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Abstract

Bamboo—timber composite columns hold significant promise as bio-based structural elements. However, research in this
area remains limited, especially concerning modern buckling analysis methods that incorporate bio-based constitutive
models of engineered bamboo and timber materials. This study aims to address this gap by proposing a proof-of-concept
analytical framework based on component-based strategy for buckling analysis, utilising piecewise bio-based material con-
stitutive models as the guide rail for its strain-stage-based component split-up. Preliminary experimental validation was
performed to evaluate the feasibility of using component-based analysis to estimate the overall buckling resistance of
both composite and non-composite bamboo and timber columns. This initial study offers an alternative analytical
approach for estimating the buckling resistance of bio-composite columns and establishes a set of conceptual guidelines
and indicative parameters for the experimental design of future research.
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Bamboo and timber are gaining attraction as popular construc- ties with photogrammetry method, round bamboo beams

tion materials, especially in frame systems for buildings, spark-
ing considerable research interest. Previous studies have focused
on various aspects, such as timber joist shear resistance,' tor-
sional behavioursf‘13 timber gridshell structures,lé‘_18 timber

and bamboo—concrete composite beams.>* These investigations
reflect the growing exploration and application of bamboo and
timber in diverse structural contexts, underscoring the need for
continued research and development in this field. While
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softwood is more readily available than bamboo in some regions,
bamboo can effectively reinforce softwood, resulting in sturdy,
cost-effective, and aesthetically pleasing structural elements.
This trend has also spurred researchers to explore innovative
technologies like bio-flitch beams,?® bamboo—concrete compos-
ite structures®” and bio-based prestress technology.”® However,
most of these studies are focused on the flexural capacity of the
bamboo- or timber-based beam elements, very few studies
focused on bamboo—timber composite structural members.
Columns, as integral components of structural frame
systems, are garnering growing attention from the research
community. Currently, many scholars have conducted
in-depth research on the application of engineered bamboo in
compression-bending components. Liu et al.? studied the
deformation behaviour of three types of reconstituted
bamboo columns under axial loads, finding that only solid
columns experienced instability failure, while hollow and
I-shaped columns experienced debonding failure. Wei et al.>°
established a well-fitting stress—strain relationship model for
reconstituted bamboo through uniaxial tensile and compres-
sive tests. Li et al.,, Dong et al., Su and Zhou,3 1-35 analysed
three failure modes of laminated bamboo lumber (LBL),
bamboo scrimber columns under axial compression and estab-
lished a stress—strain relationship model, proposing a method
for calculating the ultimate bearing capacity of LBL
columns. Su et al.*® produced and tested 21 glued bamboo
hollow columns of different slenderness ratios, finding that
slenderness ratio was the main factor affecting the experimental
values and errors and established a model for calculating the
axial compressive ultimate bearing capacity of glued bamboo
hollow columns based on the macroscopic shear angle.
Bamboo-timber composite columns hold great promise
as sustainable structural components, yet there has been
relatively little research in this specific area compared to
studies on pure timber or bamboo columns. This study
aims to bridge this gap by conducting preliminary experi-
mental trials focused on investigating the axial compression
behaviour of different column types: laminated bamboo,
pure timber, and bamboo-timber composite columns. The
primary objective is to gather valuable data through these
experiments, which will serve as an initial dataset for
informing and guiding future larger-scale experimental
studies. By examining how these columns perform under
axial compression, we can better understand their structural
characteristics and potential applications in construction.
This study focuses on bamboo—timber composite columns,
designed with engineered bamboo distributed on the outermost
section and wood as the core material. While the cross-sectional
form of composite columns differs significantly from that of
hollow columns, they share many advantages. Although there
has been considerable research on timber and bamboo structures
domestically and internationally, research on the performance of
bamboo-timber composite structures is limited. Moreover, this
research goes beyond experimentation by developing an initial
analytical model specifically tailored to estimate the axial com-
pression capacities of bamboo—timber composite columns. This
analytical framework will contribute to a deeper theoretical
understanding of these composite structures and aid in their prac-
tical implementation in the field of structural engineering. The

paper will primarily focus on experimental research aimed at
determining the bearing capacity of bamboo-timber composite
axial compression members.

Ultimately, this study lays the groundwork for advan-
cing the knowledge base surrounding bamboo—timber com-
posite columns, paving the way for broader applications
and innovations in sustainable construction practices.

Basic material properties

Physical properties

In this study, Moso bamboo (Phyllostachys edulis) materials
were sourced from four-year-old forests in Jiangxi Province,
China. The typical diameter of the bamboo culm is around
100 mm, and the typical wall thickness at the middle
section of the culm is around 11 mm. The raw bamboo under-
went standard processing steps including cutting, planning,
drying, sanding, gluing, assembling and cold pressing to
create the necessary test samples. The bamboo materials
were obtained from a consistent supplier previously utilised
by the authors. For detailed information on the processing
procedures, refer to the work by Zhang et al.®

TC13-B European spruce, imported from Sweden, with
C18 strength grade was used in this study. The original
lumber size was 5100 mmX 150 mm x50 mm before
being sawn and planed into the desired glulam timber
board size of 20 mm X 100 mm X 1300 mm. Total of six
clear samples with size of 20 mm X 20 mm X 20 mm were
cut randomly from the same batch of the wood for measur-
ing the moisture content and density.

The manufacturing process closely resembles that of the
bamboo-timber composite beam prepared in the authors’
previous study, utilising the same type of glue and press
configurations. For further details, please refer tothe work
by Zhang et al.*® for brevity.

For the determination of moisture content and density of
laminated bamboo, which is formed by cold-pressing
stacked individual bamboo pieces, since there are no spe-
cific standard regulations available temporarily, the require-
ments from Chinese standards®’=® are adopted. Same as
timber, a total of six clear samples with size of 20 mm X
20 mm X 20 mm were cut randomly from the same batch
of the wood for measuring the moisture content and density.

The next steps involved labelling a total of 12 samples and
measuring their initial volume and weight within an environ-
ment set at a temperature of 20 +2 °C and relative humidity
of 65 +3% RH. Subsequently, the samples were collectively
placed inside an oven and subjected to an 8-h drying period
at a temperature of 103 +2 °C. At 2-h intervals during this
period, two samples each of laminated bamboo and wood
were alternately chosen for weighing. This process was
repeated until the difference between the successive weight
measurements was less than 0.5% of the sample’s initial
mass. This indicated that the samples had achieved a com-
pletely dry state (Figure 1). The weight of each fully dried
sample was then recorded, and the results of the tests are pre-
sented in Tables 1 and 2. The dimensions of the samples
after oven-dry were not recorded.
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Figure 1. Sample density and moisture measurement. (a) Samples for physical properties test. (b) Sample weighing. (c) Sample drying.

Table I. Density of laminated bamboo and timber.

Samples Number  Air-dry mass (g)  Volume (cm®)  p (g/em®)  p (g/em®)  Standard deviation ~ COV (%)
Laminated bamboo | 5.192 8.269 0.628 0.628 0.026 4.1
2 5.003 8217 0.609
3 5.042 8217 0.614
4 5.595 8.241 0.679
5 5.094 8.208 0.621
6 5.066 8.192 0.618
Timber | 3.521 8.108 0.434 0.423 0.017 3.9
2 3.206 8.120 0.395
3 3.305 8.040 0411
4 3.486 8.076 0.432
5 3.527 8.068 0.437
6 3.469 8.056 0431

Note: p denotes the sample air-dry density, and p denotes its average value; COV denotes the coefficient of variation, the same as below.

Mechanical properties

As shown in Figure 2, in accordance with the BS
373-1957,> a total of six samples for both laminated
bamboo and timber were prepared from the same batch of
laminated bamboo and timber used in this study, with
dimensions of 50 mm X 50 mm X 200 mm, for conducting
longitudinal compression tests. The samples were required
to have smooth, flat ends perpendicular to the grain.
Compression loading was applied to the samples using a
displacement control method at a rate of 0.6 mm/min. Strain
gauges were positioned along the midspan of each sample
in the direction of the grain to capture strain data during
the process of resisting compressive loads. The test

results are then used to determine the yielding and ultimate
stress and strain values following a trilinear model proposed
in section ‘Determination of simplified tangent modulus’.
The estimated values are presented in Table 3.

Experimental design

Sample preparation

In the research of the critical load for slender columns sub-
jected to axial compression, the Euler formula is applicable.

m2El

Po="1"

(1



International Wood Products Journal 0(0)

Table 2. Moisture content of laminated bamboo and timber.

Specimens Number Air-dry mass (g) Full-dry mass (g) w (%) w (%) Standard deviation COV (%)
Laminated bamboo | 5.192 4.735 9.7 8.8 1.7 18.9
2 5.003 4.659 8.0
3 5.042 4.647 85
4 5.595 5.011 1.7
5 5.094 4.734 7.6
6 5.066 4.728 7.1
Timber | 3.521 3.198 10.1 10.4 1.0 10.0
2 3.206 2.872 1.6
3 3.305 2.959 1.7
4 3.486 3.156 10.5
5 3.527 3.232 9.1
6 3.469 3.163 9.7

Note: w denotes the sample moisture content, and w denotes its average value.

Figure 2. Samples of compression test.

where P., is the critical load, E is the material’s elastic
modulus, 7 is the sectional moment of inertia and L is the
effective length of the compression member. With the
effective length constraint held constant, the critical load
P, is directly proportional to the flexural stiffness EI.
Therefore, an increase in flexural stiffness can effectively

enhance the critical load-carrying capacity of columns sub-
jected to axial compression. Increasing the sectional flex-
ural stiffness can be achieved by enlarging the sectional
moment of inertia or replacing the material with a higher
elastic modulus. Hence, the experiment was designed
using wood with a lower elastic modulus as the core and
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laminated bamboo with a higher elastic modulus as the
outer layer to explore the mechanical performance of
bamboo-timber composite columns under axial compres-
sion loads.

The laminated bamboo and wood material were cut into
20 mm thick boards and combined using water-based poly-
urethane structural adhesive to form three different cross-
sectional shapes of column samples. These columns were
100 mm X 100 mm x 1200 mm in size, as shown in
Figure 3. The column samples were numbered according
to their different cross-sectional shapes: pure laminated
bamboo column (B-C), composite column (C-C) and
timber column (T-C). Among these, B-C and T-C are com-
posed of a single material. In the subsequent description of
their combined behaviour, they are collectively referred to
as ‘single columns’. Similarly, samples composed of a com-
posite combination of bamboo and wood are referred to as
‘composite columns’.

The first letter of the sample number represents the com-
position of the column’s cross-section: ‘B’ stands for
‘bamboo’, ‘C’ stands for ‘composite’, and ‘T’ stands for
‘timber’. The second letter is ‘C’, representing ‘column’.
The experimental design includes two identical columns
grouped as duplicates, numbered C-C1 and C-C2.

Loading apparatus and mechanism

To thoroughly investigate the impact of various cross-
sectional shapes on the axial compressive capacity of

Table 3. Mechanical properties of laminated bamboo and timber.

columns, this experiment utilised notch supports to con-
strain column samples at a state of critical instability in rela-
tion to their buckling direction. A hydraulic loading system,
YBD350-200, with a maximum capacity of 350 kN was
used to apply the load.

The samples were linked to the loading system through
unidirectional knife-edge hinges and aligned using a laser
level to ensure the central point of the sample coincided
with the centre of the loading end along a vertical axis.
Employing physical cantering methods, a preloading
force of 20 kN was applied to the samples. The strain
values at the mid-span of the samples were monitored,
and the sample positions were adjusted as needed until
the observed strain values differed from the average value
by no more than 5%. This adjustment aimed to prevent sig-
nificant initial eccentricity. The testing procedure imple-
mented a gradual load control strategy, advancing in
increments of 10 kN. After each increment, the load was
maintained for 30—60 s before proceeding to the subsequent
increment.

As shown in Figure 4, at the mid-span positions of each
sample, a total of nine strain gauges labelled S1 to S9 were
affixed along the W, N, and E directions to observe strain
growth behaviour. Strain gauges on the W and E surfaces
were positioned at equally spaced points, while for the N
surface, different arrangements were made for single
columns and composite columns. To better observe the
bonding and slip behaviour at the interface between lami-
nated bamboo and wood, the strain gauge positions were

Property Average Standard deviation COV (%)
Test results of laminated bamboo
Ultimate compressive stress (MPa) 714 32 44
Comepressive yielding stress (MPa) 52.1 24 4.6
Compressive yielding strain 0.0048 0.0004 8.0
Modulus of elasticity (MPa) 10,799 699.5 6.5
Test results soft timber
Ultimate compressive stress (MPa) 25.6 1.0 4.6
Comepressive yielding stress (MPa) 204 4.0 17.7
Compressive yielding strain 0.0050 0.0002 39.5
Modulus of elasticity (MPa) 4056 1894 46.7
N o
S [l
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Figure 3.

Cross-section form. (a) B-C. (b) C-Cl & C-C2. (c) T-C.
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Figure 4. Measuring points arrangement. (a) Strain gauges and LVTDs arrangement. (b) Single column. (c) Composite column.

situated as close to the adhesive layer as possible. Hence,
the positions of S3, S4, S6 and S7 were shifted by 5 mm
from the layer centre toward the interface. Due to the con-
straint characteristics of the notch supports, when the
column samples became unstable, they would only buckle
towards the E or W direction. To monitor lateral deflections
of the samples, three displacement sensors were positioned
at equally spaced points on the E surface. The complete
layout of the loading apparatus and measurement points is
shown in Figure 5.

Experimental results and analysis

The aim of this preliminary study is to establish a set of con-
ceptual guidelines and indicative parameters for the experi-
mental design of subsequent studies and to pilot the

validation of the proposed component-based analytical
model for the buckling analysis of laminated bamboo and
solid timber composite columns. This model is the first
model to consider the trilinear constitutive relationship of
bio-based materials. However, as a pilot study with
limited resources, the experimental aim is to provide a
benchmark reference rather than a statistically robust
range of values. Consequently, the test results discussed
here are intended to identify reference values, not to serve
as quantitative guidance for practical design.

Typical failure modes

As shown in Figure 6 and Table 4, three failure modes
(Mode A, B, C) were observed for axially loaded
columns, each corresponding to different cross-sectional
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Figure 5. 3D diagram of the test.
Note: LVDT denotes linear variable differential transformer.

shapes of the column samples. In Mode A, the sample had
poor flexural capacity, and can only develop into small
curvature before failure, resulting in small stress increments
from bending. The material within the compression zone
hardly experienced yielding, with most of it remaining in
the elastic range. As the buckling progressed, the material
on the outer side of the tension zone was pulled apart,

and a crack propagated instantaneously through the entire
cross-section, leading to a sudden and brittle failure.

In Mode B, the sample exhibited excellent flexural cap-
acity with highest curvature achieved before rupture. While
lateral deflection occurred, the mid-span section bore an
additional bending moment, causing a corresponding
stress increment. This led to yielding in a significant
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Figure 6. Typical failure modes of columns under axial compression. (a) B-C. (b) C-Cl. (c) C-C2. (d) T-C.

Table 4. Experimental and analytical results of axial compressive capacity.

bxh (mmx L Test results N,  Failure s Analytical estimation Difference A =
Specimens mm) (mm) A (kN) mode (mm)  Nggr (kN) Rl (%)
B-C 100 x 100 1262 4372 3127 Mode B 321 3339 6.8
C-Cl 100 x 100 1262 4372 2557 Mode C 266  292.1 14.2
c-C2 100 x 100 1262 4372 2719 Mode C 188 3049 12.1
T-C 100 x 100 1262 4372 1793 Mode A 6.4 190.4 6.2

Note: L denotes effective length; N, denotes peak load.

portion of the compression zone. Failure initiated from the
rupture of material on the outer side of the tension zone. The
crack gradually extended inward, with fibres fracturing
layer by layer. Additionally, there was vertical shear slip
at the neutral layer position.

Mode C was primarily observed in C-C1 and C-C2
samples. The flexural capacity of these samples fell
between Mode A and Mode B as well as the curvatures
achieved before failure. Due to the constraint imposed by
the outer bamboo layers, the timber core layer could with-
stand larger deflections without rupturing compared to
Mode A. When the outer bamboo layer in the tension
zone was pulled apart, transverse cracks instantaneously
traversed the entire core layer. However, the bamboo
layers in the compression zone remained intact. Under ver-
tical pressure, significant deflection occurred, causing the
already fractured timber core layer to detach from the adhe-
sive layer during the bending process. As a result, trans-
verse cracks that traversed the core layer extended
directly along the vertical adhesive layer after crossing
the core layer.

Load—strain relationship curves

As shown in Figure 7, the load—strain relationship of the
samples can be divided into three stages throughout the
loading process:

Elastic stage: In the initial loading phase, the materials of
the samples are in the elastic range, and strain increases lin-
early with the applied load.

Elastic-plastic stage: In the axial compression tests,
column T-C reaches a peak load of 60-70%, while
columns B-C, C-C1 and C-C2 reach peak loads of 80—
90%. At this point, local materials reach the proportional
limit and enter the yield stage. The slope of the curve
changes, and the strain distribution across the cross-section
is no longer uniform. Compression strain gradually shifts
towards one side, causing compression strain growth on
the convex side of the sample to stall and exhibit a tendency
to reverse.

Load decrease stage: After reaching the peak load, the
compression strain on the convex side of the sample
rapidly decreases. The outer fibres transition from a com-
pressed state to a tensile state. Meanwhile, a significant
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Figure 7. Load-strain history plots. (a) C-Cl. (b) C-C2. (c) B-C. (d) T-C.

portion of fibres on the concave side enters the plastic stage,
and compression strain increases dramatically until the
sample eventually fails.

The initial defects of the samples (such as initial eccentricity,
component manufacturing errors, material defects, etc.) can
indeed influence the test results. The load—strain relationship
curve of sample T-C during the first stage appears more scattered
compared to other samples. It resembles the curve of a slightly
eccentric compression state. In contrast, laminated bamboo is
engineered by slicing and cold-pressing raw bamboo into a
material where the defects in the bamboo nodes are evenly dis-
tributed across various positions on the cross-section. This can
be treated as an axially homogeneous material, leading to less
scatter in the elastic stage curve of sample B-C.

For samples C-C1 and C-C2, where laminated bamboo
is used as the outermost layer, the main load-bearing cap-
acity comes from the laminated bamboo layer. This sec-
tional arrangement improves the uneven deformation
caused by initial defects on the cross-sectional material.
Consequently, the scatter in the elastic stage curve falls
between that of samples B-C and T-C.

Load—deflection relationship curves

Figure 8 depicts the load—deflection relationship curves
generated by selecting the deflection values at the

350

300 A

250 4

Load(kN)

150 A

100 4

50 A

-5 5 15 25 35
Deflection(mm)

Figure 8. Load-deflection curves.

mid-span position of each sample. Prior to reaching the
peak load, samples B-C, C-C1 and C-C2 exhibit rela-
tively small and gradual deflections. As the load
reaches around 80% of the peak load, these samples
enter the elastic-plastic stage. The uneven strain growth
combined with the small deflections in the earlier stages
leads to an increasing bending moment on the cross-
section. As a result, the lateral deflection at the
mid-span rapidly increases.
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For sample T-C, at peak loads of 30—40%, due to the influ-
ence of initial defects, the deflection of the sample suddenly
increases by a small amount and then remains stable. As the
peak load reaches 50-60%, the previous abrupt increase in
deflection results in an additional bending moment on the
mid-span section due to the vertical load. This leads to an
acceleration in the rate of deflection increase.

After reaching the peak load, sample B-C experiences a
rapid decline in load-bearing capacity. Once the component
bears a load and rapidly drops to around 80% of the peak
load, the rate of descent slows down significantly, indicat-
ing a characteristic of ductile failure.

The failure mode of sample T-C is brittle, where there is
no significant downward trend in load-bearing capacity
after reaching the peak load. Once the material in the
tension zone is pulled apart, sample T-C fractures directly
in the middle, leading to a loss of load-bearing capacity.

For composite columns C-C1 and C-C2, after reaching
the peak load, deflection continues to increase rapidly
while the load decreases slowly. As deflection keeps
growing, the bending moment on the mid-span section
steadily increases until the fibres on the convex side of
the sample are pulled apart, resulting in failure.

Estimation of axial compression capacity

Determination of simplified tangent modulus

A typical stress—strain curve for biobased materials under
compression is shown in Figure 9, in which, o.. denotes
the upper limit of the elastic range in compression corre-
sponding to point A as shown in the figure, and o6, is
defined as the internal stress when the column sample is
in a critical state (point B). The relationship between
stress increment and strain increment at this point corre-
sponds to the slope of the tangent to the stress—strain
curve at point B, which represents the tangent modulus £,
at that point. When axially compressed slender columns
are in a critical state, the average modulus across the
midspan section lies between the elastic modulus £ and
the tangent modulus E,. Notably, the tangent modulus E;
changes with variations in the slope of the stress—strain
curve during the elastic-plastic phase. Therefore, for the
sake of calculation convenience, this study simplifies the
determination of the tangent modulus E;.

o
A /E;
o . _B A=
Ol A \
/,C E
0 i

Figure 9. The stress relationship of compression.

The study®® simplified the compressive stress—strain
curve of laminated bamboo into three stages and proposed
a trilinear constitutive equation:

Epe O<e=<e,
6= 1 0+ Eq(e — ) Ep <€ = €y 2)
Ocy = Ocy Ey <E = Egy

where E., and E,, are the initial elastic modulus under com-
pression and the elastic modulus after yielding under com-
pression. o, 0, and o are the proportional limit
compressive stress, yield compressive stress, and ultimate
compressive stress. &, &, and &, are the proportional
limit compressive strain, yield compressive strain and
ultimate compressive strain. In this model, the yield stress
is simplified to the ultimate stress. Various approaches
and methods exist to determine yielding or phase change
points,”® including the Farthest Point Method (FPM),
which is particularly suitable for bio-based materials in
compression.

In this study, an approach based on the FPM was
adopted to determine the yielding point from the small
clear test results. To implement this method, a line was
first drawn to connect the origin and the peak point
(‘origin-peak’ line). The yielding point is then defined
as the farthest point on the stress—strain curve from this
line. This method of defining the yield point differs
from that of research,’® and it has an impact on the
initial elastic modulus E., and the post-yield elastic
modulus E,,. Therefore, adjustments to equation (2) are
necessary based on practical circumstances. Figure 10
illustrates the comparison between the model before
and after adjustments, and the adjusted model formula
are as follows:

Ee 0<ée<eq
o= Oce + Ez(&' - Ece) Ece <E = Ech (3)
Och = Ocu Ech <€ = €y

where 6., and o, are the adjusted elastic limit compres-
sive stress and peak compressive stress, respectively. &,
and g, are the corresponding compressive strains. £} and
E, are the adjusted initial elastic moduli under compres-
sion and elastic modulus after yielding under compres-
sion, which E| = ‘;— and E, = ‘;’;%fcf In the adjusted
model, the numerical values of peak compressive stress
and elastic limit compressive stress are equal.

Figure 11 illustrates the model function graphs and
stress—strain curves after adjustment for both laminated
bamboo and wood materials. From the graph, it is evident
that equation (3) can effectively represent the true compres-
sive constitutive relationship of the materials. The results of
the adjusted dual-stage moduli £, and E, for laminated
bamboo and wood are presented in Table 5. In comparison
to the two-stage elastic moduli £, and E,, from the refer-
enced study,’® the numerical values of the adjusted
models E; and E, are smaller. However, for materials
with less distinct elastic limits, the adjusted model offers
greater convenience in calculations.
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Table 5. Adjusted modulus of elasticity and tangential modulus.

Material E, (MPa) E; (MPa)
Laminated bamboo 10,799 1693
Timber 4056 1831

Modulus reduction theory

As shown in Figure 12, the modified Euler formula exhi-
bits higher accuracy when calculating the critical load of
slender columns. However, there is a significant error
when calculating the critical load of moderately long
columns with small slenderness ratios. This discrepancy
arises because, during the instability of moderately long
columns, the concave-side material undergoes yielding
and enters the elastic-plastic stage. The elastic modulus
E, transitions to the tangent modulus E;, leading to a
decrease in the overall bending stiffness of the section.
Consequently, the ultimate load-bearing capacity
obtained from experimental tests is smaller than the cal-
culated value.

Figure 13 illustrates the stress distribution across the
mid-span section of a moderately long column during
axial buckling. Due to the evolving deflection, the add-
itional bending moment exerted by the axial load on the
mid-span section gradually increases. This additional
moment leads to extra stress increments on the concave-
side fibres and equal stress reductions on the convex-side
fibres. As a result, the concave-side fibres reach the
elastic limit and yield ahead of the convex-side fibres.

Based on an in-depth study by Von Karman®*!
regarding the modulus reduction theory, a column
undergoing inelastic buckling is treated as an equivalent
elastic buckling column with a modulus of E,. The
value of E, always lies between E; and E,, and it is
determined by both. The expression for the reduced
modulus E, is as follows:

E = Lzz @)

(VEi + VE)

Therefore, considering the Euler critical load formula
with the reduced modulus E,, the equation is:
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The paper proposes an alternative method for calculating
the reduced modulus. Composite columns like B-C and
T-C, consisting of a single material, adhere to the assump-
tion of a prismatic cross-section, and there is no shear slip
between the adhesive layers before component instability,
as shown in Figure 13. The column in its critical state of
elastic-plastic buckling is divided into sub-columns with
elastic moduli of E| and E,, respectively. The two sub-

columns bear vertical pressures of P,; and P,,. It is import-
ant to note that these sub-columns are not independently
stressed; there exists shear bond interaction at their
contact interface that affects their cooperative deformation.
To simplify calculations, let us ignore the shear bond inter-
action at the interface between the two sub-columns. Under
this assumption, the critical load of this elastic-plastic buck-
ling column is given by:

Pr:Prl"f'PrZ— L2 (6)
E,

=2 7

=g ™
N

=- 8

=y ®)

where s is the thickness of the yielding layer, which can be
determined from vertical strain gauges, and / is the height
of the section. Substituting equations (7) and (8) into equa-
tion (6), we have:

_ ﬂz(pEllz

Pr=="

©

p=0@n—4y+O6-6my*+GCn—-3y+1 (10)

where ¢ is the elastic modulus reduction factor, and @E; is
the reduced modulus used when calculating the critical load
of elastic-plastic buckling columns using the Euler formula.
The formula introduces parameter y, representing the pro-
portion of the section’s yielding layer thickness. From
equation (6), it can be observed that, when the bending
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stiffness E1 of the buckling column and the effective length
L remain constant, the critical load Pr exhibits a cubic poly-
nomial relationship with parameter . When the thickness
of the section’s yielding layer s equals 0, the value of y
also becomes 0, and the value of ¢ becomes 1. This indi-
cates that the entire cross-section material is in the elastic
stage, and the column sample undergoes elastic buckling
that satisfies the Euler formula.

For composite columns like C-C1 and C-C2 composed of
multiple materials, this paper separately calculates the load-
bearing capacities contributed by the concave bamboo layer,
the wood core layer and the convex bamboo layer.
Following the previously proposed calculation method in
this article, each layer is treated as two sub-columns based
on whether yielding occurs. The critical load of each sub-
column is then computed. This process eventually yields the
critical load of the composite columns. Based on collected
strain data, it is evident that under critical load conditions,
yielding phenomena occur only within the concave bamboo
layer, with the wood core layer not experiencing compressive
yielding. However, the centroid axis of the concave bamboo
layer does not coincide with the z-axis (Figure 14). Thus,
when calculating the critical load-bearing capacity of this
layer, the parallel shift axis formula is introduced:

I = j(yb + m)*dA (11)

A

where I, is the moment of inertia of the laminated bamboo
layer with respect to the z-axis, y; is the distance from the
elemental area within the laminated bamboo layer to the cen-
troidal axis, and m is the distance from the centroidal axis of
the composite column layer to the z-axis. Through derivation,
the formula for calculating the critical load provided by the
laminated bamboo layer with partial material yielding is
obtained:

P oy Eilyy
=

(12)

@y = (4n — 4y + (12 — 2y, + (120 — 12)yn;
+ (12 — 12n)y; + 12075 + (24n — 24y, + 121,
+(12n — 12y, + 4

(13)
S

Vi = (14)
a

= (15)

where I, represents the moment of inertia of the laminated
bamboo layer about its own centroidal axis in the y-axis dir-
ection, ¢, denotes the stiffness correction coefficient for the
bending resistance of the laminated bamboo layer. When
compared to the derivation of equation (10), the significance
of y, and y remains consistent, both indicating the proportion
of the thickness of the yielding layer on the cross-section.
Meanwhile, 4, stands for the height of the laminated
bamboo layer cross-section. In this context, an additional par-
ameter #,, is incorporated into the derivation, in which a sig-
nifies the distance from the outer edge of the laminated
bamboo layer to the z-axis.

For bio-based column, if the trilinear model adopted, the
governing equation from the elementary beam theory is not
valid anymore, the neutral axis shifts when part of cross-
section enters the inelastic range. A modified beam theory
should be developed for bio-based frame element with tri-
linear constitutive model. Before this, a practical solution
is to use strain gauges to profile the strain distribution
along the depth of the cross-section. The experimental
data from this study were substituted into the formula for
validation, and the calculated results are presented in the
work by Khokhar et al.* For B-C and C-C type of
columns, B-C and C-C composed of single materials, the
formula-based values are 6.2% to 6.8% higher than the
experimental values. The theoretical calculations align
quite well with the actual outcomes. Concerning composite
columns C-C1 and C-C2 formed by multiple materials, the
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formula-derived values are 12.1% to 14.2% higher than the
experimental values. The calculation error for composite
columns is greater than that of single columns. However,
even when employing equation (12) to compute the critical
load of composite columns, there is still a good agreement
with the actual results.

Conclusions

This study undertakes a preliminary experimental investiga-
tion to compare the structural responses of timber, lami-
nated bamboo and bamboo-timber composite columns
subjected to axial compression, with an aim to provide
the first-hand dataset for following-up researchers and
further studies from our research team. We observed three
distinct failure modes and noted that laminated bamboo
and bamboo-timber composite columns demonstrate super-
ior ductility compared to timber columns. Their compres-
sive behaviour unfolds in three successive stages: elastic,
elastoplastic and softening stages. Additionally, we
propose a modified Euler-Buckling model integrating the
concept of yielding layers. These findings yield significant
insights, underscoring the following conclusions:

1. The failure modes observed in the three types of
columns exhibit distinct characteristics. Both laminated
bamboo (B-C) and bamboo-timber composite columns
(C-C) demonstrate greater ductility compared to timber
columns (T-C). Failures in all cases occur due to
tension failure at tension zones, albeit with varying pat-
terns of progression leading to member failure. Notably,
B-C and C-C specimens exhibit sufficient warning signs
prior to member failure, indicating more favourable
structural ~ behaviour for practical engineering
applications.

2. The failure of specimens unfolds in three distinct stages:
elastic, elastoplastic and softening stages. In T-C speci-
mens, strain distribution becomes uneven, particularly
from the elastoplastic stage onwards. Strategically
placing more uniformly laminated bamboo layers at
the outer surfaces of the column helps mitigate this
effect.

3. Leveraging the plane-remain-plane assumption and a
piece-wise constitutive model calibrated for timber and
bamboo in this study, we introduce the concept of a
yield layer under Euler buckling theory to estimate the
critical load for the three types of columns. Results
obtained from the proposed analytical model show a
6.2-6.8% difference for T-C and B-C specimens com-
pared to experimental data, while C-C specimens
exhibit a 12.1-14.2% difference. This suggests a good
agreement between analytical estimations and experi-
mental results.
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