Design) approach for offshore structural integrity assessment.
The LRFD factors are partial safety factors obtained from structural reliability analysis. The
reliability analysis needs a tool to predict the structural capacity very accurately. Hence the
strength analysis of structures with a higher degree of accuracy is quite important. Although the
numerical methods can be used for reliability analysis, the computation cost involved is quite
high. It further demands great effort and expertise for acceptable results. Hence an analytical
solution with basic structural design parameters predicting structural capacity is more suitable
for the reliability analysis. Rule based design codes are available for the assessment of structural
capacity for the stiffened cylindrical structures under different loading conditions. This paper
establishes a modified version of a strength model which was proposed earlier for ring, stringer
and orthogonally stiffened cylindrical shells. The mean and COV (Coefficient of Variation) of
model uncertainty factor of a large population of experimental data are used to compare the

proposed strength model and other major practicing codes.
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1. Introduction

Stiffened cylinders are extensively used in buoyant semi-submersible and Tension leg type
offshore platforms. The legs of these structures are designed as Stiffened cylinders because of its
inherent capability to resist high axial loads and bending moments with lateral pressure loads.

The modern LRFD design approaches are based on structural reliability analysis for the
determination of sensible load and resistance factors. The structural reliability analysis needs a
tool to predict the structural capacity very accurately. This make the strength analysis of
structures with a higher degree of accuracy is the key aspect in the reliability based design
processes. Although the numerical analysis tools validated with reasonable model uncertainty
factor are absolutely suitable for this purpose but the time and cost of computation become a
major factor to prefer an analytical method. Hence an analytical approach in terms of basic
structural design parameters to predict the structural capacity is more suitable for the reliability
analysis. There are various rule based design codes available for the assessment of structural
capacity of stiffened cylindrical structures under different loading conditions. DNV-RP-C202
and API BUL 2U are two of the major industry recommended codes in practice.

Author proposes a modified version of existing RCC (Rule Case Committee) formulation for the
strength assessment of ring stiffened and ring-stringer stiffened cylinders (ABS, 1984). The bias
for knockdown factor for both the ring and orthogonally stiffened cases are modified based on
experimental results for similar structures conducted within last century. The codes and the
proposed formulation are compared statistically with respect to mean and COV of a large

population of screened test data.

2. Analytical strength model for stiffened cylinders
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Figure 1: Elements of a typical analytical strength model of stiffened cylinder

The general philosophy followed by most of the codified rules for the ultimate strength of
stiffened cylinders is nearly same. The strength evaluation of the structural element starts from

the assessment of the elastic critical buckling strength of perfect cylinders.
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The variation to this theoretical value is then accounted by applying appropriate shell
knockdown factor so that the elastic critical buckling strength of the Imperfect cylinder (real
structure) is obtained. A reduction factor is then applied considering the slenderness of the
structure and material strength to achieve the ultimate strength of the stiffened cylinder.

The shell knockdown factor represents the effect of geometrical imperfections on the buckling
strength of the structure. The reduction factor includes the effect of residual stresses and

structural slenderness.
2.1  Buckling of cylinders

Basically the stiffened cylinder structure can buckle and eventually fail in two ways. Snap-
through buckling occurs by a sudden reverse of the curvature locally at certain combination of
axial loads and the successive bending moments and results in a total failure as there is no
chance of moment redistribution. Other failure type is the classical type of bifurcation buckling.
The mode which most dominates design and structural weight is variously referred to as ‘bay

instability’ and ‘panel buckling; but inter-frame collapse is less ambiguous and is used here.

The approach taken is to liken the failure model to that of a flat stiffened panel wrapped up into
a stiffened cylinder, as illustrated in Figure 2. The curved shell between stringers is the most
important load carrying element. The analysis will follow that established for flat panels, but
with stabilising effects of curvature included. As with flat panels, an effective width approach is

fundamental to achieving the best accuracy.

Figure 2: Stringer Stiffened Cylinder between Ring Frames

2.2 Knockdown factors in RCC code

The analysis revel that there is large variation exists between the experimental test results and
the theoretical bucking strength prediction for both cylinder and curved shells. This deviation is

predominantly a consequence of initial imperfections. The reduction from the theoretical
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buckling load is addressed with a term called knockdown factor denoted by p. So the elastic

buckling strength of imperfect cylinder can be represented as,

e cr

where o, is the lowest critical stress for cylinders and curved shells.

Ring stiffened cylinder
RCC proposes the knockdown factor for unstiffened and ring stiffened cylinder as,

p=Bp,C )

where p, is the structural knockdown factor and C is a length dependent coefficient.

The results show some scatter with the above factors and then introduced the parameter B which

is the Bias for knock down factor to account the deviations.

1.2 for 4,21
= 3
1+0.24, for 4,<1 ©
where, 4 = o oy is the material yield stress
pnCO-Cr

(4)
Stringer stiffened cylinder
Similar to the case of unstiffened and ring stiffened cylinders, the stringer and orthogonally
stiffened cylinders also shows the effect of imperfection with a reduction in the buckling
strength. As shell slenderness, which is the Batdorf width parameter (Zs) increases, the

behaviour becomes more unstable and imperfection-sensitivity is greater. RCC proposes the
knockdown factor for stringer and orthogonally stiffened cylinder as,

p=Bp, )

where p, is the structural knockdown factor as given below.

The scatter in the results is managed with a Bias for knock down factor B.

(6)

1.25 for 4,>1
“|1+0.252, for 4 <1
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o
Where, 4 = 4 (7)

pnacr

3. New knockdown factors for elastic buckling strength

The RCC code has taken the bias for knockdown factor B straight from the aerospace industry.
The loading, support, material, fabrication, environmental conditions etc. are quite different in
the offshore industry. So the direct adaptation may not fully acceptable for the design purposes
as the empirical factors need suitable modifications. The strength performance under different
loading conditions could be addressed differently for offshore design purposes. The author
proposes modified bias for knockdown factors (Pretheesh Paul C, 2011) considering various
loading conditions particularly applicable for the offshore industry. The coefficients are obtained
using a least square fit to match the predictions close to the experimental values.

Ring stiffened cylinder

The results for the ring stiffened panels are separated and the predicted results with the RCC
formulation is compared with the experimental results. While fitting the curve with the
predictions, the bias shows more sensitivity with the type of loading. The least square fitting
process has been performed for the sets of results with different loading conditions and the bias

for knockdown factor for ring stiffened cylinder is expressed as,

D, for 2, <1
= (8)

1+(D,-1)A, for A 21

1.40 - for Axial loading
D, =41.20 - for Radial loading 9)
1.30 - for Combined loading

The scatter of the results has brought down significantly with the above Bias factor which is

illustrated latter in the next section.
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Stringer stiffened cylinder

Similar to the previous analysis the bias for knockdown factor for stringer or orthogonally

stiffened cylinder is expressed as,

{Dz for 4 >1
= (10)

1+(D,-1)4, for A, <1
1.60 - for Axial loading
D, =41.25 - for Radial loading (11)
2.10 - for Combined loading
Again, the scatter of the results has found to reduce significantly with the above Bias factor
which is illustrated in a following section. The coefficients can be further modified subjected to

the availability of suitable test results.

4. Statistical comparison of test data

Ring Stiffened Stringer Stiffened
Reference Axial Radial Combined|Axial Radial Combined
Dwight, J.B. (1982) 3 - - - - -
White, J.B. and Dwight, ].B. (1977) 7 - - - - -
White, ]J.B. and Dwight, ].B. (1978) 9 - 23 - - -
Sridharan, S. and Walker, A.C. (1980) 4 - - - - -
Walker, A.C. and Davies, P. (1977) 8 - - - - -
Agelidis, N.A., Harding, ].E. and Dowling, P.J. (1982) 26 - - - - -
Dowling, P.J. and Harding, J.E. (1982) 35 - - - -
Weller, T., Singer, ]. and Batterman, S.C. (1974) - 14 - - - -
Becker, H. and Gerard, G. (1962) - - 7 - - -
Das, P.K., Faulkner, D. and Guedes da Silva (1991)
ABS/Conoco - - - 14 8 22
CBI - - - 1 1 4
Imperial college - - - 6 - -
Glasgow - - - 3 - -
DNV - - - 4 - -
Seleim, S. S. and Roorda J. (1986) - 10 - - - -
Ralph, E.E. (1963) - 14 - - - -
Walker, A.C. and McCall, S. (1987, 1988) - 1 3 - 2 -
Birch, R.S. and Norman Jones (1990) - - - 11 - -
Ross, C. T. F. and Johns, T. (1998) - 3 - - - -
Ross, C. T. F. and Sadler, ].R. (2000) - 9 - - - -
Total 57 86 33 39 11 26

Table 1: Source for test data
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The experimental test results are collected from a wide literature survey over the last century
(Pretheesh Paul C, 2011). It is observed that majority of the experimental works on stiffened
cylinders are being undertaken during 1960’s to 1980’s and there is not much experimental
works available recently as the researches are comfortable with the numerical results with the
increased capabilities and accuracy. This work incorporates data from various experimental

programs undertaken across the world for stiffened cylinders as illustrated in Table 1.

In the simplest way, a good analytical strength model should predict the strength of the structure
accurately under the imposed loading and support conditions. As mentioned earlier, because of
the assumptions and approximations considered in the analytical relations along with the
unaccounted factors, there always remain a certain percentage of error in the structural strength
prediction. So a strength model can be rated based on the deviation from the experimental results.
The best way to quantify this uncertainty is with the modelling parameter. This modelling

parameter is also known as the model uncertainty factor Xm.
Model uncertainty factor,

_ Experimental Value
" Predicted Value

(12)

5. Analysis results

The data collected are carefully arranged and tabulated with all the necessary inputs for the code
based design. The data is then pushed through the analytical relations of DNV, API, RCC and
the Recommended Models for stiffened cylinders. The strength predicted by each of the models
is then compared with the experimental results to evaluate the model uncertainty factor Xm
which is the ratio of experimental value to the theoretical prediction for each set of data. The
mean and COV of the model uncertainty factor Xm is then evaluated for each case. The
predicted and experimental strength (¢-Predicted and ¢-Test) which are normalised with respect
to yield stress are then plotted to show the closeness of experiment with prediction and the
scatter in each case. For combined loading cases, the model uncertainty is plotted against L/R

ratio as it is not straight forward to represent the strength for a combined loading case.
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5.1 Ring stiffened cylinders
Ring stiffened cylinders under axial compression

The Ring stiffened cylinders are basically checked against the local shell buckling which is the
dominant failure mode in this type of structures.

Table 2 Illustrate the statistical results of model uncertainty factor Xm for DNV, API, RCC and
the Proposed strength model. The values indicate that the Proposed model has better statistical
parameters compared to other strength models for the axial strength of ring stiffened cylinders.
There is a 10% variation in the mean value and nearly 0.5% reduction in the spread of the results.

DNV API RCC Proposed Model
Mean 1.28 1.15 1.10 1.00
cov 17.94% 11.84% 11.04% 9.62%
Population 40

Table 2: Statistical comparison of Xm for Ring Stiffened Cylinder under Axial Loading

Figure 3 and Figure 4 show the comparison of predicted and experimental data for the different
strength models. The strength prediction of the Proposed model is more accurate compared to
the other approaches in terms of its statistical measures. Figure 4 shows the spread of the results

about its mean line having a low bias to the wunity with less COV.
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Figure 3: DNV and API prediction for Ring Stiffened Cylinders under Axial Compression
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Figure 4: RCC and Proposed prediction for Ring Stiffened Cylinders under Axial Compression

Ring stiffened cylinders under radial compression

Table 3 shows the statistical analysis results for DNV, API, RCC and the Proposed strength
model. It shows the comparison of predicted and experimental data for different approaches. The

average and spread of the population shows better central tendency compared to the other

approaches.
DNV API RCC Proposed Model
Mean 0.98 1.35 1.03 1.00
cov 19.43% 19.09% 21.19% 17.67%
Population 65

Table 3: Statistical comparison of Xm for Ring Stiffened Cylinder under Radial Loading

Ring stiffened cylinders under combined axial and radial compression

Table 4 shows the statistical results of the ring stiffened cylinders under combined axial
compression and Radial pressure for a population of 27 data for DNV, API, RCC and the
Proposed strength model. The APl model shows the lowest bias. The proposed strength model

shows less scatter compared to all the other strength models.

DNV API RCC Proposed Model
Mean 1.46 1.07 1.14 1.17
Ccov 19.49% 21.71% 18.34% 16.41%
Population 27

Table 4: Statistical comparison of Xm for Ring Stiffened Cylinder under Combined Loading
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5.2  Stringer or Orthogonally Stiffened Cylinders
Stringer/orthogonally stiffened cylinders under axial compression

Table 5 shows the statistical results of the ring-stringer stiffened cylinders under Axial
compression for a population of 30 for DNV, API, RCC and the Proposed strength model.

DNV API RCC Proposed Model
Mean 1.02 1.07 1.05 1.01
cov 21.57% 14.67% 14.01% 14.17%
Population 30

Table 5: Statistical comparison of Xm for Ring-Stringer Stiffened Cylinder under Axial Loading

Figure 5 and Figure 6 show the comparison of predicted and experimental data for the different
approaches. The Proposed model predicts the strength almost similar to that of the APl and RCC
model and which is better compared to APl and DNV models.
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Figure 5: DNV and API prediction for Ring-Stringer Stiffened Cylinders under
Axial Compression
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Figure 6: RCC and Proposed prediction for Ring-Stringer Stiffened Cylinders under
Axial Compression

Stringer/orthogonally stiffened cylinders under radial compression

Table 6 shows the statistical results of the ring-stringer stiffened cylinders under radial pressure
for a population of 9 for DNV, API, RCC and the Proposed strength model. The recommended
approach is same as that of RCC and it is quite similar to the API formulation. The Proposed
model appears better compared to DNV and API codes in terms of mean and spread of the

model uncertainty factor.
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DNV API RCC Proposed Model
Mean 1.33 1.12 1.06 1.06
Ccov 47.38% 21.54% 18.38% 18.38%
Population 9

Table 6: Statistical comparison of Xm for Ring-Stringer Stiffened Cylinder under
Radial Pressure

Stringer/orthogonally stiffened cylinders under combined axial and radial compression

Table 7 shows the statistical results of the ring and stringer stiffened cylinders under combined
axial compression and radial pressure for a population of 25 for DNV, API, RCC and the

Proposed strength model.

DNV API RCC Proposed Model
Mean 1.84 1.33 1.34 1.18
cov 43.82% 22.19% 21.02% 19.87%
Population 25

Table 7: Comparison of Xm for Ring-Stringer Stiffened Cylinder under Combined Loading

6. Conclusions

The analyses with the experimental results illustrate the fact that the Proposed model which is a
modified RCC Model, predicts the structural capacity more accurately in most cases compared
to APl and DNV codes. The statistical parameters of the analysis show that the Proposed model
is more stable in predicting the strength of the stiffened cylinders compared to the DNV and API
codes. The experimental data available for the radial pressure load cases for ring-stringer
stiffened cylinders are very less and it is required to do further investigation to acquire more data.
The design equations and the model uncertainty factors presented in this study are suitable for
reliability analysis, sensitivity analysis and evaluating the partial safety factors for similar

structures.
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