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Abstract: Various forms of timber hollow structural profiles have either been proposed in the litera-
ture or are already commercially available. Tests performed on Circular Hollow Section (CHS) beams
showed failure modes not usually encountered in timber structures. For relatively thin-walled profiles,
a sudden failure in the compression zone, with the opening of the cross-section, was observed. To
confidently use and market CHS timber products, design rules considering all possible failure modes
must be developed. This paper presents a Finite Element (FE) model of CHS timber beams which
captures all experimentally observed failure modes. Cohesive zone elements were used to model the
quasi-brittle failure modes of the timber material. The model was validated against ten experimental
tests performed on CHS of three different cross-sectional slenderness and manufactured from juvenile
hardwood Gympie messmate (Eucalyptus cloeziana) rotary peeled veneers. The model was found to
accurately capture the measured structural behaviour and resulted in an average experimental-to-pre-
dicted bending capacity ratio of 1.02. The model was also used to explain the mechanisms leading to
the sudden compressive failure mode. A parametric study was finally performed on 72 CHS beams
of different cross-sectional slenderness. Results showed a strong correlation between the cross-sec-

tional slenderness ratio and section capacity. Design rules are proposed and discussed.

KEYWORDS: Timber Circular Hollow Sections, Buckling, Design rules, Juvenile hardwood ve-

neers.



1. INTRODUCTION

Hollow timber structural elements, either manufactured from boards or veneers, have been pro-
posed in the literature [1-13] and some products are commercially available [14, 15]. These products
have efficient cross-sectional shapes, are lighter than conventional plain timber elements and can be
manufactured in sizes currently not available in sawn timber. Experimental investigations showed
that they have the stiffness and strength required to be used, for instance, as structural elements [1, 2]
and temporary anchor nails [12, 16, 17]. However, tests performed on Circular Hollow Sections
(CHS) manufactured from either juvenile hardwood plantation veneers [1, 2] or moulded from beech
boards [13], showed that the cross-section in compression could fracture and open. This failure mode
linked to the hollowness of the cross-section is not encountered in plain timber structures commonly
used in constructions. The phenomena leading to this failure mode have not yet been fully explained.
Moreover, to confidently use and market CHS timber products, design rules considering all failure
modes must be developed. For this purpose, this paper describes a Finite Element (FE) model of CHS
timber beams that aims at capturing all experimentally observed failure modes. The model was vali-
dated against ten experimental tests performed on CHS timber beams of three different cross-sectional
slenderness and was then used to explain the experimentally observed compressive sudden failure
mode. Finally, the results from a parametric study on 72 CHS beams of different cross-sectional slen-

derness are presented and design rules based on the parametric study are proposed and discussed.

2. REFERENCE TESTS

This section introduces the experimental tests which were used to validate the FE model in this
paper. The tests were performed in [2] on four 145 mm x 15 mm, and in [1] on three slender 167 mm
x 12.5 mm and three compact 167 mm x 25 mm CHS timber beams, all specimens subjected to a
constant bending moment. The sections were manufactured from juvenile hardwood plantation Gym-

pie messmate (Eucalyptus cloeziana) rotary peeled veneers and aimed at finding a high-value market



for this under-utilised resource. Nominal 2.5 mm thick veneers were used in the manufacturing pro-
cess and all were orientated along the longitudinal axis of the sections. A CHS beam was composed
of two half-sections which were manufactured from different veneer sheets to fit the research purpose
in [1, 2] and be consistent with what would be expected in industrial applications. The half-sections
were butt-jointed together using structural epoxy resin, as shown in Figure 1 (a), and the butt joints
were positioned at the neutral axis of the cross-sections during the bending tests. Figure 1 (b) shows
a photo of manufactured CHS timber beams.

For all bending tests, the ends of the sections were rigidly connected to a test rig which applied the
constant bending to the sections over a span L, given in Table 1. For all tests, the curvature of the
beams was recorded with three Linear Variable Displacement Transducers (LVDT) positioned at the
extreme fibre in tension. Additionally, strain gauges recorded the longitudinal strain of the 167 mm
diameter cross-sections at mid-span and at both tensile and compressive extreme fibres. The experi-
mental bending test set-up is fully detailed in [1, 2] and the reader is kindly invited to refer to these
papers for more information.

The material compressive fc, or tensile f;. strengths parallel to the grain of each half-section were
measured from flat panels manufactured from the exact same veneer sheets as the half-sections. The
Modulus of Elasticity (MOE) parallel to the grain EL of each half-section was obtained either by
measuring the dynamic MOE of each veneer sheet using a non-destructive acoustic method [18, 19]
or by using an extensometer during material testing. The measured material properties, thickness t of
the flat panels and diameter of the sections are summarised in Table 1. The full details on the manu-
facturing process and tests performed can be found in [1, 2].

Different failure modes were observed in the experimental tests. A compressive sudden failure
mode occurred in some of the more slender sections, with the sections fracturing and opening, as
shown in Figure 2 (a). Tensile failure, as typically encountered in timber beams, was also observed,

as shown in Figure 2 (b). In some cases, failure developed at the rigid connections between the test



rig and the section. The bending moments at which this failure occurred, therefore, represent lower
bounds of the actual capacity of the tested sections. Nevertheless, those moments were shown to be
of similar magnitude to the tensile failure capacities [2] and are taken herein as the tensile capacities.
For comparison to the numerical model, this failure mode can therefore be regarded as tensile failure.
Table 2 summarises the experimental moment capacities My _exp, bending stiffness ELl exp and failure
modes. ELl ex reported in Table 2 was calculated in [1, 2] by performing a linear regression on the

linear part of the moment-curvature curves.

3. FINITE ELEMENT MODEL
3.1 General

The model of the CHS beams was built using the FE software Abaqus [20]. At the exception of
Hartig et. al [21], the few attempts made in the literature to model the behaviour of hollow timber
sections did not aim at fully capturing the fracture of the timber observed in Figure 2, see [4, 13] for
instance, as the compressive sudden failure mode was not always observed. In Hartig et. al [21],
continuous damage mechanics [22-26] was employed to model a vehicle impact on moulded wooden
tubes. The model predicted well both the observed failure modes, and the acceleration and velocity
versus time relationships of the vehicle after impact. The stress developing in the sections and the
section capacity (impact force), however, were not numerically verified.
3.2 Material definition
3.2.1 Elastic properties

An orthotropic material was used to model the timber with the assumption that the properties in
the radial and tangential directions, i.e. perpendicular to the grain, were equal. Evidence from the
tests performed in [27] showed that for three hardwood species, including Gympie messmate, the
dynamic MOE parallel to the grain of the veneer sheets is typically 5% to 15% lower than the static
MOE of a Laminated Veneer Lumber (LVL) manufactured from the same sheets. Therefore, when

validating the model, the MOE parallel to grain E. of each half-section was taken as 1.10 times the
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average measured dynamic MOE of the veneer sheets reported in Table 1 for the 167 mm diameter
CHS. Note that an average difference of 12% was found for Gympie messmate in [27] between the
dynamic MOE of the veneers and the static MOE of the LVL. The aforementioned coefficient of 1.10
was chosen for simplicity and to consider the variability in the measured difference. This value was
found to satisfactory model the bending stiffness of the tested sections, as developed later in Section
4.3.1. For the 145 mm diameter CHS, E. was taken as the measured static MOE reported in Table 1.
Other properties were taken from the literature, either for Gympie messmate (when available) or for
hardwood species of similar density. Specifically, the MOE in the radial Er and tangential Er direc-
tions, and the shear modulus in the longitudinal-radial G.r and longitudinal-tangential G.t planes
were taken as the typical values encountered for juvenile Gympie messmate [28]. Note that these
values were shown to be uncorrelated to E. [28] and were herein assumed as constants. The shear
modulus in the radial-tangential Ggrr plane and the Poisson ratios yir, y.t, yrT Were taken for species
of similar density in [29]. These values were also considered as constants. Table 3 summarises all
elastic properties used in the model validation.
3.2.2 Plasticity

The ductile failure modes in compression parallel and perpendicular to the grain were captured

using a modified elastic-perfectly plastic anisotropic Hill yield criterion [20], as:
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where fcr and fe1 are the radial and tangential compressive strengths, respectively, and or., orr and
ort are the longitudinal, radial and tangential stresses, respectively. While the Hill yield criteria is
deviatoric, it is commonly used for the plasticity of wood [30-32]. Plasticity was only considered for
the half-section in compression and the material in the half-section in tension was considered to re-

main elastic as the shift of the neutral axis resulting from plasticity developing in compression is not
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large enough for the plastification to extend past the butt joint. Tensile failure was inputted in the
half-section in tension as developed in the following sub-section. The compressive strength parallel
to the grain fc of each half-section reported in Table 1 was used to validate the model. The compres-
sive strengths perpendicular to the grain fcr and fcr were obtained from the 1% strain offset [33] on
five compressive tests performed as part of this paper on nominal 80 mm long x 45 mm wide samples.
The samples were cut from five different flat panels of the 25 mm thick cross-sections and tested in
a 500 KN MTS universal testing machine to reach failure in 3-5 mins. Table 4 summarises the com-
pressive strength values used when validating the model.
3.2.3 Fracture

A cohesive zone model (CZM) was used to model the quasi-brittle tensile and shear failure modes
of the timber material [30, 34-37] based on eight-node COH3D8 cohesive elements [20] for this pur-
pose. To capture the rupture developing in the compressive zone (Figure 2 (a)), cohesive elements
were included through the thickness and along the longitudinal axis of the section — see Figure 3.
Please note that the number and location of these elements are discussed in Section 4.2. Also note
that while fracture near the glue line between two half-sections was experimentally observed (Figure
2 (a)), the fracture always developed in the timber and not in the glue line. Therefore, crack paths
modelled near the glue line in Section 4.2 correspond to cracks developing in the timber. In addition,
to model the tensile failure mode (Figure 2 (b)), a crack path was modelled with cohesive elements
in the half-section in tension, as shown in Figure 3. This crack path was positioned 80 mm from the
section end to avoid the tensile stress to be influenced by buckling potentially developing at the mid-
dle of the section and boundary conditions.

The maximum nominal stress criterion, with stresses extrapolated to the crack tip [20], was used
for damage initiation in reference to the local reference system defined by the normal (n) and tangen-

tial (s, t) directions to the crack path as:
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where < > are the Macaulay brackets, on is the stress normal to the crack path, os and ot are the first
and second absolute shear stresses along the crack path, respectively, f, is the tensile strength normal
to the crack path, and fs and f; are the first and second shear strengths along the crack path, respec-
tively. The values of fy, fs and f; depend on the orientation of the crack path. For the paths modelled
in the half-section in compression (see Figure 3), n is the tangential direction, and s an t are the radial-
tangential (rolling) and longitudinal-radial planes, respectively. For the crack modelled in the half-
section in tension (see Figure 3), n is the longitudinal direction, and s an t are the longitudinal-radial
and longitudinal-tangential planes, respectively.

When validating the model, the tensile strength parallel to the grain fi. reported in Table 1 was
taken for each half-section. The tensile strengths in the radial fir and tangential f;r directions were
derived as part of this study from tensile tests performed on five samples following the test method-
ology described inthe ASTM D143-14 [38], but adapted to LVL [39, 40]. The samples were cut from
the same flat panels which were used to measure fcr and fer (Section 3.2.2) and tested in a 30 kN
Instron universal testing machine. The shear strengths in the longitudinal-radial fs s and longitudinal-
tangential fs .t planes were taken as the median value measured for the 145 mm diameter CHS in [2].
The rolling shear strength fsgzr was taken as the 50" percentile value measured in [28] on the same
resources used in manufacturing the CHS. Table 4 summarises all tensile and shear strength values
used.

A mixed mode damage evolution based on energy and linear softening were considered. The same
fracture criterion previously used for timber in [30] was defined,

%+g+&=1 3)
G, G G

where Gn, Gs and Gt denote the work done in the elements in the normal direction to the crack path,

and in the first and second shear directions, respectively, and G, G and G, represent the critical

fracture energies in the above directions. The fracture energies parallel to the grain G/, perpendicular



to the grain Gf and G, and in shear G/, G/, and G, were taken from [26] for species of similar

density — see summary in Table 4. While contrary to the other mechanical properties, they were not
measured, they were found to correctly reproduce the brittle failure modes as outlined in the results
section.

3.3 Boundary conditions and other parameters

The boundary conditions are illustrated in Figure 3. To model the rigid connection to the test rig,
a stiff plate was tied to the end of the section. A roller-type boundary condition with an imposed
rotation was used to apply the moment to the structure and was assigned at the node of the plate
corresponding to the centre of the CHS. Due to symmetry conditions and also symmetric of the failure
modes, only one-quarter of the beams was modelled and the corresponding symmetric boundary con-
ditions were applied.

8-node linear brick C3D8R elements were used for the timber material. A mesh parametric study
showed a nominal element size of 5 mm to provide accurate results while optimising the computa-
tional time. When validating the model, the measured wall thicknesses and diameter for each CHS
reported in Table 1 were modelled.

Nonlinear geometric and material conditions and quasi-static implicit dynamic analyses were con-
sidered in the models. To improve convergence, viscous regularisation within the cohesive zone ele-
ment definition was employed. This regularisation was verified to negligibly influence the results,
with the energy dissipated by viscoelasticity calculated by the software (ALLCD) at peak load repre-
senting less than 0.1% of the total internal energy of the system (ALLIE).

Note that in the model, only the deterministic size effect [41, 42] is considered from the size of the
fracture process zones. The statistical size effect [43-45], outlining the difference in volumes between
the specimens used to measure the material properties in Table 1 and the tested CHS, is ignored.
Further investigation would be needed to understand how this effect influences the capacity of the

CHS.



4. FINITE ELEMENT RESULTS
4.1 Influence of geometric imperfections and compressive failure mode explained

The model was first run in this section with 18 crack paths in the half-section in compression to
produce accurate outcomes and enable any experimental observed crack patterns to develop. The
model was used to verify the influence of the cross-sectional imperfections on the results and explain
the compressive failure mode. CHS S_G1 was used as a case study as it had both low MOE and wall
thickness when compared to the other CHS (Table 1), it was therefore more prone to local buckling
and to be sensitive to geometric imperfections. The crack paths were located at 6 in Figure 3 ranging
from 5° to 90° in 5° increment. The cross-sectional imperfections were inputted by initially running
a linear buckling analysis (LBA) on a “perfect” model. The first local buckling mode was then used
as the cross-sectional imperfections by setting the maximum geometric imperfection to -0.5 mm (i.e.
compression zone at mid-span buckling inward), 0 mm (no imperfections) and +0.5 mm (i.e. com-
pression zone at mid-span buckling outward). This imperfection of 0.5 mm corresponded to the max-
imum imperfection typically measured on the CHS tested in [1].

Figure 4 (a) plots the applied moment-curvature relationships for the three models, while Figure 5
shows the evolution of the cross-sectional deformation and the failure mode. The numerical moment
was multiplied by 2.0 herein and through this paper to obtain and plot the moment applied to the
complete CHS. The curvature was calculated from the same measurements as in [1, 2] to allow future
comparison with experimental testing. The applied moment-curvature relationships without any crack
path are also plotted in Figure 4 (a) for reference.

The results indicate that the sudden failure mode in the compression zone was triggered by local
buckling. As the cross-section buckled and deformed (Figure 5 (b) and (c)), the stress perpendicular
to the grain in the region between 8 = 30° and 70° increased. Fracture eventually occurred in that

region, with typically one or two cracks propagating in the CHS longitudinal direction (Figure 5 (d)



to (f)). When the cracks fully developed, the section opened and the rolling shear near the neutral axis
increased until a final crack grew at this location, i.e. at & = 90° (Figure 5 (g) and (h)). As shown in
Figure 4 (a), if no crack could develop in the compressive zone, a ductile behaviour was encountered.
The opening and propagation of the cracks induced the sudden drop of the load after sufficient cross-
sectional deformation due to buckling occurring. The model was able to well reproduce the failure
mode with the deformation in Figure 5 (h) similar to the one observed experimentally in Figure 2 (a).

Figure 4 (a) also indicates that the value of the geometric imperfections influenced the capacity
by impacting on the buckling load and buckling deformation which influences the stress distribution
and the value of the stress perpendicular to the grain, therefore delaying or not the opening of the
cracks. The numerical capacity of the section with +0.5 mm imperfections is 8% higher than the
capacity with -0.5 mm imperfections as the deformed shape allowed the crack developed. While the
imperfections did not impact on the overall structural response, they influenced the number of cracks
which propagate and when they propagated. For instance, two cracks fully opened (at # = 45° and
90°) for -0.5 mm imperfections versus four (at & =5°, 35°, 65° and 90°) for both 0 mm (Figure 5 (h))
and +0.5 mm imperfections. In all following analyses, as the influence of the imperfections on the
capacity, crack propagations and failure mode is not significative, no cross-sectional imperfections
were considered.
4.2 Influence of the number of crack paths in the compressive zone

As the number of cohesive elements significantly impacts the convergence rate, the influence of
the number of crack paths on the structural response was studied hereafter. Considering that in Section
4.1, a minimum of two cracks opened and propagated, the accuracy of the model was verified for this
minimum number of observed paths. Five models were run with (1) the first crack path located at 4
(Figure 3) ranging from 30° to 70°, in 10° increments, i.e. a path located in the region where the first
crack(s) propagated, and (2) the second path located at 8 = 90°, i.e. at the location of the last crack to
open in all analyses. CHS S_G1 was still used as a case study and its moment-curvature relationships

are compared in Figure 4 (b) to the more accurate results with 18 crack paths.
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Figure 4 (b) shows that a model with only two crack paths enabled to accurately replicate the
moment-curvature response of the reference model with 18 crack paths. The location of the first crack
path marginally influenced the non-linear response. The capacities of the five models were within
less than 1% of each other and the minimum capacity of the five models, found for & = 50°, was
almost identical (1.5% higher) to the capacity of the reference model. Consequently, to save compu-
tational time and as a model with two crack paths enable to accurately replicate the capacity and non-
linear response of the reference model, in all following analyses, only two crack paths were modelled
in the compression zone, at € = 50° and 90°.

4.3 Model validation
4.3.1 Capacities, bending stiffness and failure modes

Table 2 summarises the numerical capacities My_num, bending stiffness ELl num and failure modes
for all CHS reported in Table 1. The bending stiffness was calculated similarly to the experimental
tests by performing a linear regression on the linear part of the numerical moment-curvature curves.
Table 2 shows that the models accurately predicted the strength and bending stiffness of the CHS
with average experimental to numerical ratios of 1.02 and 0.93, respectively, with associated coeffi-
cients of variation (CoV) of 6.1% and 14.1%, respectively.

The model correctly predicted the experimentally observed failure modes for eight sections out of
ten. Especially, slender 167 mm x 12.5 mm CHS S_G2 experimentally failed in tension but was
predicted to fail in compression. Nevertheless, the bending moments at which all slender CHS would
fail in tension were calculating by not modelling the crack paths in the compression zone, therefore
preventing the sudden compressive failure mode to develop. These tensile capacities were found to
be only up to 1% higher than the numerical compressive capacities reported in Table 2. Therefore,
for this type of cross-sectional slenderness, as the tensile and compressive strengths are of similar

value, either tension or compression failure could occur, rendering the prediction of the correct failure
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mechanism challenging. On the other hand, CHS P2 was predicted to fail in tension but experimen-
tally failed in compression. The numerical compressive capacity of CHS P2 (i.e. by preventing ten-
sion failure to develop) was still close to and 5.1% higher than the numerical tensile capacity in Table
2. The difference between the numerical and experimental failure modes for CHS P2 may be due to
the inherent variability in the timber material between the samples used to assess the material strength
and the half-section in compression.

4.3.2 Structural responses

Figure 6 compares the experimental and numerical moment-curvature curves for all tested CHS.
The numerical model generally captured well the overall deformation of the CHS, especially for the
compact 167 mm diameter CHS (Figure 6 (c)) for which significant plastification of the sections in
the compression zone occurred before tensile failure.

Figure 7 plots the development of the numerical and experimental strains at mid-span and at the
tensile and compressive extreme fibres for the 167 mm diameter CHS for which the strains were
recorded experimentally. The plastification in the compression zone and the buckling of the slender
sections was well captured by the model. For S_G2, the numerical strain reversal for the strain gauge
in the compression zone indicated that model predicted that the section would buckle outwards
whereas tension failure was encountered. For the compact CHS (Figure 7 (b)) and for the strain in the
tension zone, the limited non-linearity just before failure was also captured by the model, and re-

flected the opening of the crack and the length of the fracture process zone [41, 42].

5. PARAMETRIC STUDY AND DESIGN EQUATIONS

72 analyses were run using the validated model to understand the relationship between the slen-
derness ratio and section capacity. The analyses were designed to cover a wide range of realistic
cross-sectional slenderness with CHS of diameter ¢ ranging from 100 mm to 500 mm and wall thick-
ness t from 10 mm to 50 mm. The influence of various compressive fc to tensile i, strength ratios

parallel to the grain was investigated, with fc. taken as 50 MPa and 75 MPa, and f;. as 50 MPa,
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85 MPa and 120 MPa, representing values encountered for juvenile Gympie messmate [27]. The
MOE parallel to the grain EL. was set to 18,000 MPa. All other parameters were taken as in Table 3
and Table 4. Table 5 lists all analyses performed.

To allow enough length for local buckling to develop, the span of the sections was set to five times
the external diameter. The crack path in tension was located at 0.5 times the external diameter from
the section end. The numerical capacity My _num and failure mode for all analyses are given in Table
5.

Two different slenderness ratios, based on the ones used in steel CHS [46] but adapted to consider
the different tensile and compressive strengths encountered in timber, were used to develop design
rules. The first slenderness ratio Ay ¢ is based on the “elastic” yield moment My ¢, defined as the mo-
ment at which the stress at the extreme fibre in tension reaches f; |, assuming an elastic material in

compression and without cracks developing in the timber, as shown in Figure 8 (). Ay e is defined as,

/1 . — y_e t_L (4)

where My is the elastic buckling moment, calculated in the study by performing a linear buckling
analysis in Abaqus. In a design situation, M, can be calculated through finite strip analyses for aniso-
tropic material [47] and available software, such as CUFSM [48]. The second slenderness ratio Ay p
is based on the “plastic” yield moment My p, defined as the moment at which the stress at the extreme
fibre in tension reaches f; |, assuming an elastic-perfectly plastic material in compression and no
cracks developing in the timber, as shown in Figure 8 (b). While the calculation of My ¢ is straight

forward, an algorithm must be developed to find My p, such as in [2]. 4y p is defined as,

Ay o= == (5)

13



Values of Mo, My ¢ and My , for all analyses are provided in Table 5. Slenderness ratios and their
associated “yield” and “plastic” moments are commonly used in structural engineering when devel-
oping design equations, such as in [49].

Figure 9 (a) plots the slenderness ratio iy ¢ versus the normalised capacity My num / My e, While
Figure 9 (b) plots the Ay p versus My_num / My . The two following design equations, in a similar format
to design equations used in cold-formed steel [49], are proposed and were found to best estimated the

section capacity. Based on My e, the design capacity My_design IS expressed as,

M =4.82(1-0.8614) 4" )M, , (6)

b_design
and as follow, based on My ,

M =272(1-0.7284)° )M, , (7)

b_design
The coefficients in Egs. (6) and (7) were found by using the Levenberg-Marquardt algorithm and by
minimising the sum of the squares of the residuals. Egs. (6) and (7) are plotted against the parametric
results in Figure 9. The experimental results are also plotted in the figure for comparison. The two
equations accurately predicted the section capacity with an average numerical to design capacity ratio
Mb_num / Mp_gesign 0f 1.00, and associated CoV of 7.93% (Eq. (6)) and 3.92% (Eq. (7)). Detailed Mp_num
/ Mb_design ratios are given in Table 5. Despite the difficulty in calculating My , Eq. (7) is more accu-
rate than Eq. (6), as shown in Figure 9 and Table 5.

Eqgs. (6) and (7) represent a first attempt to calculate the section capacity of timber CHS. These
equations are valid for the studied products, with the butt joint between two half cross-sections in the
horizontal plane, and must be verified against experimental and numerical studies performed on CHS
manufactured from other species which would have different material properties than the ones con-
sidered in Tables 3 and 4. Additional studies are also needed to calculate the capacity factor ¢, also
referred to as “resistance factors”, to safety used the products based on the variability in the predicting

equations and timber material properties.
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Note that Figure 9 shows that for compact sections, the section capacity is higher than My p, mean-
ing that some load redistribution occurred at the onset of tensile failure owing to the size of the frac-
ture process zone and the deterministic size effect [41, 42]. The same phenomenon was observed for
the tested compact 167 mm and 145 mm diameter CHS which had slenderness ratio 1y , between 0.40
and 0.55, and capacities between 1.12 and 1.19 times higher than associated My p, as shown in Figure

9.

6. CONCLUSIONS

This paper presented a numerical model to capture the structural response of timber CHS loaded
in bending. The model used an elastic-perfectly plastic orthotropic material to simulate the ductile
compressive failure modes. To account for quasi-brittle tensile and shear failure modes, cohesive
elements were used. The model was validated against ten bending tests performed on CHS of different
cross-sectional slenderness. Design rules were also proposed. The main findings are summarised be-
low:

e The model was able to accurately predict the overall structural response of the tested CHS. The
average experimental-to-numerical strength and bending stiffness ratios were 1.02 and 0.93,
respectively, with associated CoV of 6.1% and 14.1%, respectively. Two crack paths in the
compression zone were enough to accurately simulate the compressive failure mode.

e The sudden compressive failure mode observed experimentally was shown to be triggered by
local buckling. As the cross-section buckled and deformed the stress perpendicular to the grain
in the region between 20° and 70° (in the CHS cylindrical coordinate system) from the neutral
axis increased. Fracture eventually occurred in that region, with typically one or two cracks
propagating in the CHS longitudinal direction. When this(ese) crack(s) fully developed, the
section opened and the rolling shear near the neutral axis increased until a final crack grew at

this location.
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e Parametric studies were run and used to develop equations to estimate the bending capacity of
the analysed sections, therefore leading the way in developing design rules. The proposed
equations were found to accurately predict the section capacity of the CHS but need to be

verified on CHS manufactured from species different to the one used in the paper.
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(a) (b)

Figure 1: (a) Manufacturing concept and (b) examples of manufactured sections in [1]

(a) " (b)

Figure 2: (a) Sudden compressive and (b) tensile failure modes in [1]
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(h)
Figure 5: Cross-sectional deformation, with a deformation scale factor of 3.0, for 18 crack paths in compres-
sion zone for imperfections = 0 mm, (a) onset of plastification, (b) during buckling, (c) at crack initiation
(maximum load), (d) beginning of crack propagation and (e-h) through crack propagation
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Table 1: Dimensions and properties of tested CHS beams in [1, 2]

Measured Half section in compression — Half section in tension —
dimensions Measured properties Measured properties

Section | Nominal dimen- | Span L Diam. t EL feL t EL fiL
sions (mm) (mm) (mm) (mm) (MPa) (MPa) (mm) (MPa) (MPa)
P1 145x15 660 147 15.8 17,9000 61.3 15.8 19,2000 94.7
P2 145x15 660 146 15.1 17,9000 60.8 15.6 19,1000 90.3
P3 145x15 660 148 16.0 20,900") 66.2 15.7 18,800 84.9
P4 145x15 660 145 16.8 15,8000 55.9 16.4 15,700 68.5
S G1 167x12.5 720 164 13.4 16,723@ 58.6 12.6 16,693@ | 109.5
S_G2 167x12.5 720 165 12.9 19,855 69.2 12.9 19,637® | 1015
S_G3 167x12.5 720 165 12.3 23,7079 77.9 12.7 23,3479 | 114.0
C G1 167x25 720 164 25.3 16,953@ 64.4 24.9 16,505 99.3
C_G2 167x25 720 162 26.4 19,637@ 66.7 25.6 20,116@ | 117.2
C_G3 167x25 720 164 25.5 22,417@ 71.3 24.9 23,755@ | 133.0

@ Value measured from an extensometer during material testing
@ Value taken as the average measured dynamic MOE of all veneers

Table 2: Experimental capacity and failure modes in [1, 2] versus numerical solutions

Experimental results Numerical results Experimental. to

numerical ratios

Name | Nominal dimen- | My ep | Eil exp Failure Mo num | Ecl num Failure Mb_exp / | ELl exp /

sions (mm) (kN.m) | (kN.m?) mode (kN.m) | (kN.m?) mode Mb num | Edl num
Pl 145x15 17.6 267 Tension® 18.1 279 Tension 0.97 0.96
P2 145x15 17.1 230 Compression 17.5 273 Tension 0.98 0.84
P3 145x15 18.0 228 Tension® 18.8 309 Tension 0.96 0.74
P4 145x15 14.8 160 Tension® 15.4 234 Tension 0.96 0.68
S Gl 167x12.5 20.1 342 Compression 18.7 347 Compression | 1.08 0.98
S G2 167x12.5 21.0 419 Tension 20.7 415 Compression | 1.01 1.01
S G3 167x12.5 24.6 476 Compression 21.7 486 Compression | 1.13 0.98
C G1 167x25 38.7 507 Tension 34.9 475 Tension 1.11 1.07
C G2 167x25 39.1 578 Tension® 38.0 548 Tension 1.03 1.06
C G3 167x25 42.6 635 Tension® 41.7 656 Tension 1.02 0.97
Average 1.02 0.93
CoV (%) 6.1 14.1

@ Failure occurred at the test rig connections for this test and the maximum bending moment reached is considered herein
as the tensile capacity (see Section 2). Therefore, for comparison to the numerical model, this failure mode can be regarded
as tensile failure.

Table 3: Elastic properties taken in model validation

E. (MPa)

ET, Er (M Pa)

GLT, GLR (M Pa)

Grr (MPa) VLR, JLT

YRT

From Table 1

800

750 200 0.4

0.5

Table 4: Strengths and fracture energies taken in model validation

Compressive strengths | Tensile strengths Shear strengths Critical fracture energies
feL fer fer fiL fir, fir | foum, fsir fsrr GE (_“,TC , G; GET ,GER G;T
(MPa) (MPa) (MPa) | (MPa) (MPa) (MPa) (N/mm) | (Nimm) | (Nimm) | (N/mm)
From 13.3® From 2.7 10.0 2.5 180 0.7 1.2 0.6
Table 1 Table 1

1 Average results on five tests performed as part of this study with a Coefficient of Variation of 2.6%
@ Average results on five tests performed as part of this study with a Coefficient of Variation of 17.2%
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Table 5: Parametric study and design rules results

¢ t | foo | fur | Mo | Mo | Myp | Mynum| Fail- ,\'\/fbb—d”“_m/ ,\'\/f:—d”“_m’ 4 t | fr | fie | Mo | Mo | Myp | Moo | Fail- I\“/’I';:;‘”f“’ I\“/’I';:;‘”f“’
) _design _design 1) _design _design
(mm) | (mm) | (MPa) | (MPa) | (kN.m) | (KN.m) | (kN.m)| (KN.m)| ure Eq. (6) | Eq. (7) (mm) | (mm) | (MPa) | (MPa) | (kN.m) | (KN.m) | (kN.m)| (kN.m)| ure Eq. (6) | Eq. (7)
50 20 | 29 | 38 | T | 1.04 | 1.03 50 686 | 686 | 845 | T | 101 | 1.00
50 [ 85 49 | 43 | 48 | C | 098 | 1.04 50 [ 85 116.7 | 1021 | 1041 C | 0.96 | 100
120 70 | 52 | 49 | C | 089 | L0z 120 1647 | 1267 | 1041 C | 087 | 0.95
10 50 | 22 290 [ 20 | 42 | T [ 107 [ 107 25 50 | %820 686 [ 686 | 880 | T | 097 | 0.07
75 [ 85 49 | 49 | 58 | T | .08 | 1.05 75 [ 85 116.7 | 1160 | 1296 | T | 1.07 | 103
100 120 70 | 63 | 64 | C [ 100 | 103 | . 120 1647 | 1477 | 1359 | T | 097 | 0.98
50 43 | 43 | 62 | T | 098 | .00 50 942 | 94.2 [ 1267 T | 1.00 | 100
50 [ 85 73 1 66 | 78 | T | 090 | 0.95 50 [ 85 1602 | 1424 | 1578 | T | 092 | 0.07
120 03| 77 | 88 | T [ o084 | 100 120 2261 | 1763 | 1757 | T | 088 | 0.99
20 50 | 83 43 43 | 69 | T | 103 | 1.06 40 50 | 12° 042 (942 | 1348 T | 099 | .00
75 [ 85 73 [ 72 | 96 | T | 1ol | Lo1 75 [ 85 160.2 | 1595 | 1926 | T | .02 | 1.00
120 03 | 95 | 101 | T | 096 | 0.99 120 226.1 | 2060 | 2242 | T | 100 | L0z
50 135 | 135 | 158 | C | 110 | 1.06 50 842 | 842 | 907 | C | 111 | 105
50 [ 85 230 | 198 | 171 | C [ 097 | 0.99 50 | 85 1431 (1235 91.0 | C | 0.95 | 0.94
120 324 | 245 | 171 | C | 094 | 0.97 120 2020 | 1539 | 910 | C | 098 | 0.9
10 50 | 2% 135 [ 135 | 172 | T | 108 | 1.05 15 50 | %1 842 842 | 958 | T | 105 | Lo1
75 [ 85 230 | 228 | 230 | C | 114 | 107 75 [ 85 1431 | 1417 | 1256 | C | 111 | 1.03
120 3224 | 287 | 230 | C | .04 | 1.02 120 2020 | 1785 | 1256 | C | 1.06 | 1.02
50 232 | 232 | 295 | T | .00 | 0.99 50 1300 | 1300 | 1545 | T | 1.05 | 1.02
50 [ 8 304 | 346 | 376 | T | 097 | 102 50 | 85 2210 | 1024 | 1720 | C | 093 | 0.96
120 556 | 427 | 387 | C | 088 | 0.98 120 3120 | 2394 | 1703 | C | 086 | 001
200 | 20 50 | 2094 282 232 | 313 | T 099 [ ogg | %00 | 50 | %10 1300 1300 | 1600 | T | .00 | 0.8
75 [ 85 304 | 392 | 453 | T | .05 | 1.02 75 | 85 2210 | 2196 | 2267 | C | 1.08 | 1.03
120 556 | 501 | 503 | € | .00 | L.01 120 3120 | 27181 2267 C | 096 | 0.96
50 208 | 2908 | 399 | T | 097 | 0.97 50 2148 | 2148 | 2692 | T | 094 | 0.94
50 [ 85 507 | 452 | 512 | T | 091 | 0.96 50 | 85 3651 | 3242 | 3558 | T | 093 | 098
120 716 | 556 | 572 | T | 087 | 0.99 120 5154 | 4024 | 386.8 | T | 087 | 0.97
30 50 | M98 08 208 | 426 | T [ 09 | 098 50 50 | 2386 Z1a8 2148 | 3104 | T | Lol | L03
75 85 507 | 505 | 614 | T | 0.99 | 0.98 75 |85 365.1 | 3636 | 4294 | T | 101 | 0.99
120 716 | 656 | 726 | T | 098 | Lo1 120 5154 | 4686 | 5073 | T | 101 | 103
50 456 | 456 | 523 | C | .08 | 104 50 1345 [ 1345 | 1401 | C | 115 | 1.08
50 | 8 775 | 671 | 549 | C [ 093 | 0.94 50 | 85 228.7 | 1960 | 1404 | C | 1.03 | 1.00
120 1004 | 834 | 549 | C | 090 | 0.93 120 3220 | 2457 | 1404 | C | 115 | 1.07
300 | 15 50 | 13 456 456 | 546 | T | 102 | oo | 2% | ® 50 | 3028 1345 1355 | 1523 | T | L1l | 106
75 85 775 | 768 | 786 | C | .15 | 1.09 75 [ 85 2287 | 2261 | 1898 | C | 116 | 1.07
120 1004 | 970 | 786 | C | 1.06 | 1.03 120 3220 | 284.4 | 1898 | C | 116 | 1.08
@ T = Failure in the tension zone and C = failure in the compression zone Average 1.00 | 1.00
Cov (%) | 7.03 | 3.9




