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Abstract

Slenderness ratio is one of the main influencing factors on the mechanical properties of
LBL column under eccentric compression. This paper presents the research results of 20
column tests. Two main failure models can be classified based on the test results for the LBL
columns. The increasing speeds for the strain value are similar for all specimens. Regardless
of the length, the strain across the cross-section of the LBL column for each specimen is
basically linear throughout the loading process, following standard normal section bending
theory. The relationships between the ultimate mechanical parameters and slenderness ratios
were proposed, including an equation for calculating slenderness ratio influencing coefficient

@, which gives a good agreement with the test results. All the equations presented in this

paper can be used as reference for further work to establish a generally applicable formula for
code adoption.
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Notation

A the area of the cross section

H the height from the bottom to the calculation point of the column
I the gyration radius of the cross section

I the inertia moment of the cross section

0 the calculation length of the LBL column

L the length of the column
M the moment.

1 Corresponding author: Hai-tao LI, Associate Professor, Post-Doctoral Research Fellow; E-mail:
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the ultimate moment.
the test ultimate load
the calculated ultimate load

the ultimate bearing capacity

the axial displacement

the ultimate axial displacement

the deflection of the LBL column
the middle deflection value of the column

the ultimate middle deflection for the peak load point
the longitudinal strain for face A

the longitudinal strain for face C

the lateral strain for face A

the lateral strain for face C

the ultimate axial strain for face D

the ultimate lateral strain for face D

the slenderness ratio
the curvature radius
the curvature for the middle cross-section

the slenderness ratio influencing coefficient

the mean value of N, /N

1 Introduction

Bamboo as a structural material is attracting increased scientists’ attention due to its
favorable physical, mechanical and environmental characteristics. However, bamboo poles
have important limitations: e.g. susceptibility to splitting, available diameters, ease (or
difficulty) of connection and limited fire resistance. Engineered bamboo products such as
those shown in Fig. 1 have been previously studied as an alternative to address these
limitations (Chen et al. 2014; Huang et al. 2016; Sulaiman et al. 2006; Zhong et al. 2016).
Laminated bamboo lumber (LBL, Fig.1a) is one particular kind of engineered bamboo
product which has been the focus of previous research (Nugroho et al. 2001; Mahdavi et al.
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2011). As described by Li et al. (2015b, 2018), the manufacturing of LBL involves the
processing of bamboo culm into thin flat elements which are subsequently laminated together
with adhesive to form certifiable structural members. Both the cross section and length can be
accurately controlled in a factory environment (Li et al. 2016a, 2016b,
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(a) Laminated Bamboo Lumber (b) Parallel Bamboo Strand Lumber (c) Glubam
Fig. 1. Engineering bamboo

Considering many influencing factors, basic mechanical properties have been investigated
(Sharma et al. 2015; Verma et al. 2012) including the tensile, compressive, shear and bending
properties of small specimens (Correal et al. 2010, 2014; Yeh and Lin, 2012; Lee et al. 2012;
Lee et al. 1998). Su et al. (2015b) have conducted experimental research on parallel bamboo
strand lumber (PBSL, Fig.1b) column under axial compression. Li et al. (2015a) and Wei et
al. (2016) investigated how the eccentricity values influence the eccentric compression
performance of PBSL column respectively. Xiao and Shan (2013) have studied glubam
(Fig.1c) columns under axial compression. These previous studies have focused on the
mechanical properties of PBSL and Glubam but studies on LBL column as structural
elements are scarce. The study of Li et al. (2013) and Su et al. (2015a) showed that short
LBL columns (with the cross section of 100 mm x 100 mm) in compression display a
significant amount of plastic behaviour before crushing, and also showed that the stress-strain
relationship in compression could be represented using a tri-linear model with an elastic
portion, and elasto-plastic portion and a purely plastic portion. Luna et al. (2013) and Li et al.
(2015Db) investigated the mechanical performance of LBL columns under axial compression
considering the slenderness ratio. Considering the eccentricities, production technology and
eccentric directions, Li et al. (2016d, 2016e, and 2016f) examined and compared the
mechanical properties for LBL columns under different eccentric compression directions. As
discussed above, there is a limited number of papers addressing the performance of LBL
columns under eccentric compression, particularly considering the slenderness ratios.

To the authors’ knowledge, few studies on LBL columns under eccentric compression
conditions have been conducted even though almost all columns used in the building industry
experience eccentric compression. As the shear strength parallel to the grain is weak, it is
complicated to carry out the eccentric compression test. However, it is important to evaluate
the eccentric compression performance of columns. This study aims to examine how the
slenderness ratio influence the behaviour of LBL columns under eccentric compression based
on 20 test specimens.

In order to understand the eccentric compression behaviour of LBL columns with different
slenderness ratios, this study examines in detail their behaviour comparing the effect of
different slenderness ratios on their mechanical properties.

2 Materials and test methods



Moso bamboo (Phyllostachys pubescens, from Fujian province) harvested at the age of
3-4 years has been selected for this study. The cross section of the individual bamboo strips
elements for LBL is rectangular (Fig. 2) with dimensions of 8 mm x 21 mm. The length of all
strips is the same as that of the column specimens which means that there are no mechanical
connections along the longitudinal direction of the strips. Laminated bamboo lumbers were
produced following the same procedure as described by Li et al (2013). The material final
moisture content and density were 6.52% and 640.3 kg/m? respectively. According to the
compression tests, the compression strength for the laminated bamboo is 80.4 MPa, with a
modulus of elasticity of 9694 MPa and Poisson’s ratio of 0.33.

Five groups of specimens were produced with the same cross-section of 80 mm x 80 mm
and eccentricity value of 37 mm but differing lengths of 850, 1100, 1300, 1500 and 1700 mm.
Each group consisted of four identical specimens for a total of 20 samples. The nomenclature
followed to identify each specimen groups follows the format ‘JZ+ length’. As can be seen
from Fig. 2, bamboo has three main directions which are longitudinal, radial, and tangential.
Eccentricity in the radial direction has been considered for all specimens in this study (Fig.
2b).
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(a) Test configuration (b) Strain gauges arrangement (c) Test set-up
Fig. 3. Eccentric compressive test for columns
The displacements of the specimens along its axial direction at the quarter points and
mid-span were measured by three Laser Displacement Sensors (LDS type: Keyence IL-300)
respectively. Two strain gauges were installed centred on each of the specimens’ sides with
the exception of one side (Face D) where six strain gauges were installed. The strain gauges
arrangement, including their identification number, is shown in Fig. 3. The compressive load
was applied along the eccentricity line which is parallel to the axial line. The test was
performed using a microcomputer-controlled electro-hydraulic servo universal testing
machine with a capacity of 1000 kN and a TDS Data Acquisition System.

The total loading duration was between 8-12 minutes. The load was applied initially
through load control in the elastic stage with a speed of 800 N/s, and then was changed to
displacement control before the proportional limit with a speed of 3 mm/min. The test
continued at a constant displacement rate until the load reduced by 15% of the ultimate load,
the middle deflection value was approximately L/15 (L is the total length of the column) after
the peak load point or the specimen had sustained significant damage, at which time testing
was halted.
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3 Test results and analysis

3.1 Failure modes and mechanism analysis

Two main failure models can be classified based on the test results. The first one is named
failure mode I (Fig. 4(a)) in which the specimen splits firstly around the central position in
face C (tensile side) and then the cracks appear, layer by layer, mainly from the tensile side
towards the inner part of the specimen with the increase of loading. Except for face A, cracks
can be clearly seen on the other three side surfaces. Most of the test specimens failed
following the first mode. No obvious cracks appeared on the surface of the specimens for
failure mode 11 (Fig. 4(b)). The test was stopped when the mid-length deflection value was
approximately 75 mm after the peak load point but no clear failure phenomenon was visible
on the surface. JZ1300-3 and all four specimens with length of 1700 mm belong to mode I1.
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All specimens, regardless of their length, behaved elastically during the initial loading
stage. The plastic deformation and the decrease in stiffness appeared when the loading value
was about 80% of the ultimate load. Then the stiffness of the column decreased significantly
as the loading increased. As for the specimens failed in mode I, cracks (accompanied by a
slight noise) appeared on the tensile surface C as the deflection became obvious. However, no
obvious cracks appeared for the specimens that failed in mode Il but the ultimate lateral
displacement was large. Finally, the load reduced by 15% of the ultimate load (mode 1) or the
middle deflection value was about L/15 after the peak load point (mode II). The load-carrying
capacity of the columns drops at this time and can be considered to have failed. Bending
failure always occurred for all the column specimens under radial eccentric compression no
matter how long the specimen was.

Face B
(a) Failure mode | (JZ850-2)

_

Face C

Face B
(b) Failure mode 11 (JZ1300--3)
Fig. 4. Typical failure modes for radial direction

Natural bamboo node is the main reason for the specimens’ failure in mode 1. Bamboo
nodes are the weak point of the strips and the specimens crack firstly in the bamboo node
area. All specimens show a large deflection at the end of the test.

As can be seen from Table 1, the average deflection at ultimate load is far larger than the
maximum allowable design value L/250 (where L is the length of the column). Two critical
design criteria (deflection and strength) are always used for structural members. Even though
different failure modes happened, the column could still meet both design criteria.

Table 1



Test results

specimen  NY AN Wymm  &uclue Epnlue  Eyclue  Eyalue  Sy/mm M kNm N KN
JZ850-1 118.3 41.8 12402 -12065 -3323 6420 22.6 9.3 110.7
JZ850-2 1114 425 12224 -8755 -2938 8720 19.5 8.9 110.7
JZ850-3 108.7 35.1 11062 -10279 -3467 6321 14.7 7.8 110.7
JZ850-4 105.9 36.7 11171 -17956 -3445 7444 15.8 7.8 110.7
JZ1100-1 85.2 48.4 10046 -13881 -2462 5431 18.1 7.3 84.3
JZ1100-2 77.0 60.9 12879 -19841 -3465 7062 23.6 7.5 84.3
JZ1100-3 84.7 52.8 10477 -9668 -1627 5294 18.9 7.6 84.3
JZ1100-4 84.2 56.8 11775 -12364 -3269 7371 22.2 7.9 84.3
JZ1300-1 70.1 68.0 11043 -12075 -3038 2582 21.9 7.4 70.8
JZ1300-2 68.0 70.1 10054 -15542 -2845 6077 19.9 7.3 70.8
JZ1300-3 71.9 734 11240 -11066 -2862 5044 25.9 7.9 70.8
JZ1300-4 73.0 68.1 10558 -13292 -2743 6555 23.8 7.7 70.8
JZ1500-1 59.7 83.6 10202 -15288 -2792 5381 25.8 7.2 61.0
JZ1500-2 63.5 74.4 9072 -12338 -2310 4473 23.8 7.1 61.0
JZ1500-3 65.0 90.7 11087 -16039 -3376 6197 28.3 8.3 61.0
JZ1500-4 64.0 79.9 9999 -13649 -2822 5262 23.9 7.5 61.0
JZ1700-1 54.2 99.4 10390 -14999 -2942 6090 30.2 7.4 53.6
JZ1700-2 55.4 97.6 8745 -12818 -2689 4951 27.4 7.5 53.6
JZ1700-3 50.4 98.1 9672 -8427 -2907 5424 26.2 6.8 53.6
JZ1700-4 50.8 77.9 9478 -9741 -2664 5882 30.1 5.8 53.6

Note: Nj, is the test ultimate load and NS, is the calculated ultimate load. W, is the ultimate middle deflection for the
peak load point. &, and &, are the longitudinal strain for face A and C respectively. &,,, and &, are the
lateral strain for face A and C respectively. S is the ultimate axial displacement. M 41 is the ultimate moment.

3.2 Load strain curves comparison

Fig. 5 and Fig. 6 show, respectively, the change in longitudinal and lateral strains at the
centre of the specimens’ side surfaces with the increase of loading. All strains displayed an
initial elastic phase. For all specimens, face A experiences compression stresses along the
longitudinal axial direction and tensile stress along the lateral direction at the middle cross
section irrespective of how long the columns are. Meanwhile, tensile stresses develop at face
C along the longitudinal axial direction and compression stresses along the lateral direction at
the middle cross section also irrespective of the column length. In most cases, both the
ultimate values for longitudinal strain and lateral strain for face A are bigger than those for
face C independently of the column length. The reason is that fracture and failure due to the
presence of defects happened firstly on the tensile side face C of the specimen. However, no
clear failure happened to the compression side and face A could still undertake loading. Two
kinds of strain values for face B and D are always consistent during the whole loading
process no matter how long the columns are. As the columns become longer and longer, the
increasing speeds for the strain value are similar for all specimens with the same eccentricity.
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Fig. 6. Load-lateral strain curves

3.4 Strain distribution comparison
Fig. 7 shows the typical evolution of the strain profile through the loading process for the

mid-length cross-section of the specimens. It can be clearly seen that, no matter how long the
columns are, the strain across the cross-section of the LBL column for each specimen is
basically linear throughout the loading process, following standard normal section bending
theory. The strain profile line is curved in the two ends as the compression side of the LBL
materials becomes plastic. Even though all specimens have the same eccentricity, the neutral
axis positions moves upwards slightly for increasing column lengths. This is thought to be
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due to the fact that the initial imperfection has greater influence on longer columns.
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Fig. 7. Typical strain profile at mid-length in the radial eccentric direction

3.5 Displacement comparison
Fig. 8 plots the typical load-lateral deflection curves under different load values. The
trends were similar for columns irrespective of how long the columns are. Fitted sine
half-wave curves were drawn using dotted lines in Fig. 8. It can be seen clearly that the
measured deflections were close to the sine line no matter what the slenderness ratio was. The

equation of the deflection curve can be expressed as (Eqg. 1),

W=

. 7H
w_ sin ——

(e) JZ1700-2

1)

where w is the deflection of the LBL column, wn is the middle deflection value of the
column, H is the height from the bottom to the calculation point of the column, and L is the
total length of the column.
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(a) Load - longitudinal displacement curves (b) Load - middle deflection curves
Fig. 9. Typical load displacement curves comparison

The typical load against the displacement curves comparison can be seen from Fig. 9,
where s is the longitudinal displacement and w is the lateral middle deflection. As shown in
the figure, the specimens are under elastic compression in the initial stage, followed by
no-linear behaviour irrespective of the column length. After the proportional limit in the
curves, both the longitudinal displacement and the lateral deflection increase very quickly
due to the secondary effect. The rate of increase in the displacement is more pronounced for
longer columns before achieving the proportional limit. The longer the specimen, the bigger
the displacement. In addition, the values for lateral middle deflections are larger than that for
longitudinal displacement correspondingly under the same conditions.
3.6 Ultimate strain comparison for three typical faces

Fig. 10 shows the observed ultimate strain against the slenderness ratio () for face A.
The slenderness ratio (A ) can be calculated by the following equations,

A=l [ (2)

i=JI/A (3

Where, 1, is the calculation length of the LBL column; i is the gyration radius of the cross

section; | is the inertia moment of the cross section and A is the area of the cross section.
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(a) Longitudinal strain (b) Lateral strain

Fig. 10. Ultimate strain vs slenderness ratio (1) for face A
The absolute longitudinal strain values increase firstly until slenderness ratio reaches a
value of 60 or so and then decrease. While the absolute lateral strain values decrease until
slenderness ratio reaches a value of 60 or so and then increase but not very much. Regression
analysis resulted in the following relationships which could be used under the given
circumstances to predict strains from a slenderness ratio.

¢ ,=0.00561%-0.611+2.62 (R?=0.078) (4)

uasA

£,,,=0.0031°-0.3764+17.14 (R*=0.362) (5)

Where, ¢

uasA

is the ultimate axial strain for face A of the LBL column (103); &, is the

ultimate lateral strain for face A of the LBL column (1073).
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(a) Longitudinal strain (b) Lateral strain
Fig. 11. Ultimate strain vs slenderness ratio (1) for face D
Fig. 11 shows the ultimate strain against the slenderness ratio for face D. Both the absolute
longitudinal strain values and lateral strain values decrease with the increase of slenderness
ratio for the test specimens. And all these values are smaller than the corresponding values
for face A. Regression analysis resulted in the following relationships which could be used
under the given circumstances to predict strains from a known eccentricity.

£,,5=-0.000342+0.0774-6.78  (R? =0.556) (6)
£,55=0.0000842+0.0274-2.03  (R? =0.576) )

Where, &, is the ultimate axial strain for face D of the LBL column (10%); &, is the

ultimate lateral strain for face D of the LBL column (1073).
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(a) Longitudinal strain (b) Lateral strain

Fig. 12. Ultimate strain vs slenderness ratio (1) for face C
Figure 12 shows the variations in strains for face C. The absolute longitudinal strain
values decrease slowly with an increase in the slenderness ratio. The absolute lateral strain
values decrease firstly until the slenderness ratio reaches a value of 60 or so and then there is
a small increase. The lateral strain values are more scattered than longitudinal strain values.
Regression analysis was carried on the obtained test results, and following relationships can
be used to predict strains on face C for the considered LBL columns.

£,,.=-0.000542-0.00934+12.71  (R? =0.529) (8)

£, =-0.00081%+0.09661-5.72  (R* =0.156) (D

11



Where, ¢, is the ultimate axial strain for face C of the LBL column (103); &, is the

uasC

ultimate lateral strain for face C of the LBL column (10°3).

4 Combined analysis

4.1 Moment-curvature curves
Based on equation (1), the curvature (¢ ) for the middle cross-section can be expressed as

following
p=1/p=mw/L? (10

Where, p is the curvature radius; w is the middle lateral deflection.

Fig. 13 shows how the slenderness ratio influences the moment-curvature. It can be seen
clearly that all specimens experienced three stages which were elastic, elastic-plastic, and
cracking stage no matter how long the column was. There is excellent consistency in the
results, particularly in during elastic response. After achieving the peak loads, all specimens
cracked suddenly and the load values decreased in a short time.

12 ¢ 120 J7850-1
10 t JZ1100-3 100 | JZ1300-4
3 JZ1700-2 JZ1100-3
= T p o
Z 6 T < 60 -
=2 =
=4 ¢ a0 | JZ1700-2
= 1Z1500- 1715002
2 171300-4 J7850-1 20
0 L L | 0 1 Il ]
0  0.0002 0.0004 0.0006 0 00l 002 003
@ s/L
Fig. 13. Moment - curvature curves Fig. 14. Load - relative compression ratio curves

Fig. 14 shows typical load — relative compression ratio (s/L) curves for all designed length
for the columns. It can be seen clearly that both the ultimate load and the relative
compression ratio decrease with the increasing of the slenderness ratios. Slenderness ratio is
one of the main influencing factors for the mechanical properties of columns.

4.2 Ultimate displacement comparison

Fig. 15 shows the variations observed in lateral deflection at mid-height as well as in axial
deformation at peak load for the slenderness ratios considered. Both the mid-height
deflections and the axial deformation at peak load increases with increasing slenderness ratios.
The ultimate axial deformation is more scattered than the mid-height deflections. By
statistical regression from the test results, the following relationships under the condition
mentioned previously can be expressed as

w,=0.3984"  (R®=0.937) (11

s,=0.00211°+0.04074+13.80  (R*=0.711) (12)
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Where, w,, is the ultimate middle deflection of the LBL column (mm); s, is the ultimate

axial deformation of the LBL column (mm).
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(a) Ultimate mid-height deflection (b) Ultimate axial deformation
Fig. 15. Relationship between the displacement and slenderness ratio
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Fig. 16. Ultimate bearing capacity comparison

Fig. 16 shows the ultimate load-bearing capacity (including load and moment) comparison
among different group specimens with different slenderness ratios. The ultimate load values
decrease quickly with the increase of the slenderness ratios in the beginning, and then
decrease slowly. However, the ultimate moment decreases slowly as the slenderness ratios
become larger. The slenderness ratio is the main influencing factor on the load-bearing
capacity of the columns. By statistical regression from the test results, the relationship
between the bearing capacity and slenderness ratios under the condition mentioned
previously can be expressed as

N,=0.0291°-4.721+244.37  (R*=0.97) (13)
M, =0.00031%-0.07291+10.57  (R*=0.441) (14)

Where, N, is the ultimate load of the LBL column (kN); M, is the ultimate moment of

the LBL column (kN.m).

4.3 Influencing coefficient of slenderness ratio
As discussed before, slenderness ratio is one of the main influencing factors on the
mechanical properties of LBL column. In order to consider this effect, the slenderness ratio
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influencing coefficient ¢, was proposed for calculating the ultimate bearing capacity and

could be expressed as following,

@ =N, /N, (15)
Where, N, isthe ultimate bearing capacity of LBL columns under eccentric compression;

N, the ultimate bearing capacity of LBL columns for group JZ850.

In reality, there is interaction between the slenderness ratio influencing coefficient and
geometric parameters of the laminated bamboo lumber columns. Combining with the
numerical analysis and then reevaluating the constant coefficients by statistical regression on

the whole test data set, it is found that the values for 1/¢, increase approximately linear

with the increasing of the slenderness ratio. Based on this discover, an equation for

calculating the slenderness ratio influencing coefficient ¢, of LBL columns can be

expressed as
1

~0.029.1-0.0638
Where, A is the slenderness value of the LBL column.

(16)

@,

According to formula (15), the ultimate bearing capacity can be calculated by the

following equation

N,=o,.N, 17

Where, the slenderness ratio coefficient ¢, can be calculated by equation (16).

The test results and calculation results by equation (17) for each group of specimens, in the
form of mean, standard deviation (SD) and Coefficients of variation (COV) values are

summarized in Table 2. N/, is the average test ultimate load and N, is the calculation

ultimate load from equation (17). u stands for the mean value of Nj /N{. It can be seen

clearly that both the standard deviation coefficients and the coefficients of variation are less
than 0.050. That is to say, the calculation results obtained from the equation give a good
agreement with the test results.

Table 2

Comparison between the test results and calculation results

Group A ?, N, (kN> NS (kND H SD Cov

JZC850 36.8 0.984 1111 110.7 1.004 0.048 0.0479
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JZC1100 47.6 0.760 82.8 84.3 0.982 0.0457 0.0465

JZC1300 56.3 0.643 70.7 70.8 0.999  0.0311 0.0311
JZC1500 65.0 0.558 63.0 61.0 1.033  0.0376 0.0364
JZC1700 73.6 0.492 52.7 53.6 0.982  0.0458 0.0466

All the equations presented in this paper show how the factors investigated were found
to influence the mechanical performance of columns under eccentric compression with
different slenderness ratio in this particular series of the tests, and can be used as reference
for further work to establish a generally applicable formula for code adoption. Previous
research by Li et al (2016a, 2016b, and 2016c) have focused on the effect of the two
tangential directions and different eccentricity values on the behaviour of LBL columns.
However, these are just a few of the many factors which can influence the mechanical
properties of LBL columns, such as bamboo species, production batches, and sample size
among other. For this reason, more experimental studies and theoretical analyses are needed
to derive suitable expressions for codes of practice.

5 Conclusions

In order to investigate how the slenderness ratio influences the mechanical properties of
LBL columns under eccentric compression, 20 column tests have been carried out. Based on
the analysis of the test data, the following conclusions can be drawn.

(1) Two main failure models can be classified based on the test results for the LBL
columns. The main failure phenomenon for failure mode 1 is that the specimen splits firstly
on the tensile side, while for failure mode Il no obvious cracks appear on the surface of the
specimens until the end of the test.

(2) lrrespective of the column length, in most cases the ultimate values of both
longitudinal and lateral strain for compression face A are larger than the corresponding
values for tensile face C.

(3) All specimens experienced three stages which were elastic, elastic-plastic, and
cracking stage no matter how long the column was.

(4) Irrespective of the column length, the strain across the cross-section of the LBL
column for each specimen is basically linear throughout the loading process, following
standard normal section bending theory.

(5) Based on the test results, a relationship between the ultimate mechanical strength and
slenderness ratio was proposed. All the equations presented in this paper can be used as
reference for further work to establish a generally applicable formula for code adoption.

(6) Combining all the test data, an equation for calculating a slenderness ratio influencing

coefficient ¢, of LBL columns is proposed. The calculation results obtained from the
proposed equations give a good agreement with the test results.
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