ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/327838307

EXPERIMENTAL INVESTIGATION ON THE STRUCTURAL PERFORMANCE OF
TIMBER-FILLED TUBULAR STEEL STUB

Conference Paper - September 2018

CITATIONS READS
2 752

4 authors, including:

Hassan Karampour Benoit P Gilbert
<&,  Griffith University \ Griffith University
108 PUBLICATIONS 1,383 CITATIONS 143 PUBLICATIONS 1,802 CITATIONS
SEE PROFILE SEE PROFILE

Mahyar Masaeli
Rockfeild Technology
10 PUBLICATIONS 141 CITATIONS

SEE PROFILE

All content following this page was uploaded by Hassan Karampour on 02 October 2018.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/327838307_EXPERIMENTAL_INVESTIGATION_ON_THE_STRUCTURAL_PERFORMANCE_OF_TIMBER-FILLED_TUBULAR_STEEL_STUB?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/327838307_EXPERIMENTAL_INVESTIGATION_ON_THE_STRUCTURAL_PERFORMANCE_OF_TIMBER-FILLED_TUBULAR_STEEL_STUB?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hassan-Karampour?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hassan-Karampour?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Griffith_University?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hassan-Karampour?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benoit-P-Gilbert?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benoit-P-Gilbert?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Griffith_University?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benoit-P-Gilbert?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mahyar-Masaeli?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mahyar-Masaeli?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mahyar-Masaeli?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hassan-Karampour?enrichId=rgreq-a5484ec33ac9264b9c5dbda938d60c43-XXX&enrichSource=Y292ZXJQYWdlOzMyNzgzODMwNztBUzo2NzcwODMxMzUwODI0OTZAMTUzODQ0MDYwNzQzMw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

X

WCTE 2018

2018 World Conference on Timber Engineering
August 20 - 23, 2018 | Seoul, Republic of Korea

EXPERIMENTAL INVESTIGATION ON THE STRUCTURAL
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ABSTRACT: The structural performance of innovative single and double skin timber-filled steel columns is
experimentally investigated in this paper. Thin-walled steel rectangular hollow sections are filled with sawn sections of
timber lumbers of low moisture content. The timber is then allowed to absorb moisture at ambient temperature and
humidity. Its expansion is restrained by the steel tube, eventually creating friction between the two materials and thus
generating composite action without the use of glue or mechanical fasteners. The manufacturing procedure is therefore
simple and cost-effective. Single skin and double skin timber-filled tubular steel (TFTS) stub columns were manufactured
and tested in compression in this paper. Effect of timber properties on structural response of TFTS stub columns is
investigated using experimental tests and a proposed analytical solution that captures the experimental force-displacement
response with good accuracy. It is understood that single skin TFTS stub columns with low-quality timber show more
ductile response when compared to those with high-quality timber inserts. The ultimate axial compressive strengths of
TFTS stub columns are shown to be highly sensitive to the Modulus of Elasticity (MOE) and yield stress of the timber
inserts and less dependent to its post-yield properties.

KEYWORDS: Timber-filled-tubular steel columns, composite steel-timber structures, Timber infill, composite

columns, stub columns

1 INTRODUCTION

Concrete-filled tubular steel (CFTS) columns are widely
used in high-rise and mid-rise constructions, particularly
in seismic areas [1-4]. CFTS provide many benefits when
compared to both plain steel and reinforced concrete
columns. Steel columns have low fire resistance and are
prone to buckling, while concrete columns are typically
large and require form working and curing time during
construction [5,6]. There is considerable research into
concrete-filled steel tubes with a recent emphasis on high
strength concrete for use in high-rise constructions [7,8].
Timber is a renewable material and through plantations
provides large quantities of carbon capture and storage [9-
11]. When loaded parallel to the grain, timber provides
compressive strengths similar to that of concrete but at a
lower density (about four times lighter). Timber, therefore
may provide an environmental, cost effective, and
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efficient replacement for concrete within steel sections.
Limited research has been conducted into the mechanical
properties of steel-timber hybrid columns. Ghazijahani et
al. [12,13] investigated the compressive behaviour of
single rectangular steel tubular sections filled with timber
and confined with carbon fibre reinforced polymer
(CFRP). They found that the strength increase in the
composite section was substantially greater than the
corresponding weight increase.

This study aims to investigate the mechanical properties
of innovative timber-filled tubular steel (TFTS) hollow
columns and to determine their suitability for use in mid-
rise constructions. A simple and cost-effective
manufacturing procedure is proposed and is used to
prepare single skin and double skin stub-column samples
as detailed in Section 2. The mechanical properties of the
timber and steel used in the manufacturing are determined
using compressive and tensile tests, respectively, and
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reported in Section 3. Structural responses of single and
double skin TFTS stub columns are investigated in
Sections 4 and 5, respectively. Specifically, in Section 4,
single skin TFTS stub columns are manufactured in two
groups using low and high-quality timber for comparison.
The force-axial shortening response of the TFTS stub
columns are investigated using both experimental tests
and a proposed analytical method. In Section 5, to
compare the ultimate capacities of single skin, double skin
and hollow steel tubes, a second batch of sections are
manufactured and tested in compression. The
experimental results are compared, and the failure modes
and ultimate capacities of double skin TFTS stub columns
are presented relative to the single skin TFTS columns.
Using the analytical method presented in Section 4, the
effect of the elastic and nonlinear mechanical properties
of the timber on the ultimate compressive capacity of
TFTS stub columns are also studied in Section 5.

2 SAMPLES AND THE
MANUFACTURING METHOD

TFTS mimics the CFTS structural concept. However, in
the TFTS, the annulus within the tubular steel section is
filled with timber rather than concrete. Using similar
analogy, single skin and double skin columns can be
manufactured, as shown in Fig. 1. Filling the annulus
within the tubular steel sections with concrete or timber
provides extra compression capacity due to the high
compressive strength of concrete and timber, and also
delays the local buckling of the steel sections [1,6,12,13].

2.1 The samples

In Section 4 of this study two sets of single-layer TFTS
stub-columns, namely (a) L-group and (b) H-group were
manufactured. In the L-group, radiata pine (Pinus
radiata) low quality sawn lumbers (i.e. with low Modulus
of Elasticity (MOE), less than 9,000 MPa) were placed
inside steel square hollow sections (SHS), whereas in the
H-group, high quality sawn lumbers (i.e. high MOE,
greater than 16,000 MPa) were used in the manufacturing
process. A total of 6 samples (3 from each group) were
manufactured to be tested in compression.

In Section 5, a total of 15 stub-columns were
manufactured: (@) 3 timber filled single skinned (SST -
single SHS with timber infill), (5) 3 timber filled double
skinned (DST - two SHS with timber inserted in the
annulus between the two), (c¢) 3 single outer steel RHS
(OT - control), (d) 3 single inner steel RHS (IS - control)
and (e) 3 double skinned steel RHS with low density, non-
rigid foam as a non-structural material to ensure the layout
of the hollow sections was similar to the timber filled
sections in (b) (DSH - control). The timber infills were cut
from 19 mm x 42 mm radiata pine boards.

The stub-columns are shown in Fig. 1. In both Sections 4
and 5, they were 200 mm long. The outer steel sections
were 50 mm % 1.6 mm SHS and the inner ones 20 mm x
1.6 mm SHS.

2.2 The manufacturing method

The timber was cut to a nominal dimension of 15 mm X
35 mm and oven dried at 103°C for 48 hours to lower its
moisture content. Once the timber had lost moisture and
shrank, it was pressed into the annulus using an adjustable
steel clamp. The TFTS samples were then left in a
temperature controlled room for more than four months
for the single skin samples used in Section 4 and for two
and half weeks for the samples used in Section 5, to allow
the timber to reabsorb moisture. The expansion of the
timber is restrained by the steel SHS, eventually creating
friction between the two materials and generating
composite action without the use of glue or mechanical
fasteners.

Prior to testing, the ends of the samples were milled flat
to avoid stress concentration between the samples and the
loading platens. Immediately after testing, the samples
were cut in strips and the timber was weighed to
determine its moisture contents at various locations along
the length of the TFTS stub-columns. The average
moisture contents of single skin TFTS (L and H groups)
at the time of testing, and measured following the oven-
dry methodology in the Australian and New Zealand
standard AS/NZS 1080.1, are presented in Table 1.

(N

Figure 1: Double skin timber filled (left), single skin timber
filled (middle), and double skin hollow, filled with soft foam
(vight,) steel stub columns

3 MECHANICAL PROPERTIES OF THE
MATERIAL

The mechanical properties (strength and static MOE) of
the timber infills in each TFTS were determined in
compression parallel to the grain from uniaxial tests
performed on 170 mm long samples with a cross-section
of 90 mm % 35 mm. The samples were cut from the same
boards as the ones used for the timber infills.

The dynamic MOE of the timber infill was also measured
using a non-destructive acoustic vibration test method
using the BING software [14]. The vibration test method
allows determination of the bending and compression
MOE by analysis of the natural vibration spectrum of a
piece of wood [15]. The dynamic longitudinal MOE and
the static ones determined from the material compressive
tests are reported in Table 1. As expected [15], the
dynamic MOE is 7-9% higher than the one obtained from
mechanical tests.



The material properties of the steel were measured from
uniaxial tensile coupons, water-jet cut from the flat parts
of the SHS.

The stress-strain curves obtained from the compressive
tests performed on the timber samples and the tensile tests
performed on the steel coupons are shown in Fig. 2. It is
expected that due to the expansion of confined timber, the
surrounding steel RHS will experience residual stresses.
However, these residual stresses were not measured in the
current study.
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Figure 2: Stress-strain curves of timber used in the (a) L-
group and (b) H-group CFTS obtained from mechanical
compressive tests, and (c) steel from tensile coupon tests

4 COMPRESSIVE RESPONSE OF
SINGLE SKIN STUB COLUMNS

4.1 Single skin TFTS stub columns - experimental
results

The TFTS single skinned stub-columns (with length of
200 mm) were tested using a 500 kN capacity universal
MTS testing machine, as shown in Fig. 3. The samples
were positioned between a bottom fixed platen and a top
platen which could rotate so as to apply uniform pressure
between the platen and the sample. The axial shortening
of the sample was recorded using two extensometers that
were mounted on opposite sides of the RHS steel profile.
All single skin TFTS stub-columns (the L-Group and the
H-Group) failed in local buckling of the RHS steel
section, as shown in Fig. 3.

Figure 3: The axial compression experimental set-up showing,
the testing machine, extensometers and the failed single skin
TFTS

The force versus axial strain responses obtained from the
experimental results of the single skin TFTS stub columns
(L and H groups) are shown in Fig. 4. The axial shortening
strains are averages of the two extensometer readings. The
average experimental ultimate loads of the single skin
TFTS stub-columns are reported in Table 1. The results
indicate a 23% larger ultimate capacity for the H-group
when compared to the L-group. The responses of the L-
group shown in Fig. 4a are distinguished from that of the
H-group (Fig. 4b), with regards to the strains observed at
the ultimate loads. The ultimate strains (&) of the L-group
samples are consistent and equal to 0.007, whereas in the
H-group, the ultimate strains are much lower and are
between 0.003<g,<0.005. This suggests that the ultimate
capacity is governed by the yield occurring in timber
inserts.

4.2 Single skinned TFTS column — analytical solution

A simple analytical solution is proposed herein to capture
the structural response of the TFTS stub columns. The
analytical model is based on the assumption that during
the axial compressive tests, the strains in the steel and
timber components of the TFTS are equal (=&, ). The
strain in timber or steel follows their constitutive material
definition.
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Figure 4: Compressive force versus axial shortening response
of TF'TS stub columns, (a) L-group and (b) H-group

To account for proper material definition, the Ramberg-
Osgood [16] and Tri-linear models are used to define
constitutive stress-strain relationships in steel and timber,
respectively. The Ramberg-Osgood model [16] uses a
constitutive power-law and is defined as:

Ost 3 (ost nt
Ep = Y 1 +; — (1)

%

Based on the tensile coupon test results of Fig. 2c,
modulus of elasticity of steel, £ = 195,058 MPa, yield
stress 0, = 457 MPa and n = 30 were adopted. The Tri-
linear timber material definition was developed based on
average results of compressive responses of the high-
quality boards (Fig. 2b), from the same batch of timber
that was used to manufacture the H-group TFTS single
skin columns. The axial load in the TFTS can be related
to the constitutive stresses and strains using the following
expression:

Fana = Ast' Ost + Atim' Otim (2)

where Ag; and A, are the cross-section area of steel and
timber, respectively. Results of the analytical solution are
shown in Fig. 4b and are compared to the responses of the
three H-group experimental tests. The ultimate load
calculated from Eq. 2, F,,,,= 237.3 kN, is less than 1%
different from the average of the three ultimate loads
measured in the experimental study.

S COMPRESSIVE RESPONSE OF
DOUBLE SKIN STUB COLUMNS

5.1 Double skin TFTS stub columns - experimental
results

To compare the efficiency of the double skin TFTS in
comparison to single skin TFTS columns, new 200 mm
long samples were manufactured in groups as detailed in
Section 2.1. The samples were tested in compression in a
similar manner to the ones in Section 4.

The failure modes of the tested samples are shown in Fig.
5. In double skin TFTS columns (DST), the inner RHS
failed in global buckling whereas the outer RHS failed in
local buckling (Fig. 5a). In single skin TFTS columns
(SST), local buckling occurred in the outer RHS profile as
in Section 4. End crushing of timber infill was observed
in the timber filled single skin columns (Fig. 5b). As
shown in Fig. 5, the timber showed a significant ductile
behaviour to accommodate the buckling of the steel tubes.

Wi

(a) (b)
Figure 5: Bisected columns, (a) double skin sample (DST)
and, (b) single skin sample (SST)

The compressive force versus axial shortening responses
of double skin (DST), single skin (SST), double skin
hollow (DSH), single outer steel (OS) and single inner
steel (IS) stub-columns are shown in Fig. 6. The results
are the average of three tests per type. As shown in Fig. 6,
the ultimate capacity of the double skin timber filled
section (DST) is 21% higher than the single skin timber
filled column (SST) and 55% higher than the double skin
hollow column (DSH).
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Figure 6: Force-displacement curves using the average values
of the stub columns tested in compression

5.2 Double skin TFTS stub columns — effect of
mechanical properties of timber

To investigate the effect of the mechanical properties of
timber on the structural compressive response of TFTS
columns, the analytical model described in Section 4.2 is
utilised. A double skin TFTS with length of 400 mm,
outer RHS steel of 65 mm x 1.6 mm, inner RHS tube of
25 mm % 1.6 mm and timber insert is modelled. The
analytical model is generated with Ramberg-Osgood
material definition for steel with E = 195 GPa, g, =450
MPa and n = 7 as defined in Eq. 1. Tri-linear timber
definition is adopted with parameters depicted in Fig. 7a,
with MOE = 11 GPa, f1 = 45 MPa, f. =55 MPa and E: =
500 MPa. The force-axial shortening response from the
analytical model (Eq. 2) is plotted in Fig. 7b.

As shown in Fig. 7b, two kinks are observed in the
analytical response. The first kink occurs when the outer
RHS steel section buckles. This buckling happens at the
critical buckling stress in the steel plate section defined
by:

kn2E  (t\2
Ocr = 12(1-v2) (Z) 3)

where b is the width of the RHS section and ¢ is its
thickness. The elastic buckle factor & is equal to 4 which
corresponds to a simply supported plate. Following the
elastic local buckle in the outer steel, the steel plate will
continue to carry axial loads in the inelastic region, due to
the redistribution of stresses. The ultimate stress in the
steel plate can be predicted by [17]:

_ T an E
Sur = a7 (b) )

To account for the buckling in steel, the analytical
solution of Section 4.2 is modified. In the modified
analytical solution, when the stress in the steel section
reaches the critical limit defined in Eq. (3), the steel stress-
strain path of Eq. (1) is not followed anymore. Instead, it
is assumed that following the increase of the strain within
the buckled steel section, the stress increases linearly from
the critical stress (Eq. 3), to the ultimate stress (Eq. 4).
This linear path is evident in the analytical response of
Fig. 7b, between the first kink (where the outer SHS
buckles), and second kink (where the timber yields).

The peak load in the force-displacement response of the
double skin TFTS stub column is associated with the
onset of yield in the timber as shown in Fig. 7b. A drop in
the response will occur (not shown in Figures) at large
axial shortenings when the compressive stress in the outer
steel reaches the ultimate stress defined in Eq. 4, or when
global buckling happens.

In Fig. 7c, effect of MOE, fi (first yield) and E: (Tangent
Modulus) of the timber insert, on the compressive
response of the double skin TFTS stub column (DST) is
presented. As shown in Fig. 7c, the increase in MOE,
results in an increase in the compressive stiffness of the

TFTS. The ultimate response is less sensitive to the
tangent modulus (Et), but is highly affected by the first
yield stress (f1) of timber.
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Figure 7: Force-displacement curves of double skinned TFTS
(DST), (a) Timber material definition, (b) experimental and
analytical results and, (c) effect of timber properties on the
analytical predictions
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6 CONCLUSION

Novel manufacturing method was proposed and used to
build timber filled tubular steel (TFTS) columns, without
application of glue or any mechanical anchoring devices.
Single skin and double skin TFTS stub-columns were
manufactured using low-quality (L-group) and high-
quality (H-group) timber inserts and were tested in axial
compression. It was understood that, the overall response
of the L-group is more ductile than the H-group. In the L-
group, a large softening part was observed prior to
reaching the ultimate load, which was due to the
yield/buckling of the timber insert. The double skin TFTS
stub-columns failed in global buckling of the inner steel



tube, followed by the local buckling of the outer tube and
showed a 21% increase in the ultimate load capacity when
compared to single skin TFTS columns. A parametric
study of timber properties using the validated analytical
method showed that, the ultimate capacity of the double
skinned TFTS stub columns significantly depends on the
yield stress (f1 in Fig. 7a) of the timber insert. More work
is currently in progress to investigate the performance of
longer columns with various timber inserts.
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Table 1: Mechanical properties of timber and ultimate loads of the L-Group and H-group single skin TFTS
columns
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Density MC Dynamic Static Ultimate Load
ID of timber % MOE MOE (kN)
(kg/m*) (MPa)) (MPa)
L-Group 642.0 8.27 6,712 6,254 186.4
H-Group 704.5 9.80 17,404 15,874 239.2
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