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Abstract: Spirally welded tube (SWT) members are predominantly used for offshore oil and gas transportation in the
pipeline industry. The use of SWTs in construction is gaining attention with emerging and qualitative research. SWT
columns have no parametric limitation in manufacturing. However, no specific research is available for the influence of
helix angle in SWT columns as structural member. This investigation stresses on understanding the behavior of SWT
columns with different helix angles. Seventy-two finite element (FE) models of SWT columns have been analyzed to study
the influence of length to diameter (L/D) ratio, diameter to thickness (D/t) ratio and helix angle on the load-carrying ca-
pacity. Test results of two SWT columns available in the literature are used for validating the developed FE model. In
addition, the capacity of the columns based on standard codes is computed and compared with the FE results. All the
columns are axially compressed and the buckling and post-buckling behavior are simulated. Initial stiffness and ductility
index of the columns are discussed. Helix angle between 40° to 50° are found to show the best results.

Keywords: spirally welded column, finite element, non-linear, buckling, ductility.

1. Introduction

Steel structural members occupy an irreplaceable role in the construction industry. Any form of the structural member in
steel provides enormous strength with the least occupying space. Another important factor is that steel does not produce any
debris; everything is completely recyclable and reusable. Thin-walled SWT members are prominent due to the ease of fabri-
cation. However, in thick-walled members, spiral welding does not contribute much (Aslani et al. 2015). SWTs are made by
revolving the steel sheet with respect to a central axis at a particular angle. The length per revolution depends upon the angle
of the helix. Stress during compression gets distributed in helical form (Li et al. 2018). Figure 1 shows the general manufac-
turing of SWT. The SWTSs are arc welded on both sides to maintain the continuity of material in the member. Long columns
distribute the stress to attain equilibrium (Martinez, 2019).

Finite element modelling of concrete-filled SWT columns (Gunawardena and Aslani 2021a, 2021b, 2021c) states that FEM
results are negligibly sensitive to the modelling of the spiral weld and shows equivalent behavior when the tubes are created
as seamless circular tubes. There is a gap in understanding the behaviour of SWTs as structural members. In this investigation,
the influence of the different helix angles on columns with similar dimensions, and similar helix angle for column with
different dimensions have been studied. This study will bridge the gap in understanding sheet width and helix angle selection
for fabricating SWT columns.
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Nomenclature
D — Diameter x — reduction factor
t — thickness R — reduction factor
Fy— yield stress 6 — helix angle
L — length of column &, — displacement in depression(decline) curve
Pexp— experimental load 6, — displacement in rising curve
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Figure 1. Manufacturing of SWT (Aslani et al., 2015). Figure 2. Stress-strain curve for adopted elastic—plastic behavior.

2. Spirally welded column

For the spirally welded (SW) columns used for analysis in this study, four different helix angles, 6 (viz. 30°, 40°, 50° and
60°) and nine different heights (viz. 600, 750, 900, 1050, 1200, 1350, 1500, 1650 and 1800mm) were adopted. The helix angle
(0) is chosen such that the slope is neither large nor right-angled. Keeping the width of the sheet constant and varying the
helix angle will result in increased weight and distortion of elements during loading with only a marginal increase in capacity
due to the overlapping of sheets. Even a small distortion will become a weak point in the column, changing all the character-
istics. There is a research gap in understanding the effect of helix angle in SWT as a structural member. In this study, SW
columns of identical dimensions with different helix angle is addressed. Table 1 shows the details of sheet width required for
each helix angle maintaining a constant number of pitches. Spirally welded steel columns can be produced continuously to
any required dimensions and any wastage of material can be avoided.

Table 1. Details of sheet width.
Helix angle (0) 30° 40° 50° 60°

Sheet width required (mm) 235 300 360 410

3. Codal provisions

The use of SWTs in the pipeline industry goes a long way. There are provisions and tolerances for SW pipes specified by
international standard codes. Limits for imperfection given in Bureau of Indian Standards (IS 5504, 1997), American Petro-
leum Institute (API 5L, 2013), International Organization for Standardization (1SO 3183, 2014)(supplements API 5L), Stand-
ards Australia (AS 1579, 2001), American Society for Testing and Materials (ASTM- A252, 2019) and European Standard
(EN 10219- 2, 2019)(has the status of British Standard) are discussed in Table 2. The positive wall thickness tolerance does
not apply to the weld area. The roundness and ovality tolerance is checked using the diameter and circumference. The length
tolerance of API 5L is very flexible, whereas the weld bead height tolerance of AS 1579 is very stringent. These surface and
dimension tolerances are also applicable for structural use. Existing standard codes such as Indian Standard (IS 801, 1998),
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British Standard (BS 5950- 5, 2006), American Standard (AlSI S100, 2007), and European Standard (EC 3, 2011) accounts
for the seamless and longitudinally welded tubular column. Among these, IS code uses the working stress method and the
values are underestimated. This code is in the process of revision. The design equation for buckling resistance of SWT needs
to be derived. European and American Standard codes use reduction factor y and R respectively, which holds a value of < 1.
British Standard uses Perry’s co-efficient (n) value < 0.002 < elastic stress value. But no code is available exclusively for the
structural design of SWT column. The design equation for buckling resistance of SWT needs to be derived with tolerance
and additional factors by considering the helix angle.

Table 2. Standard specifications and tolerances.

Specifications 1S 5504, 1997 API 5L, 2013 AS 1579, ASTM A252, BS EN 10219- 2,
1SO 3183, 2014 2001 2019 2019
Wall thickness + 15% and +1.5 % to £10 % 3% to +12.5% +10%
tolerance -12.5% +15%
Imperfection <0.333t <0.125t - <0.25t Smooth surface
tolerance
Length tolerance 2.5% +500 mm 7.5 mm +25 mm 2.5%
Straightness Reasonably <02 % <02% Reasonable <0.2%
tolerance straight
Weld bead height - 3.5mmto 4.5 1.5 mmto - 3.5mmto 4.8 mm
tolerance mm 3mm

4. Finite element analysis (FEA)

Finite element software is a real boon to save time and money, as experimental studies are very expensive. Finite element
software (ABAQUS 6.13) has been used for this study. Any type of structure can be modeled and analyzed using discretized
elements. For this current study, linear perturbation and non —linear Static Riks analysis have been carried out. Buckling mode
imperfection is also incorporated in the model to account for the local buckling of the thin sheet. For accurate simulation of
SWT, material properties such as Modulus of Elasticity, Poisson’s ratio, stress and strain values for the elastic-plastic material
constitutive model, considering von-Mises yield criterion were taken from (Aslani et al. 2017). Figure 2 shows the typical
stress-strain curve adopted for the elastic-plastic material modelling. Isotropic material properties have been adopted for
SWTs (Sadowski et al. 2015a).

4.1. Mesh convergence study

In finite element analysis for any member, a mesh sensitivity study is important to get reliable results. The sufficiently
refined mesh ensures adequate simulation. As the number of element increases, the accuracy increases, at the same time, the
computational time also increases. A mesh convergence study for a selected column is conducted with a coarser mesh size to
a comparatively finer mesh size. For each mesh size, peak von-Mises stress is plotted as shown in Figure 3. As the mesh size
gets finer, the number of elements increases and there is a surge in the stress. Likewise, with coarser mesh size, the elements
are distorted from their isoparametric angle, increasing the stress. When the mesh refinement makes less than a 2% difference,
the mesh is converged. It is seen that coarser mesh gives less accurate results, while the normal and finer mesh gives almost
similar results. Also, when the mesh is very fine, it causes stress singularity resulting in non-converging infinite stress. In this
study global mesh size of 10 is adopted for all the columns to get a stabilized solution.
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4.2. Modelling, boundary condition and interaction

Four node doubly curved shell element (S4R) having six Degrees of Freedom (DOF) at each node is used to model the
SWT. The angle of mesh does not have a notable influence on the buckling load (Mahmoud et al. 2015). The weld is simulated
using a solid element; by making the solid revolve with the required helix angle. Plate thickness is seen to be less at the coil
edge (Van Es et al. 2013). At the region of welding, lumps are found in the SWTs, but these do not affect the geometry of the
column (Sadowski et al. 2015b) . Each specimen is considered a perfect specimen and the dimensions are completely rounded
for the initial stage. Linear perturbation buckling analysis and non-linear Static Riks analysis are carried out. Non-linear Static
Riks analysis is capable of simulating the post-peak behavior. A rigid body tie constraint is adopted to make the analysis
simpler without the endplates. One end of the column is fixed and the other end has a translational degree of freedom along
the vertical axis alone. A uniformly distributed axial compressive load is provided to check the buckling modes and the least
Eigenvalue is adopted as magnitude for the geometric non-linear analysis. The modeled column with different helix angles is
shown in Figure 4.
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Figure 3. von Mises stress vs global mesh size.  Figure 4. Typical columns with different helix angle.

4.3. Validation

To validate the developed FE model, the result of tests conducted by Aslani et al. 2017 is used. Two SWT columns, one
short (HSWT102S) and one long (HSWT203L), were used for the comparison. The material properties and loading conditions
were exactly incorporated in the FE model as presented in the literature. The experimental load value provided is compared
with the FEA load values and is given in Table 3. The results show that the analytical values are in a close match with the
experimental values. Table 4 shows the failure mode of the experimental models given by Aslani et al. 2017 and the failure
mode obtained from the FE analysis. Figure 5 shows the load vs axial shortening plot. From these comparisons it can be seen
that the FE model is capable of exactly simulating the actual behaviour of SWT columns irrespective of the slenderness ratio.

Table 3. Comparison between experimental and FE analytical load ratio.

. L D t Fy Sheet width ~ Pexp Pgxp

Specimen iy mm)  YP (mm) DN (N/mm?) (mm) (kN) Pera

HSWT102S 300 103.5 2.89 19 54.2 288 260 183.26 1.03

HSWT203L 1400 203 6.89 1.9 123.1 288 335 294.80 1.02
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Figure 5. Axial load vs axial shortening (a) HSWT102S (b) HSWT203L.

Table 4. Experimental and analytical failure mode comparison.
Specimen Experiment (Aslani et al., 2017) FE Analysis

HSWT102S

HSWT203L

4.4. Buckling and failure modes of columns

The load values of FEA and the comparison with standard codes viz., Indian Standard (IS 801, 1998), British Standard
(BS 5950- 5, 2006), American Standard (AISI S100, 2007), and European Standard (EC 3, 2011) are shown in Table 5. The
load capacity is calculated using the standard equations for hollow steel columns. There is no specific code for SWT columns.
The load values are calculated following the conventional column design. Among the codes referred, 1S 801, 1998 follows
the working stress method and the remaining follow the limit state method of design. Hence, the load values obtained are
very conservative. Typical buckling mode shapes of the column are given in Figure 6. The columns failed by the radial
expansion of tubes. The failure mode was notably seen when the column almost reached the ultimate load. The gap between
FEA and codal design can be bridged by adding spiral co-efficient to the existing equations.
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Figure 6. Typical buckling mode of SWT columns.
Table 5. Comparison between theoretical and analytical results.
Secmen 0 o) my U0 umy O () e mem res P
2P1-600 600 150 4 2 75  299.06 1.98 1.12 1.05 1.12
2P1-750 750 150 5 2 75 293.74 1.95 111 1.04 1.10
2P1-900 900 150 6 2 75 290.81 1.93 1.10 1.05 1.09
2P1-1050 1050 150 7 2 75 286.91 1.90 1.10 1.04 1.08
2P1-1200 1200 150 8 2 75 282.87 1.88 1.09 1.04 1.07
2P1-1350 1350 150 9 2 75 279.32 1.85 1.09 1.04 1.06
2P1-1500 1500 150 10 2 75 276.47 1.84 1.09 1.04 1.05
2P1-1650 1650 150 11 2 75 27352 1.82 1.09 1.04 1.04
2P1-1800 . 1800 150 12 2 75  269.52 1.79 1.09 1.04 1.03
3P1-600 30 600 150 4 3 50 490.84 2.93 1.11 1.04 111
3P1-750 750 150 5 3 50 484.21 2.89 1.11 1.04 1.09
3P1-900 900 150 6 3 50 480.53 2.87 1.11 1.05 1.09
3P1-1050 1050 150 7 3 50 474.90 2.84 1.10 1.05 1.08
3P1-1200 1200 150 8 3 50 467.19 2.79 1.10 1.04 1.07
3P1-1350 1350 150 9 3 50 460.56 2.76 1.09 1.04 1.05
3P1-1500 1500 150 10 3 50 455.20 2.72 1.09 1.04 1.05
3P1-1650 1650 150 11 3 50 450.55 2.70 1.10 1.04 1.04
3P1-1800 1800 150 12 3 50 445.60 2.67 1.10 1.05 1.04
2P2-600 600 150 4 2 75  298.95 1.98 1.12 1.05 1.12
2P2-750 750 150 5 2 75 291.89 1.94 1.10 1.04 1.09
2P2-900 900 150 6 2 75 290.82 1.93 1.10 1.05 1.09
2P2-1050 . 1050 150 7 2 75  286.97 1.91 1.10 1.04 1.08
2P2-1200 40 1200 150 8 2 75 282.86 1.88 1.09 1.04 1.07
2P2-1350 1350 150 9 2 75 279.75 1.86 1.09 1.04 1.06
2P2-1500 1500 150 10 2 75  276.56 1.84 1.09 1.04 1.05
2P2-1650 1650 150 11 2 75 27344 1.82 1.09 1.04 1.04
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2P2-1800 1800 150 12 2 75 269.55 1.79 1.09 1.04 1.03
3P2-600 600 150 4 3 50 488.58 2.92 111 1.04 1.10
3P2-750 750 150 5 3 50 484.64 2.90 111 1.04 1.09
3P2-900 900 150 6 3 50 480.03 2.87 1.10 1.05 1.09
3P2-1050 1050 150 7 3 50 47424 2.84 1.10 1.05 1.08
3P2-1200 1200 150 8 3 50 466.45 2.79 1.09 1.04 1.06
3P2-1350 1350 150 9 3 50 460.92 2.76 1.09 1.04 1.05
3P2-1500 1500 150 10 3 50 455.85 2.73 1.10 1.04 1.05
3P2-1650 1650 150 11 3 50 45041 2.70 1.10 1.04 1.04
3P2-1800 1800 150 12 3 50 44557 2.67 1.10 1.05 1.04
2P3-600 600 150 4 2 75 298.84 1.98 112 1.05 111
2P3-750 750 150 5 2 75 29176 1.94 1.10 1.04 1.09
2P3-900 900 150 6 2 75 291 1.93 111 1.05 1.09
2P3-1050 1050 150 7 2 75  286.61 1.90 1.10 1.04 1.08
2P3-1200 1200 150 8 2 75 28277 1.88 1.09 1.04 1.07
2P3-1350 1350 150 9 2 75 279.65 1.86 1.09 1.04 1.06
2P3-1500 1500 150 10 2 75 276.05 1.83 1.09 1.04 1.05
2P3-1650 1650 150 11 2 75 27371 1.82 1.09 1.04 1.04
2P3-1800 . 1800 150 12 2 75 269.40 1.79 1.09 1.04 1.03
3P3-600 %0 600 150 4 3 50 487.94 2.92 111 1.04 1.10
3P3-750 750 150 5 3 50 483.65 2.89 1.10 1.04 1.09
3P3-900 900 150 6 3 50 479.70 2.87 1.10 1.05 1.09
3P3-1050 1050 150 7 3 50 474.07 2.83 1.10 1.05 1.08
3P3-1200 1200 150 8 3 50 467 2.79 1.09 1.04 1.06
3P3-1350 1350 150 9 3 50 460.75 2.76 1.09 1.04 1.05
3P3-1500 1500 150 10 3 50 456.95 2.73 1.10 1.05 1.05
3P3-1650 1650 150 11 3 50 450.67 2.70 1.10 1.05 1.04
3P3-1800 1800 150 12 3 50 444.63 2.66 1.10 1.04 1.03
2P4-600 600 150 4 2 75 298.79 1.98 1.12 1.05 1.11
2P4-750 750 150 5 2 75  291.64 1.94 1.10 1.04 1.09
2P4-900 900 150 6 2 75 290.43 1.93 1.10 1.04 1.09
2P4-1050 1050 150 7 2 75  286.46 1.90 1.10 1.04 1.08
2P4-1200 1200 150 8 2 75  282.55 1.88 1.09 1.04 1.06
2P4-1350 1350 150 9 2 75  279.46 1.86 1.09 1.04 1.06
2P4-1500 60° 1500 150 10 2 75 276.48 1.84 1.09 1.04 1.05
2P4-1650 1650 150 11 2 75 27345 1.82 1.09 1.04 1.04
2P4-1800 1800 150 12 2 75 269.73 1.79 1.09 1.04 1.03
3P4-600 600 150 4 3 50 484.84 2.90 1.10 1.03 1.09
3P4-750 750 150 5 3 50 483.48 2.89 1.10 1.04 1.09
3P4-900 900 150 6 3 50 478.84 2.86 1.10 1.04 1.08
3P4-1050 1050 150 7 3 50 473.75 2.83 1.10 1.05 1.08
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3P4-1200 1200 150 8 3 50 466.76 2.79 1.09 1.04 1.06
3P4-1350 1350 150 3 50 460.63 2.76 1.09 1.04 1.05
3P4-1500 1500 150 10 3 50 455.77 2.73 1.10 1.04 1.05
3P4-1650 1650 150 11 3 50 450.33 2.70 1.10 1.04 1.04
3P4-1800 1800 150 12 3 50 44555 2.67 1.10 1.05 1.04

5. Results and discussion

5.1. Influence of L/D ratio

The load vs. axial shortening behavior is plotted for all the analyzed columns. The characteristics are shown in Figure 7.
The load-carrying capacity of the column is not influenced by helix angle with a deviation of only 1-2%. The primary path is
the same for all columns, irrespective of the helix angles. L/D ratio has been chosen consecutively and the margin of difference
is nominal between the short and long columns. All the columns have failed due to local buckling. Having the higher axial
shortening values, the length of slender columns before and after failure differed more. On attainment of the maximum ca-
pacity, stress reduces gradually, causing strain softening.

5.2. Influence of helix angle

An increase in helix angle does not appreciably improve the load-carrying capacity of the SWT columns. A similar helix
angle adopted for a column with a different D/t ratio shows greater variations in the capacity and failure modes. This strongly
depicts that, for different cross-sectional dimensions, each column requires a unique helix angle. Figure 8 shows the ultimate
load of all the columns plotted against helix angle. Helix angles between 30° to 60° are found to give consistent results irre-

spective of the slenderness ratio.
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Figure 7. Axial load vs axial shortening (a) 2P1 columns (b) 2P2 columns (c) 2P3 columns (d) 2P4 columns (e) 3P1 columns (f) 3P2
columns (g) 3P3 columns (h) 3P4 columns.
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Figure 8. Ultimate load vs helix angle (a) D/t=75 (b) D/t=50.

5.3. Influence of D/t ratio

An increase in D/t ratio from 50 to 75 decreases the strength capacity by 1.7 times for columns with the same L/D ratio
and helix angle. Also, the decreasing scale of D/t ratio increases the ductile resistant characteristics of the member. Figure 9
shows the surface plot of load capacity with respect to helix angle and L/D ratio. Columns having D/t ratio of 75 show a
narrow decline in the surface plot, while columns with D/t ratio of 50 gradually spreads. The higher D/t ratio significantly
minimizes the effect of slenderness to decrease the capacity of columns. D/t ratio affects the failure by resisting the rupture
of the wall and also has an effect on the stiffness, which clearly notifies that cross-sectional thickness has a considerable
impact on the column.
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Figure 9. Ultimate load vs helix angle vs L/D ratio (a) D/t=75 (b) D/t=50.

5.4. Initial stiffness and ductility index

Average initial stiffness and ultimate load are plotted against the L/D ratio in Figure 10. Initial stiffness is calculated by
taking the slope of load curve within the elastic limit. Initial stiffness is influenced by the L/D ratio. Ductility index decreases
as the D/t ratio increases (Gunawardena & Aslani, 2018). The ductility index is calculated using equation (1) as proposed by
Aslani et al. 2017. It is the difference between the column displacement in the rising and depression curve at 90% of the
ultimate load. Figure 11 shows &, and &4 position and ductility index variation. SWT columns show excellent ductility at-
tributed by helix angle, which includes the unique spiral length of weld for each angle.
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6. Conclusions

SWT is being used in many of the forums for making continuous tubes with a longer length. There is a gap in understanding
the behavior of SWTs as structural members. Seventy-two columns of nine different L/D ratios and two D/t ratios are studied
to understand the influence of the helix angle on the behavior of SWT columns. Four different helix angles have been chosen
for the study. The analytical study concentrated on the capacity of the columns and their behavior. The codal specifications
available for SWTs only address pipeline transportation purposes. No specific code is available for the SWT as a structural
member. From this study, the following conclusions are drawn:

1. The weld does not cause failure in the columns.

2. The typical failure mode of the column is local buckling caused due to radial expansion of hollow tubes.

3. Short columns have a fine margin between different helix angles due to the lower distortional buckling than long
columns.

4. Any width of strip material available can be adopted to fabricate the SWT columns. Also, material wastage can be
avoided by using SWT columns.

5. The columns display high stiffness attributed to the helix angle.

6. ldentical columns show better load, displacement, ductility and stiffness for helix angles 40° and 50°.
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7. At present, there are no codal provisions that lay specifications on the behavior of SWTs used as structural members.
There is a need to include correction factors based on helix angle in existing codal provisions for hollow steel tubes
for predicting the behavior of SWT columns.
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