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Abstract

Thick tubular carbon steel members are commonly used in combination with sheet
piles in large retaining walls where they provide the necessary bending stiffness. A
current international research project aims to provide safe and efficient design rules for
such 'Combitubes'. These tubes are usually manufactured by continuous spiral welding
from a carbon steel coil. One of the key concerns is the possible influence of material
anisotropy on the bending resistance of the resulting fabricated tube. Standard tensile
tests were performed on several specimens extracted from such tubes, exploring the
stress-strain behaviour in different orientations relative to the tube axes and the spiral
directions. An analysis of variance (ANOVA) was then carried out to compare the
mean values of properties deduced from these tests. This short paper offers statistical
evidence that supports the view that an isotropic treatment may be acceptable for
computational analyses and design of spiral welded steel tubes. It also illustrates how a
standard statistical method may be applied to attempt such a validation, even though

the data set may be too small for a rigorous statistical verification.
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1. Introduction

Large deep sheet pile retaining walls require considerable bending strength to resist the
horizontal forces of soil and interstitial water pressures. An effective solution is the
‘Combitube’, in which large diameter steel piling tubes are interconnected by sheet
piling. These large tubes are usually manufactured by continuous spiral welding from
a carbon steel coil. Since the design recommendations must finally be based on
computational predictions of tube strength, a key concern is that the method of
manufacture potentially leads to a distinctly oriented anisotropy in the steel that
follows the spiral, which might significantly influence the buckling resistance of the
resulting fabricated tube under bending. Standard tensile tests were performed on many
specimens extracted from spiral welded tubes to explore the stress-strain behaviour in
different orientations relative to the tube axis and the spiral direction. An analysis of
variance (ANOVA) was then carried out to compare the mean values of properties in
different orientations deduced from these tests. This is thought to be the first
application of this statistical method to the study of such data. This short paper offers
statistical evidence to support the view that an isotropic treatment may be sufficient for
computational analyses on which the design of spiral welded steel tubes may be based.
This assumption is widely used in research and practice but no significant attempts

appear to have ever been made to provide it with a formal justification.

This research has been conducted within the EU RFCS-funded 'Combitube' research
project [1]. The tubes typically have a diameter to thickness ratio D/t in the range 50 to
150. The bending resistance of such tubes is controlled by both material nonlinearity
and susceptibility to buckling in a partially yielded state, so several features of the
stress-strain behaviour and structural response have already been investigated both
experimentally and computationally. These include the yield plateau length, strain
hardening modulus, elastic-plastic buckling, cross-section ovalisation and the effect of
geometric imperfections and residual stresses associated with the manufacturing

process.

Since there are so many factors and variables that affect the resistance, the final
conclusions for design must be obtained computationally, and since plasticity affects

the resistance of all tubes in this geometric range the material model to be used is of
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considerable significance. A key concern was that anisotropy of the steel properties
might have a much greater influence on the resistance because the tube is spiral
welded, since the plate rolling direction and the tube axis are no longer parallel. This
paper therefore attempts to address the question of whether the material properties may
be safely assumed to be independent of orientation for calculations whose purpose is
structural design. This fundamental issue was addressed at an early stage of the project
because it affects all the computational work relating to the many variables identified
above. An analysis of variance (ANOVA) test was used to compare the mean values
of several different properties derived from tensile tests of specimens taken from
different orientations within four spiral welded tubes. The outcome offers statistical
evidence that supports the use of an isotropic treatment for the structural strength
assessment and modelling of spiral welded tubes. Such a treatment has been used
throughout the very limited literature on this topic [2-6]. The statistical analyses were

performed using the Minitab 16 [7] software.

2. Processing of tensile test measurements

Four spiral welded tubes with outer diameters of 820 mm were used for material
testing. Of these tubes, two had a nominal thickness of 8 mm and two of 11 mm. The
steel grade of all these tubes was X52 (API Specification SL [8]) with a nominal yield
stress of f, = 360 MPa. The test specimens had a nominal length of 80 mm and were
taken from the tube at different orientations (Fig. 1): parallel to the tube axis (denoted
PT), transverse to the tube axis (TT), parallel to the strip axis (PS) and transverse to the
strip axis (TS). The specimens were extracted at locations distant from both the tube
edges and spiral welds to minimise the effect that these discontinuities may have on the
material properties. The local effects of such special locations lie beyond the scope of
the present study. The specimens that had a small initial curvature due to the curvature
of the tube were straightened prior to testing: naturally the greatest such curvature was
in specimens TT, but the peak strain induced by straightening was only 0.24%/mm, so
it should not have had a major effect on the post-yielding strain state. Two specimens
were taken for each orientation on three tubes and one specimen per orientation for the
last tube, producing in total 7 stress-strain curves for each of the four orientations and a
total sample size of 28. Each specimen was subject to a tensile test according to DIN

EN ISO 6892-1 [9] performed at the laboratory of the Research Centre for Steel,
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Timber and Masonry (Versuchsanstalt fiir Stahl, Holz und Steine) at the Karlsruhe

Institute of Technology, Germany.

The limited sample size of 7 stress-strain curves per orientation should be understood
in the context of the considerable expense inherent in carrying out materials testing.
The authors recognise that a sample size that is an order of magnitude larger than the
one available here would be required for statistical tests to yield a decisive result, and
the ANOVA analyses presented in this paper should therefore be thought of as
indicative rather than definitive. A rigorous statistical study to explore the influence of
the rolling and fabrication orientations on the relevant mechanical properties of
structural steels in helical tubes, using an appropriately large data set, is thus greatly

overdue.

Fig. 1 — Indicative orientation of material test specimens from a spiral welded tube and

assigned acronyms (not to scale)
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Fig. 2 — Typical 'raw' engineering stress-strain curves of four specimens from a single

spiral welded tube (these curves are representative of the full data set)

The engineering stress-strain curve for each test at each orientation is broadly typical
of ductile carbon steel (e.g. Fig. 2), displaying an elastic domain followed by extensive
yielding and strain-hardening [10]. An unloading-reloading path was obtained at a
strain of approximately 1%, from which an accurate estimate of Young’s modulus
could be made (although this was not necessary for the present analysis). There was a
small stress discontinuity of approximately 15 MPa at just under 2% strain as a result
of the change of strain rate used in the tensile test. The discontinuity is a natural

consequence of the sensitivity of the yield stress to strain rate.

Both the strip coiling and uncoiling and the spiral forming process subject the steel to a
complex strain history. It is thus remarkable that all specimen orientations produced
very similar stress-strain curves, both in terms of shape and numerical values,
suggesting that both the strain history and any straightening of the test pieces did not
lead to significant variations in the shape of the measured curve. However, the stress-
strain curve for the TT orientation (Fig. 2) does indicate slightly earlier yielding and a
slightly curved transition onto the post-yield region. There may therefore be more

uncertainty about the evaluated tangent moduli on the yield plateaux for TT specimens.
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For the purposes of convenient characterisation in the present analysis, the initial
portion of the post-yield region before the change in strain rate was treated as an
‘inclined yield plateau’ since it is remarkably straight but exhibits a non-zero slope that
appears to be independent of the orientation of the specimen within the tube. This well-
defined small slope in the initial plastic region was seen in both the straightened (TT)
and unstraighted (PT) specimens, so it cannot be attributed to the straightening of a
specimen. Instead, it should be treated as a property of the material. It is not yet clear
why the curves exhibit this small initial slope, though it could be related to the spiral

manufacturing process.

Visual appraisal alone of the stress strain curves is insufficient to permit a conclusion
to be drawn on whether the material properties of the specimens may be treated as part
of the same isotropic population. To investigate this question, a set of pre-determined
algebraic expressions (Eqs 1) was fitted to each stress-strain curve by a least squares
minimisation procedure using the Excel SOLVER function. This piecewise-continuous
characterisation discards the initial elastic part of the curve, which is rather unreliable
because the measured strains are very small and the origin is not always clear. Careful
visual inspection was used to identify the approximate start of the inclined yield
plateau as an offset strain &y, and this was kept fixed throughout the minimisation (Fig.
3). The boundary between the yield plateau and the strain hardening region was
denoted by the strain ¢,, adjusted during the minimisation. The inclined yield plateau
was assigned a linear characterisation up to the discontinuity associated with the
change in strain rate (ignoring the data points associated with the unloading-reloading
path), while the distinctly curved strain hardening region that follows the discontinuity
in strain rate was characterised by a seventh-order polynomial to achieve a high

accuracy in extracting the behaviour at its smaller strains.
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Fig. 3 — Illustration of the extended least-squares fitted extracted properties from

measured stress-strain curves
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The adopted characterisation (Fig. 3 and Eqs 1) related the many parameters to the
initial yield stress o,; and the deduced yield strain ¢, = g, / E,,, Where E,,, = 205GPa
is the assumed nominal elastic modulus. In Egs 1, a,, is the stress at the end of the
inclined yield plateau, Ej, is the tangent modulus (slope) of the inclined yield plateau
up to the discontinuity, n is the horizontal ‘plateau’ length in units of ¢y, and Ej is the
initial tangent modulus of the strain-hardening region after the discontinuity. These
material parameters were deduced from the fitted stress and strain values as Ej ), = (g,
— oy, )/(en — €0), Eps = a1, 0, = maxlol and n = (g, — &)/¢e,. The two hardening moduli £},
and E,,; were subsequently normalised by E,,, and expressed as the percentages:

h, = 100x(E},p, / Epom) and hy = 100%(E}, s/ Epom). Normalisation of (g, — &o)/oy,;, Ej, and
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E}, ¢ by the nominal elastic modulus E,,,, means that the dimensionless parameters n, 5,
and A, respectively are not influenced by the significant variation found in measured
elastic moduli [11]. Such a scatter is very difficult to avoid during a normal testing

procedure and is not accounted for in design calculations.

The above characterisation accommodates the strain-rate discontinuity by permitting ag
> oy, at &,, which results in a closer fit to the measured stress-strain curves (Figs 2 and
3). The coefficient of determination of this characterisation with the inelastic part of
the stress-strain curve (> &) was found to be exceptionally high (r2 > 0.98) for each of
the 28 curves, indicating that Eqs 1 provide an accurate method to systematically
extract material characterisation parameters from this type of measured stress-strain
curve. It should be added that if these tensile tests had been performed without a
change of strain rate, it is probable that the entire part of the curve after &y would be
sufficiently smooth to be well-described by a single polynomial expression, thus
greatly reducing the number of material parameters required for the fit. This is unlikely

to change the qualitative conclusions of the subsequent statistical analysis.

3. Analysis of variance

The means and standard deviations of the extracted post-yield material parameters o,
Ou, hp, hy and n are summarised in Table 1. A simple visual appraisal cannot rule out
the interpretation that each of the five parameters may have mean values and standard
deviations that are distinctly different for each of the four orientations. It is of interest
to note that the mean value of o,; for the TT orientation falls slightly below the
nominal yield stress of a X52 grade steel. Though this may be attributed to the effect of
straightening these initially-curved specimens, this attribution is difficult to sustain,
since only slightly less initially-curved specimens for the PS orientation exhibit the
highest mean value of oy, for the full data set. Further, for the PS orientation, the mean
value of the tangent modulus of the plateau £, is higher than the mean value of the
initial modulus of the strain hardening region A, though the opposite is the case for the
other orientations. More data would be needed to verify whether these observations are

statistically significant.
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Table 1 — Summary of means and standard deviations per tube orientation

Mean {Standard deviation}
Orientation | a,; (MPa) o, (MPa) hy, (%) hs (%) n
PT (obs =7)|377.68 {72.95} |514.85 {51.48} [0.90 {0.63} | 1.35 {0.29} |9.21 {3.53}
TT (obs =7)]355.87 {58.78} | 506.85 {49.42} | 1.30 {0.63} | 1.43 {0.11} | 8.84 {1.97}
PS (obs =7)1380.39 {66.69} |529.62 {58.48} | 1.49 {0.39} |1.31 {0.21}|9.12 {2.53}
TS (obs =7)|373.49 {60.04} |512.88 {55.28} | 1.21 {0.57} | 1.42 {0.26} |9.15 {2.79}

The significance testing in a parametric ANOVA test is based on the assumptions that
the populations from which the samples originate both have the same variances and
follow a normal distribution [12,13]. A standard two-sample F-test was used between
each of the six possible unique pairs of values from the four orientations to test for this,
with the null hypothesis H, being that the tests all belong to populations with the same
variances. With only a single p value falling below the 95% confidence level (Table 2),
the null hypothesis of the F-test is not rejected, indicating that the assumption of equal
variances is not invalid. For robustness, this was confirmed by the more efficient
Brown-Forsythe test which accounts for all four orientations at once and considers the
group median instead of the mean. Normality was investigated using the Anderson-
Darling test, with the resulting p values (Table 3) also suggesting that the
corresponding null hypothesis (samples belong to populations that are normally
distributed) is also generally not rejected at the 95% confidence level. It is fortunate
that the one-way ANOVA and its multivariate equivalent MANOVA are sufficiently
robust to be relatively insensitive to small deviations from normality or equal variances

[12,14].
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Table 2 — Summary of p valuest from two-sample F tests (Hy: both samples have
equal variance) and multi-sample Brown-Forsythe tests (Hy: all samples have equal

variance) for equal variance grouped according to specimen orientation

F test

Oy, Ou hy, hy n
TT|PS | TS| TT |PS|TS|TT|PS|TS|TT | PS | TS| TT | PS | TS
PT 61|.83|.650.92|.77|.871.99|.27|.80|.03|.43| .81].18]| .44 |.58
TT 7] .96 .69 |.79 27| .80 151 .06 56 | .42
PS 81 90 40 .58 .82
Brown-Forsythe test .99 98 .67 47 .96

T p values less than 0.05 'fail' either test (reject Hp) at the 95% confidence level and are

marked in bold

Table 3 — Summary of p valuest from one-sample Anderson-Darling tests for normal
distribution (Hy: samples are normally distributed), grouped according to the

orientation of the specimen

AD-test Oy, oy h, hy n
PT .06 .19 21 27 01
TT .19 23 .06 23 .59
PS .08 31 .34 22 54
TS 21 18 14 40 01

T p values less than 0.05 'fail' the test (reject Hp) at the 95% confidence level and are
marked in bold

The null hypothesis Hy in an ANOVA test is that the samples all come from
populations with the same mean. An ANOVA test that produces a p value below 0.05
indicates that, with 95% confidence, the samples probably come from different
populations: in the present case that would indicate that the helical tube should be
treated as anisotropic. To test this, a one-way ANOVA was performed on each of the
extracted material parameters oy, oy, hp, hy and n individually using the orientation of
the original sample within the spiral tube as the governing factor. This was followed by
a full MANOVA on the combined data set considering all 5 variables and 28

observations at once. The MANOVA generates three alternatively calculated p values

10
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(Wilks, Lawley-Hotelling and Pillai-Bartlett), the most robust of which is considered to
be based on Pillai's test [13,14].

Table 4 — Summary of p values from one-way ANOVAs and a MANOVA
(Hy: samples come from the same population)

One-way ANOVA MANOVA

Oy, oy hy, hy n | Wilks | Lawley- | Pillai
Hotelling
0.89 1 0.8810.280.7410.99] 0.62 0.66 0.57

The p values (Table 4) for the five one-way ANOVAs and the three alternative p
values for the MANOVA are all significantly higher than 0.05. This outcome may be
interpreted to mean that, based on the available data, the hypothesis that the orientation
relative to the tube meridian or the coil spiral has no significant influence on the
material parameters should not be rejected, though it strictly should not yet be fully
accepted either. However, for practical purposes this is evidence in favour of the notion
that there are probably no significant differences between the population means for
different orientations, whichever of the analysed post-yield material parameters is
considered, and that a spiral welded carbon steel tube may therefore be treated as

isotropic for the purposes of computational analysis and design.

It should be noted that this conclusion about the computational model for strength
assessment relates only to the material specification. Other factors associated with
spiral welding, notably the residual stresses caused by the cold forming and thermal
effects during spiral winding and welding, the varying material properties adjacent to
the weld, the strain history of the material and the induced geometric imperfections

may also need to be treated separately.

Conclusions
The following may be concluded on the basis of this study:
® A series of tensile tests were performed on samples taken from four different
orientations within a spiral welded carbon steel tube. The resulting engineering

stress-strain curves required five post-yield material parameters for full

11
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characterisation due to the presence of a discontinuity caused by a change in the

strain rate during the test.

e The characterisation was based on a complete consideration of characterised
measured stress-strain curves, taking full account of the post-yield material
properties of ductile carbon steels including the yield stress, the ultimate stress,
the yield plateau length, the plateau tangent modulus and the initial strain
hardening modulus. It offers a stronger comparison of the effect of specimen
orientation on the measured properties than a consideration of the yield stress

alone.

e A series of analyses of variance (ANOV A) suggest that it is not unlikely that all
the extracted values of each of five post-yield material parameters come from a
single population with a common mean, regardless of the orientation of the test-
piece within the spiral welded tube. The test-piece orientation was found to

have no demonstrable effect on the evaluated material properties.

e The ANOVA analyses presented in this paper present statistical evidence to
support the isotropic treatment of spiral welded tubes in computational analyses
of the strength for structural design. This conclusion relates only to material
anisotropy and does not consider other aspects associated with spiral welding,
such as geometric imperfections, residual stresses and local material property

variations near the weld.

e The expense inherent in performing material testing means that each data point
represents a significant financial investment, as reflected in the rather limited
data set of 7 stress-strain curves per orientation. However, given how casually
the critical assumption of steel isotropy is commonly made in modern structural
engineering, a rigorous statistical study is greatly overdue to validate it with a
full investigation of the influence of the material orientation on mechanical

properties based on a sufficiently large data set.

12
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