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Abstract

Bamboo is increasingly being considered as a viable alternative to established construction materials
due relatively low environmental impact and adequate mechanical properties. This material has been
adopted in construction, both in its natural state and in engineered form for structural elements. However,
its mechanical performance is not fully evaluated. This paper examines the experimental response of
Engineered Bamboo (EB) rectangular hollow section columns that incorporate flat panels connected by
through tenon dry mechanical connections. Columns with various slenderness ratios were designed and
digitally fabricated from EB planks. After assembly, these specimens were subjected to axial
compression testing alongside complementary material tests. In addition to conventional measurements,
a two-dimensional Digital Image Correlation system was employed to evaluate the strain behaviour
throughout the testing regime of these samples. Test observations indicate that the failure of the columns
was related to the shear dislocation of the faces, predominantly through the shear of the tenons. However,
splitting of the mortise sections was also noted. This brittle response was characterized by lateral dilation
of the column and buckling of the EB plates, leading to complete collapse. These results provide a
detailed insight into the structural performance of digitally manufactured hollow EB columns, which
can be employed in temporary lightweight structures that are designed to be disassembled and reused.
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1. Introduction

Bamboo grows faster than timber and it is naturally found in many developing countries where small-
scale construction developments are expected within the foreseeable future [1,2,3]. To eliminate the high
variability in material properties of natural bamboo [4,5,6], EB is an alternative by forming standardised
panels from bamboo fibres and resins [7,8]. EB is produced either in laminated or densified forms.
Laminated bamboo is commonly used for sheeting solutions, and both densified and laminated solutions
being common amongst other uses [1]. Laminated Bamboo Lumber (LBL) is manufactured by splitting
the natural bamboo culms into pieces, which are stripped of their outer and inner layers, and are then
flattened to form rectangular batons and bonded with adhesives in layers [8]. EB preservation involves
bleaching or caramelisation with different effects on the material [1]. LBL mechanical properties are
linearly related to the fibre density of the material [9], with the tensile capacity perpendicular to the grain
being 30 times lower than that parallel to the grain [10].

Previous research showed that square hollow section columns can be fabricated by bonding panels of
LBL panels together using adhesives [11, 12]. Tests on columns with various slenderness ratios and wall
thicknesses for columns, showed that each grouping had differing modes of failure, with the short
members crushing and the long members experiencing elastic buckling [11]. The intermediate columns
experienced a range of failure modes, including splitting, crushing and inelastic buckling [11].
Moreover, Ref. [7] indicated that local failure is more typical in box sections before the complete section
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failure. In this case shear dislocation resulting from shear displacement was the most dominant cause
towards ultimate failure, with the dislocation parallel to the loading axis, with the displacements
perpendicular to this [7]. The bearing capacity of the columns reduced with increase in slenderness due
to plate buckling and subsequent shear dislocation or delamination of the glued layers [7,12,13].

As an alternative to bonding with adhesives, dry mechanical connections (DMC) also referred to integral
mechanical attachments, can provide tying between two neighbouring EB plates, but also potential for
disassembly and reuse. Whilst DMCs have been explored for timber-timber joints [14,15], such
connection types have not been explored for bamboo composite [16]. Investigations on plywood and
other engineered wood product DMCs, indicated that the both the insertion angles and primary grain
direction influence the strength of the connection [14]. Cross-plies aid the resistance of the section, and
DMCs connected perpendicular to the grain provide more ductility compared to parallel grain [14]. Tests
on dovetail joints indicated that the main failure modes were shear of the dovetail and tensile splitting
of the wood [17]. Regarding detailing of dovetail joints, a neck width of 7-15 mm with a tenon angle of
56-63° gives optimum response. Similar experiments indicated that grouting a clear gap between
positive and negatives of the teeth of the dovetails enhances joint the stiffness [18].

The recent development and popular return of DMCs for timber structures relates to the increased use
of CNC machines. These are beneficial due to the speed and ease of precise construction and assembly,
allowing for the simplification of complex design [19]. The growth of use of DMCs is beneficial for
structural use [16]. As noted above, these techniques have been used for timber DMCs, but not for EBs.
Bamboo tends to be inherently more brittle compared to timber, both in natural and engineered forms,
posing challenges in employing in DMCs, both regarding digital fabrication and structural response. The
compression behaviour of EB columns incorporating DMCs, including stiffness, strength and
deformability has not been evaluated before.

In this paper, LBL planks, typically used for flooring were digitally cut, spliced, and connected by DMCs
to form hollow section columns. Dovetail joints were used to splice the LBL panels along the
longitudinal directions, and through tenon and mortise joints transversally to connect the corners of the
box columns. Additional steel brackets are used to connect two LBL panels together to form a column
side. This fabrication approach enables the development of columns with variable slenderness, which
are then tested under axial loading. Column tests are complemented by material tests to evaluate the
fundamental mechanical properties of the EB. In addition to conventional measurement, two-
dimensional Digital Image Correlation (2D-DIC) [20] techniques were used to evaluate stress
distributions and concentrations at the column face and DMCs. These results provide a detailed insight
into the structural performance of digitally manufactured hollow EB columns which can be employed
in temporary lightweight structures that can be disassembled and reused.

2. Materials and methods

2.1 Materials

Bamboo is a fibrous material, meaning that its mechanical properties are directly linearly related to the
fibre density of the material, and are dependent on the direction of the fibre with respect to the loading
[19]. As well as the fibre density, the production methods used to manufacture the engineered bamboo
(EB) sections influences the structure of the section [1,8]. To evaluate the main mechanical properties,
compression, tension, and shear tests were carried on samples extracted from rectangular EB
floorboards. The floorboards were 15 mm thick, and 96 x 960 mm in plan, including a tongue and groove
joint and 1 mm ribbing on the underside of the board. These included three layers without cross-
lamination, with the fibres ran parallel to the length of the board. The engineered material included
around 93% bamboo strips (lignin/cellulose) and 7% glue, had a nominal density of 1150 kg/m?, a
modulus of elasticity of 12090 N/mm? and a bending strength of 99.6 N/mm? to EN 408. The moisture
content was 2.03+0.61%, obtained through existing guidance.

To evaluate the fundamental mechanical properties of the EB materials used in the research,
compression, tension and tenon shear tests were carried out (Figure 1). For the compression tests, 3 x
200 x 67 x 45 mm? prismatic samples made of three 14 mm panels tied with water-resistant wood glue
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were manufactured, as guided by EN 789. The glossed top surface of each plank was sanded before
gluing to provide enhanced bond. The compression samples were used to determine the stress-strain
response, elastic modulus, and compressive strength. To evaluate the uniaxial tension capacity, 3 x dog-
bone specimens with a length of 500 mm, an end cross-section of 80 x 14 mm and a middle section of
48 x 14 mm, were also tested. These dimensions are a scaled version of those set out in EN 789, due to
the limitations imposed by the size of a plank. To evaluate the shear resistance parallel to the fibre of
the outer layers, 3 x 48 x 14 mm tenon shear tests were carried out. These tests give an insight into the
shear behaviour of the tenons and would inform the design of the number and size of elements to ensure
sufficient connection capacity between planks. In addition to the engineered bamboo, galvanised steel
brackets and 4 mm bolts were used for transverse mechanical fixing of the EB boards.
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Figure 1: Schematic representation of the: a) compressions tests on prisms, b) dog-bone specimens in tension, c)
tenon shear tests, d) column specimens, ) column cross-section.

2.2 Specimen details

To evaluate the slenderness effects on the response of EB columns with DMC, six specimens with box
section of 140 x 150 mm, representing a section size that can be considered suitable for structural
applications, were designed, and fabricated as shown in Figure 1. The columns used the above EB planks
with a plate thickness t=14 mm and had three distinct lengths 1=450, 600 and 750 mm. For infinitely
long material 14 mm sheet, the columns would have a total of 4 x 150 mm plates of the above lengths
joined at corners by means of DMC in the form of tenon and mortise joints. Due to width limits imposed
by the size of the floor planks, in addition to the corner DMCs, splicing along the length/longitudinal
direction and width/transverse direction was needed.

Regarding the jointing of corners, tenon and mortise joints were selected for their ease of production
using the CNC cutting machine and in their fabrication process. There is no significant literature relating
to the sizing of depths of tenons and the spacing between such joints, hence these values were taken as
50 mm tenon depth and 100 mm clear spacing between tenons was selected, similar to values adopted
in existing literature [14,15]. It is worth noting that despite the poor performance of tenons at 90° to the
side face of a plate in shear, there was minimal choice in the matter when considering a follow-up
investigation into these same sections in tension. This is due to the heightened possibility of pull-out of
inclined tenon-mortise connections.
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For the longitudinal splicing of the EB boards, dovetail joints were considered. Although under loading
these splices would be in compression, the dimensions of these were selected to provide the highest
strength in tension and had near zero clearance, providing appropriate tightness to reduce the chances of
hinges developing under plate buckling. Longitudinal splices were designed to lie at the midspan
between tenons and staggered around the column in a helical fashion. Consequently, the 450 mm and
600 mm columns had two and one face respectively without any splices.

Prototype cuts were carried out to determine the feasibility of the EB joints that would be used. In this
initial stage, joints were designed to have teeth 0.5 mm larger than the gap which they would fit in for
the dovetailed joints, and tenons were designed to be 1.0 mm larger than the mortise. This was
considered to provide a tighter joint and ultimately increase the strength of each joint. Joints made using
these tolerances split along the grain. Consequently, the teeth were sized down to match the size of the
negative in its opposite member, and in some instances adjusted by sanding up to a final tenon depth of
49 mm. Due to the cutting tool bit being rotary, 8.0 mm diameter notches were formed at all concave
corners, including the tenon-side face and in the corners of the mortises.

For transversal tying different approaches were developed for the mechanical fixing of two boards to
allow for wider widths of column, because the tongue and groove joint was not rigid and tight enough.
An internal EB diaphragm or EB C-shaped brackets were considered and manufactured, yet these split
along the grain due to the low in-plane shear strength of the material. Finally, 25x15x2mm zinc plated
steel brackets and 4 BA (4 mm) roundhead bolts in 5 mm drilled holes were considered for tying two
planks together. Due to the relative size and material properties of the steel elements, these would act as
rigid elements, ensuring sufficient tying capacity. The brackets were positioned symmetric to the mid-
height of the columns and the number of brackets was as a function of the column length. These were
positioned on both the internal and external faces, using washers.

2.3 Fabrication

For the fabrication of the sections, the CNC cutting machine was set up to cut planks in pairs. The planks
were secured using screws to the sacrificial MDF panel. Each section was cut considering 7 passes,
including a 1 mm final pass to provide a smooth finish to the reverse face, with CAD converted into a
cutting template using VVCarve software. Additionally, tabs of 5 mm thick and 10 mm width were used
to hold each piece in place whilst the machine finished cutting, using an 8 mm rotary bit. To ensure
uniformity in the cutting process, the origin point for the cutting bed was considered at the corner of the
meeting grooved edges of the bamboo, as opposed to that of the tongued edges.

A chisel and rubber mallet were used to break off all the tabs from the cut panels before using the rubber
mallet to join the splices together to form each face. The mortises were sanded to provide a wider
entrance on the back face, prohibiting shear failure of tenons in the assembly process. Then the corners
were assembled by using the rubber mallet in two stages, initially by partly inserting the tenons into the
mortises, and then the final 5 mm all the way through to produce the joint. This process minimised any
bending on the dovetail joints which could have produce failure during the assembly. Due to limited
tensile strength of EB and lack of cross-lamination discussed, tenon shear, dovetail splitting (bamboo —
failure through each layer of culms), dovetail splitting (resin — failure in the joint between two bamboo
culms), mortise splitting (bamboo) and mortise splitting (resin), occurred during assembly.

Before testing, all the specimens, including columns and material tests were measured to give their final
sizes. This was carried out by using digital callipers (accuracy of £0.01mm) to determine the widths and
depths of members, and a meter rule with an accuracy of +1.0 mm to measure the heights. Each
measurement was taken three times at varying locations along the specimen and was subsequently
averaged. One face of each column was spraypainted white to provide a plain background that is easy
to contrast against for detailed DIC assessments. After two to three coats, the faces were left to dry
before they were stamped with a black ink dotted pattern. Additionally, reference gauges with lengths
of 100 mm were dotted onto the same face, using a red marker, for DIC scaling.
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2.4 Testing arrangements and instrumentation

An Instron 600 kN testing machine was used for the compression members. The machine was fixed to
the ground and applied load to the top of the specimens at a displacement rate of 1.0 mm/min to failure.
Before starting testing, the specimen was placed in the press atop a steel plate, with a second steel plate
placed on top to distribute the load evenly (Figure 2). To avoid any eccentricity introduced into the
sample, the specimen was centred under the head of the hydraulic press provided with a hinge. This
method was repeated for all six columns and four compressive prism tests. The three tensile and three
shear tests were carried out in an Instron 8802 machine at a displacement rate of 1.0 mm/min.

To evaluate strain development and surface displacements, an in-house digital image correlation (DIC)
was used. This DIC adopted a non-contact system that uses one high-sensitivity APS-C type (23.5 x
15.6 mm), Exmor CMOS sensor camera with USB 3.0 interface to provide accurate and practical
measurements for material and specimen tests. The camera had a resolution of 24.2 Megapixel and was
set to take repeated pictures at 10s intervals until stopped manually. A Perspex sheet was then placed in
front of the specimen, to avoid damage to the camera, and additional photos were taken of the specimen
to show the general arrangement. Throughout each test, notes were taken regarding the behaviour of the
specimen, and additional pictures were taken to show the relevant failure mechanisms from all sides.

l Load Plate

Specimen

Figure 2: Schematic representation of the testing arrangement; DIC processing flowchart: b) subset selection, c)
field of view, c) selection of scaling points, d) scaling, €) strain maps.

An open-source 2D-DIC tool [20], was employed for analysis for all specimens. The process involved
selecting tasks from the program state list (Figure 2). A reference image was captured prior to each test,
serving as a baseline for subsequent images. After loading the reference image, all test images were
imported. The Region of Interest (ROI) was defined as the specimen polygonal shape from the reference
image. Analysis parameters were set, including maximum subset radius, spacing, and two threads for
seed selection. Analysis began by selecting the ROI and two seeds for tracking. Displacement and strain
scaling followed analysis, using inked points at a known distance apart. The strains were then correlated
by ensuring the strain radius was small enough to not include significant discrepancies across the circle.
Post-processing adopted the Ncorr post-processor [21] adopting virtual extensometers after scaling.
Longitudinal and transverse strains were then computed along two defined gauges in each direction.

3. Results and comparative assessments

3.1 Material tests

To evaluate the stress-strain response of the LBL material in compression, the DIC data and machine
recordings were used. The machine load was divided by the sample section to obtain the stress and
compressive strength, whilst the DIC for strain measurements. From the stress-strain response, relevant
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values for this material, including elastic modulus and maximum compressive strength have been
evaluated. The measured compressive strength obtained from four tests was . .=41.3+3.2 MPa. Figure
3a shows the overall constitutive response evaluated from the DIC data. It is shown that the response is
characterised largely by a bi-linear response with hardening, with a yield point around 30 MPa. The
crushing strain corresponding to peak strength was around 2.14% and a failure strain above 2.5%. As
indicated in Figure 3d, the failure occurred due to fibre crushing and debonding of the three plates.

Figure 3b shows the tensile stress-strain curves and typical representations of the dog-bone specimens
after testing. The stress was evaluated by dividing the machine recorded force by the smallest cross-
section of the sample, whilst the strain was evaluated from DIC data using a gauge length of 80 mm.
From Figure 3b, it is shown that the response is largely characterised by a bilinear response with an
elastic linear branch between 0 and 40 MPa, and a second linear branch from around 40 MPa to ultimate
strength. The average tensile strength exhibited by the LBL specimens was 81.4+9.4 MPa. The failure
of two was mainly dictated by longitudinal shear between the laminated batons, hence the failure induced
in the resin (Figure 3e). The remaining specimens failed in a ductile tensile manner (with some
longitudinal shearing intermixed between the shearing of batons).

Figure 3c illustrates the shear test outcomes. The maximum peak shear stress recorded was 7.48 MPa at
a displacement of 0.9 mm, whilst the minimum peak shear stress was 5.92 MPa at 5.9 mm. The shear
stress was obtained by dividing the load recorded by the machine by the section of the tab/tenon. On
average, the shear strength was 6.71 MPa with a standard deviation of 0.78, indicating some variability.
Regarding specimen behaviour, all specimens failed in a brittle manner, through a vertical crack
appearing at the root of the tab/tenon. This is evidenced by the linear stress-displacement curve shown
in Figure 3c, which shows a sudden drop in stress after the peak, and Figure 3f indicating a splitting
crack without other forms of failure.
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Figure 3: a) compression stress-strain curve, b) tension stress-strain curve, c) tenon shear stress-deformation
curve; samples after failure: d) prism in compression, €) dog-bone sample in tension, f) tenon sample in shear.

3.2 Column tests

The load-shortening curves of the column tests are shown in Figure 4. The curves are characterized by
a linear elastic branch with some softening around 70-80% of the peak capacity, and a sudden drop in
strength after peak. It is shown that the response in compression was brittle without sign of ductility. For
the short columns (CS1 and CS2), the secant stiffness K measured at 40% of the peak capacity P, was
on average 73.5+2.0 kKN/mm, whilst the peak capacity was 229+3.1 kN. For the intermediate size
members (CM1 and CM2), K was 68.9+5.2 kN/mm and P,=245+22 kN. For taller members (CH1 and
CH2), K=63.9£1.5 kN/mm and P,=234+16 kN. It is shown that the secant stiffness tends to decrease
with increase in height, as expected. The increase in plate slenderness permits for larger deformations
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for the same applied load. The ultimate capacity is largely the same for all members regardless of their
slenderness. This is due to strain localisation at DMCs and local brittle failures.
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Figure 4: Load — shortening curves for: a) CS specimens, b) CM specimens, c) CH specimen.

The DIC processing permitted the evaluation of strain maps and distributions across one face of the
column specimens, enabling an understanding of strain localisation and failure kinematics. The initial
data from the DIC was used to correlate the stress-strain relationships of the columns. The stress
corresponds to the load divided by the cross-sectional area of the box section, whilst the strain extracted
using virtual gauges from the DIC measurements. Figures 5,6,7 illustrate the above parameters for the
tested columns. Figure 5a, 6a, and 7a plots the longitudinal strains for the CS, CM and CH members,
respectively, at three distinct load levels (i.e. notation a, b, ¢ after specimen name indicates strains at
around 15%, 50% and 95% of the peak load Py). Figures 5b, 6b, and 7b shows the transverse strains for
CS, CM and CH members, respectively, whilst Figures 5c, 6¢, and 7¢ strain maps for the same members.
It is generally shown that longitudinal strain localisations are associated with the dovetail joints, and that
the largest transverse strains are at the tongue and groove joints but restrained by the steel brackets.

Experimental observations showed that the elements with greater slenderness tended to fail brittlely,
whereas the stockier elements failed more in plate buckling. Yet, the governing failure mode was
through shear of the tenons leading to a shear dislocation similar to observations from the literature [7].
This is equally evident when considering the consistency of tenon shear and mortise splitting failure
throughout the test specimens, which can clearly be seen in the images taken after testing in which every
tenon had cracks or failed (Figure 8). It was shown that there was also damage sustained to the other
areas of the specimens. The explanation that failure of the columns is reliant on the shear capacity of the
tenons is reinforced when comparing the maximum stresses seen in the specimens to the ranges [8]. This
is also evident when considering all the columns failed at similar peak load capacities, regardless of their
slenderness. Thus, for an enhanced capacity, the tenon and mortise connections would need to be
proportionately designed. Provided that the failure at the dry joints is avoided, the behaviour would be
governed by plate buckling.

This shear dislocation can be also observed in the strain profiles obtained from the DIC analysis in both
the lateral strain distributions and the lateral strain diagrams, with significant peaks consistently
occurring at the through tenon joints and increasing with the application of load (Figure 5, 6, 7). It must
also be noted that peaks also occur along the tongue and groove joint although this was expected for the
reduced rigidity of this connections due to the mechanical fixings having 1-2 mm clearance in the
positioning of bolts, allowing for lateral movement. This condition led to some movement and strain
localisation around the dovetail joints, increasing through testing. This means that the gaps inherent in
the assembly of the sections closed gradually as loading increased, relating to the rapidly increasing
strains at low stresses for most of the column tests. These local strains then continued to grow throughout
testing as the bearing on the splice did cause localised damage, without failure, from bearing action.
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Figure 5: Strain profiles and maps for CS specimens; a) axial strains, b) transverse strains, c) strain maps (axial
strains at left, transverse strains at right).
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Figure 6: Strain profiles and maps for CM specimens: a) axial strains, b) transverse strains, c) strain maps (axial
strains at left, transverse strains at right).
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Figure 7: Strain profiles and maps for CH specimens: a) axial strains, b) transverse strains, c) strain maps (axial
strains at left, transverse strains at right).

Figure 8: Specimens after failure: a) CS specimen with out-of-plane dovetail joint deformations, b) splitting along
the tenon and mortise joint, c) splitting of the bamboo lamellae at the dovetail joint, d) CH specimen after testing.
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This study showed that for engineered bamboo with mono-directional fibre orientations, the structural
response of box columns highly depends on the relationship between loading direction and grain
orientation [16]. Ideally the tenons are orientated in the primary grain direction [14], yet this was not
possible here due to the orientation and dimensions of the boards supplied. Whilst, changing the
direction of the fibre regarding tenon location, changing the grain direction would reduce the maximum
axial capacity as the compressive strength of bamboo is lower perpendicular to the grain rather than
parallel [8]. Cross-laminations with a higher number of layers and nearly equal by both directions, would
provide an enhanced mechanical property. Dovetail joints used for splices offer a viable option, but their
inherent nature allows for flexibility at the connection area, facilitating strain concentration that becomes
increasingly apparent with higher axial loads and out-of-plane plate deformation.

4. Concluding remarks

The experimental response of Engineered Bamboo (EB) rectangular hollow section columns,
incorporating flat panels connected by through tenon dry mechanical connections (DMCs), was
examined in this paper. Columns of various slenderness ratios were designed and digitally fabricated
from EB planks. After assembly, these specimens underwent axial compression testing alongside
complementary material tests. A two-dimensional Digital Image Correlation (DIC) system was
employed to assess strain localisation and failure kinematics. The main remarks are outlined below.

EB material exhibited a bi-linear stress-strain response in compression, with a yield point around 30
MPa, and a peak compressive strength of 41.3 MPa. In tension, EB specimens showed an elastic linear
branch up to 40 MPa, followed by a second linear branch to ultimate strength, with an average tensile
strength of 81.4 MPa. Shear tests on LBL showed an average shear strength of 6.71 MPa. Compression
prisms failed by crushing with debonding, tension failures were by longitudinal shear between laminated
batons, and shear tests appeared through a vertical crack at the root of the tenon.

Column tests showed a linear elastic response followed by softening around 70-80% of peak capacity,
with a sudden strength drop after peak. For short columns, the secant stiffness at 40% of peak capacity
averaged 73.5 kN/mm, with peak capacity at 229 kN; intermediate size members showed 68.9 KN/mm
stiffness and 245 kN peak strength, whilst taller members had an average stiffness of 63.9 kN/mm and
234 kN strength. The results indicate stiffness decrease with height increase, whilst the ultimate
capacities remained consistent across members due to strain localisation and local brittle failures.

Experimental observations indicate that slender columns tend to fail brittlely while stockier elements
fail in plate buckling, with shear cracking and dislocation of tenons being the governing failure mode.
Strain profiles from DIC analysis showed significant peaks at dovetail joints, at through tenon joints, as
well as some level of localisation at tongue and groove joints but minimised by steel brackets. It is shown
that the overall behaviour of the configurations investigated in this paper is governed by the geometry
of the tenon and mortise DMCs, as well as the orientation of the EB grain with respect to loading.
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