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Abstract: The eccentric compression behavior of laminated bamboo lumber (LBL) columns with
a chamfered section was investigated using eccentricity of 30mm, 60mm, 90mm and 120mm. The
effect of eccentricity ratio on the ultimate bearing capacity, ultimate strain and failure mode was
analyzed through eccentric compression tests. The failure modes of LBL columns with different
eccentricities were basically same, which belonged to brittle tension failure. With the increase in
eccentricity ratio, the ultimate bearing capacity and ultimate strain gradually decreased. The cross-
section strain of the specimen was linearly distributed along the height direction, which conformed
to the plane section assumption. The lateral deflection curves had similar characteristics under
different load levels and could be expressed by sine half-wave curves. Based on the Hill failure
criterion, a 3D finite element model was developed to calculate the ultimate bearing capacity of
LBL columns with different dimensions under eccentric compression. According to the simulation
results and test results, a general empirical formula was proposed considering both the influence
of slenderness ratio and eccentricity ratio. The reliability of the proposed formula was verified by
comparing the calculated results with the results in the existing literature.
Keywords: Laminated bamboo lumber; column; chamfer; eccentric compression; finite element
model
1 Introduction

With the progress of times, the concept of sustainable development continues to gain
popularity. Traditional building materials can cause greater pollution to the environment during
production and utilization, therefore, research on the use of wood [1-3], bamboo [4-6] and other
bio-based materials as alternative materials have gradually attracted widespread attention.
Original bamboo has been used as structural components since ancient times because of its low-
cost, rich resources and fast-growing features. However, due to the discrete mechanical properties,
it cannot fully meet the requirements of contemporary life for building materials. Although in
recent years, some scholars have conducted certain research on the improvement of raw bamboo
materials [7-8], joint structure [9], dimension identification [10], and mechanical properties of

composite structures [11], they still cannot solve this problem really well. Parallel bamboo strand



lumber (PBSL) [12-18], GluBam [19-21] and laminated bamboo lumber (LBL) [22-25] are
currently three common types of engineered bamboo. Compared with original bamboo, their cross
sections are dense and regular so that the dimensions are easy to be unified. Besides, the
mechanical properties of engineered bamboo are comparable to those of engineered timber [26],
which show a broad application prospects in the construction market.

Many researchers have carried out experimental investigation on the mechanical properties
of LBL structural components. Luna et al. [27] investigated the axial compressive properties of
LBL columns with square section. Li et al. [28-29] studied the eccentric compression performance
of LBL columns with cross section sizes of 100 mm x 100 mm and 80 mm x 80 mm, and
established empirical formulas for stability coefficient with eccentricity ratio and slenderness ratio
as independent variable respectively; they also compared the mechanical properties of LBL
columns under tangential and radial eccentric compression, and found that the ultimate bearing
capacity and deformation results were basically same in the two directions. Karyadi et al. [30]
studied the flexural performance of box-sectional LBL beam with wall thickness as an influencing
factor. The results showed that the shear strength of the beam increased significantly with the
increase in wall thickness, but the flexural elastic modulus didn’t change significantly.

Research on the finite element analysis of LBL has also been carried out. Eratodi et al. [31]
took the specific gravity G of material as the influencing factor and carried out experimental
research and finite element analysis on the embedding strength of LBL. It was found that the
embedding strength parallel to the grain direction of the specimen was significantly higher than
that perpendicular to the grain direction. Khoshbakht et al. [32] evaluated the applicability of the
testing method of dowel-bearing strength in ASTM D5764 standard for LBL. Three-dimensional
bilinear finite element models for half-hole and full-hole were established. Based on Tsai-Wu
failure criterion, the failure mechanism of half-hole and full-hole specimens was analyzed. Tang
et al. [33] carried out an experimental study on the bolted connection of LBL, and
comprehensively considered the influence of the thickness of laminated bamboo strips, end
distance, bolt diameter and configuration of the bolts on the bearing capacity. The typical failure
modes were summarized in the study, and based on the hill failure criterion, the ABAQUS finite
element analysis was carried out which was in good agreement with the test results.

Actually, ideally axial compressed columns do not exist in the construction. For practical
columns, the material itself inevitably exhibits inhomogeneity, and the resultant force acting on
the column cannot coincide with the axis perfectly without any deviation. Eccentric compressive
behavior of columns plays a key role in guaranteeing the overall stability of structures, thus the
research on eccentric compression performance of LBL columns is significant to promote the
utilization of engineered bamboo. In the current studies, researchers mainly focused on the
structural members with square section, while it can be found in the existing engineering examples
of LBL that some structural components have circular section or other special-shaped section (see

Fig. 1) due to the requirements of appearance aesthetics [34]. Furthermore, the existing empirical



formulas proposed to calculate ultimate bearing capacity are insufficient, as mentioned before, the
dimension and the cross-sectional shape of columns are limited, which can result in unreliable
calculated results for other slenderness ratio. In terms of finite element analysis, most of the
numerical studies are focused on the connection of LBL, and there is little literature for structural
components like beams or columns. Therefore, it is necessary to carry out more research on finite
element method for engineered bamboo.

Fig. 1(a) Lotus in Shenyu Island, China (b) Column with chamfered section in traditional timber structure

During the Ming and Qing Dynasties in China, columns with chamfered section (Fig. 1b)
were commonly used in traditional timber structures. Compared with square-sectional columns,
theirs shape is more varied and they are convenient to be fabricated. One of the applications of
engineered bamboo is to make antique buildings. Therefore, LBL columns with a chamfered
section were chosen to carried out eccentric compression tests in this paper. The finite element
analyses were carried out to calculate ultimate bearing capacity of LBL columns with different
dimension by using Hill failure criterion. The experimental and numerical results were compared
and analyzed to verify each other firstly. Then based on the test results and simulation results, a
general empirical formula was proposed considering both the influence of slenderness ratio and
eccentricity ratio. The proposed formula was furtherly verified by comparing the calculated results
with existing literature and simulation results of circular-sectional column. The work in this paper
can provide reliable test data and simulation analysis method for the further promotion and
application of laminated bamboo lumber.
2 Test setup
2.1 Design and fabrication of LBL columns

In this paper, LBL columns were all produced in Ganzhou city, China. With moso bamboo
from Yongan, Fujian as raw material and resorcinol as adhesive, under the pressure of 9 MPa for
upper and lower surfaces and 6.5 MPa for the left and right surfaces, bamboo laminates were hot
pressed together in 157°C condition for about 15 minutes. The arrangement of bamboo laminates

and the cross-sectional shape of LBL columns are shown in Fig. 2. To satisfy the length demand



in longitudinal direction, bamboo laminates were connected by mechanical connection (Fig. 3).

The moisture content and density of LBL in the test were 7.0% and 736kg/m? respectively.
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Fig. 2 Cross section of LBL column Fig. 3 Mechanical connection

and arrangement of bamboo laminates

To the authors’ knowledge, the cross section and length of LBL columns used in the existing
engineering examples usually vary from 100 mm x 100 mm~300 mm % 300 mm and 3 m ~4 m
respectively. They are related to slenderness ratios of 34.64~138.56. Due to the limitation of the
test site, the dimension of 100 mm x 100 mm x 1100 mm (slenderness ratio of 38.75) was chosen
in this study. Considering the influence of eccentricity, 5 groups of LBL columns were designed
with 3 replicates in each group. One group was for axial compression test with the eccentricity of
0 mm, and the eccentricity in the other 4 groups was set as 30 mm, 60 mm, 90 mm and 120 mm
successively. The width b and height h of cross section were both 100mm, and the four corners
were chamfered with a dimension of 10mm. According to the reference [28], it was found that the
ultimate bearing capacity and deformation results were basically same in the radial and tangential
direction, while more crack layers appeared for radial eccentric direction group specimens due to
the layer structure. Therefore, the tangential eccentric direction was chosen in this study (Fig. 4a).

The cross section and dimension of brackets are shown in Fig. 4b, and the assembly diagram
of LBL columns with brackets is shown in Fig. 4c. The bamboo brackets and bamboo columns
were connected by six steel bolts and structural adhesive. To guarantee the eccentric effect, the
thickness of brackets was both 50 mm in Group E30 and E60, while for Group E90 and E120, the
thickness of brackets was 100 mm and 150mm respectively. More detailed parameters of
specimens are summarized in Table 1. All the columns took the wide surface of the bamboo strip
as side A, and marked the remaining surfaces as side B, C and D successively along the

counterclockwise direction. The top surface was denoted with > and the bottom surface was blank.
Table 1 Detailed parameters of specimens

Group Length Slenderness ratio Number Eccentricity Bracket thickness Bracket height

EO 3 0 — —
E30 3 30 50 260
E60  1100mm 38.75 3 60 50 260
E90 3 90 100 260

E120 3 120 150 260




Note: The top and bottom ends were unidirectional hinge supports, so the effective length to define slenderness
ratio was equal to the column length.
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2.2 Test loading system

According to the standard for test methods of timber structures (GB/T 50329-2012), the
loading system was designed. The physical and schematic diagram of the test are shown in Fig. 5.
The upper and lower ends were unidirectional hinge supports to ensure the specimen can only
rotate freely in the eccentric direction and avoid accidental deformation outside the eccentric plane.
A 100t microcomputer controlled electro-hydraulic servo universal testing machine was selected
for the test. TDS-540 data acquisition instrument was used for data collection. Load control was
adopted in the initial stage of loading, and displacement control was used when the load reached

80% of the ultimate load. The time from loading to failure was controlled within 5~10 min. The

tests were completed in the structural laboratory of Nanjing Forestry University.
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Fig. 5 (a) Eccentric compression test (b) Schematic diagram of test

2.3 Arrangement of test points
The measurement contents included lateral and longitudinal strain in the center of column,



lateral deflection at the quarter point along the column, axial displacement of column and ultimate
load. Lateral and vertical strain gauges were pasted on four side surfaces in the midspan. One
lateral strain gauge and one vertical strain gauge were pasted on B, C and D surface. As for A
surface, in addition to a lateral strain gauge, five vertical strain gauges were pasted along the
height direction of section. The arrangement of strain gauges is shown in Fig. 6. The size of strain
gauges was 20 mm X 3 mm. The lateral deflection at the quarter point were measured by three
laser displacement sensors, which were one-to-one corresponding to the quarter points of the real

object during loading process. The axial displacement was measured by a displacement meter.
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Fig. 6 Arrangement of strain gauges

3 Test results and analysis
3.1 Failure mode and mechanism analysis

At the beginning of the test, the strain, axial deformation and lateral deflection data of each
point increased linearly, but no significant deformation could be observed from the appearance.
With the continuous increase in load, the specimen entered the yield stage. The stress at the edge
of compression zone exceeded proportional limit strength of the material, and the bending extent
of column became more significant. At the end of the test, the increasing rate of reaction force

gradually decreased, while the lateral deflection continuously increased until the outermost

bamboo laminates on tensile side were broken (Fig. 7).
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Fig. 7 Failure process of E90-1



The failure modes of columns with different eccentricities were basically consistent, which
belonged to brittle tension failure (Fig. 8, the position of red circles is the center of column). In
addition to the expectant cracks occurring in the central part of columns on tensile side, the other
cracking positions randomly occurred along the column due to two defects, namely original
bamboo node and the finger joint (Fig. 9). The finger joint is used to extend the length of bamboo
laminates to form a longer structural component. At present, the extension of bamboo laminates
mainly depends on manual splicing, so there are always some small gaps occuring in the LBL
components, which are the weakest area except for bamboo nodes. Under the condition of
eccentric compression, the bamboo laminates on tensile side are much easier to crack at the

position of bamboo nodes and finger joints.

Fig .8 Cracking position (a) near the center (b) far from center
Bamboo node effect on tensile properties of laminated bamboo has been studied in the
reference [35]. The results showed that the number of bamboo nodes significantly affected the
tensile properties in parallel-to-grain direction. Thus, there is no doubt that people may confuse
about the location effect of bamboo nodes and finger joints in the real objects. Although the two
factors are randomly distributed in LBL component, from the perspective of overall structural
performance, the difference of mechanical properties could be negligible (Table 2). The two

factors could be considered as only affe
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(a) Finger joint (b) Bamboo node
Fig. 9 Two key factors affecting damage
3.2 Main test results
Measured ultimate load of the columns subjected to axial compression were 447.83 kN,
385.25 kN and 495.08 kN respectively; the variation coefficient of ultimate load was 10% and the
average ultimate strength was 45.18 MPa. Main test results of the columns under eccentric

compression are shown in Table 2. Where P,, is ultimate load; S, is ultimate axial

ul

deformation; w, is ultimate midspan lateral deflection; ¢ and ¢,, are ultimate

ul uasA

longitudinal strain and lateral strain on surface A respectively; & Euss Eup and &, are

uasB »
corresponding ultimate strain on surface B and D. The strain values and change law on surface C
were close to that of surface A, so it is no longer presented in the table.

Table 2 Main test results

Group Poox/KN W, /mm g,/ HE Eynl HE  Epp! HE  Eyp! HE  Epp! HE  Eygp ! HE
E30 Mean 128.89 42.87 -3588 981 -16611 4395 9505 -2173
COV  2.66% 15.77% 22.07%  40.46% 11.86% 8.46% 11.12% 12.05%

E60 Mean 94.81 52.04 -2692 974 -14527 4020 9502 -2256
COV  2.17% 7.44%  31.14%  42.69% 7.89% 6.50% 8.78% 20.35%

E90 Mean 72.79 37.64 -2235 539 -14082 2870 8502 -2409
COV  3.14% 6.79% 6.73% 56.24% 5.13% 6.35% 3.58% 6.60%
E120 Mean 55.71 33.44 -1559 604 -10888 3221 8030 -2278

COV  1.99% 941%  48.13%  16.76% 8.77% 4.32% 5.89% 6.78%

Note: COV means coefficient of variation; e is micro strain.

The variation coefficients of ultimate load and ultimate midspan deflection are both within
20%, which means the test results are reliable. The variation coefficients of some ultimate strain
values are more than 20%. The reason is that some bamboo laminates crack layer by layer at the
tensile side before column reaches the ultimate load, and the extreme deformation during cracking
leads to inaccurate strain values.

It is stipulated in GB 50005-2017 that the maximum deflection of flexural member should
not exceed 1/250 of the span. For the specimens with a span of 1100 mm, the allowable deflection
should not exceed 4.4 mm. The test results show that the ultimate midspan deflection
corresponding to the ultimate load is far greater than 4.4 mm regardless of eccentricity, which
indicates that deformation or stiffness should be carefully controlled in the design of LBL columns.
3.3 Load vs displacement curves

Fig. 10 shows load vs midspan deflection curves and load vs axial deformation curves of
specimens with different eccentricity. In the initial stage of test, the midspan deflection and the
axial deformation increased linearly with the increase in load. After entering the nonlinear phase,
the slope of curves began to decrease. At this stage, a small amount of dislocation occurred

between bracket and column because of the damage of structural adhesive, which resulted in a



slight decrease in reaction force and midspan deflection. However, the column was not broken
and the steel bolts could still bear the load, so the specimen appeared the strengthening of bearing
capacity after partial failure. After reaching the ultimate load, bamboo laminates on the tensile
side cracked and the column was destroyed. The bearing capacity of specimen was lost, and the
test was terminated.

It can be seen from the figure that with the increase in eccentricity, the stiffness and the
ultimate load of specimen gradually decreased, while the ultimate midspan deflection and ultimate

axial deformation showed a trend of first increasing and then decreasing.
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(a) Load vs midspan deflection curves (b) Load vs axial deformation curves

Fig. 10 Load vs displacement curves
3.4 Load vs strain curves

Figs. 11 to 12 are load vs axial strain curves and load vs lateral strain curves, respectively, in
which tensile strain is positive and compressive strain is negative. At the beginning of test, there
was a linear relationship between strain and load. As the load increased, the compression zone of
section gradually yielded and entered the plastic deformation stage. The increasing rate of load
slowed down, while that of strain accelerated.

Surface B of all the specimens was under compression in the length direction, and the
longitudinal and lateral strain values of Surface B were larger than the other three surfaces.
Surface D of all the specimens was under tension in the length direction. The strain values of
Surface A and Surface C were basically coincident. With the increase in the eccentricity, the
increasing rate of strain on the Surface B and Surface D gradually increased, but the strain values

on the surface A and surface C gradually decreased.
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Fig. 12 Load vs lateral strain curves
3.5 Lateral deflection curves under different load level
Figure 13 shows the lateral deflection curves of specimens under different load level. It can
be seen from the figures that regardless of the load level and eccentricity, the lateral deformation
curves had similar characteristics. As the eccentricity increased, the amplitude of lateral deflection
gradually increased. For LBL columns with hinge supports at both ends, the shape of lateral

deflection curves were close to that of sine function curve, which could be expressed by Equation
(1):

W =W,, Sin % (1)
where w is the lateral deflection of LBL column at any position under different load level; w,,

is the midspan lateral deflection; H is the distance from any point to the bottom of column; L
is the length of column.
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Fig. 13 Lateral deflection curves

3.6 Verification of plane section assumption

Fig. 14 shows the variation of longitudinal strain along the height direction of section under
different load level. During the loading process, the distribution of longitudinal strain basically

maintained a linear proportional relationship, indicating that the original section of LBL column

still remained a plane after bending, which conformed to the plane section assumption.

The position where the strain value was 0 was between 30mm and 50mm, which meant that
the position of neutral axis of column under eccentric compression was biased to the tensile side.
With the increase in load, the neutral axis gradually moved to deeper area of tensile side. Due to
the fact that the compressive strength of LBL is smaller than tensile strength, the neutral axis must

move to tensile side to ensure the balance of stress on section when compression zone enters

plastic deformation stage.
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Fig. 14 Verification of plane section assumption

3.7 Correlation between test results and eccentricity ratio

Fig. 15 shows the correlation between the strain of Surface B, D and eccentricity ratio, where
the eccentricity ratio is e,/h . Compared with lateral strain, the dispersion of ultimate
longitudinal strain was relatively small. With the increase in eccentricity ratio, the ultimate
longitudinal strain values gradually decreased, while the ultimate lateral strain values generally
showed a downward trend.
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Fig. 15 Correlation between ultimate strain and eccentricity ratio
Fig. 16 shows the correlation between the ultimate axial deformation, the ultimate midspan
deflection and eccentricity ratio. It can be seen that as the eccentricity ratio of specimen increased,

the ultimate displacement showed a trend of first increasing and then decreasing.
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Fig. 16 Correlation between ultimate displacement and eccentricity ratio
Through regression analysis, the relationship between ultimate displacement and eccentricity

ratio can be expressed by Equation (2) and (3):
S, =4.6+51.3(e, / h)—29.9(e, / h)? )

W, =35.4+41.5(e, / h) —37.1(e, / h)? 3)

where S, is the ultimate axial deformation, w,, is the ultimate midspan deflection.
Fig. 17 shows the relationship between the ultimate load and eccentricity ratio. The ultimate
load decreased with the increase in eccentricity ratio. The relationship between the ultimate load

and eccentricity ratio can be expressed by formula (4):
P, =47.21(e, / h)* —151.34(e, / h) +169.69 4)
where P is the ultimate load.
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4 Evaluation of ultimate bearing capacity for LBL columns
4.1 Existing calculation formulas for eccentric compression

Researchers have already done a large amount of experimental research on the mechanical
properties of square-sectional LBL columns under eccentric compression, and established
ultimate bearing capacity formulas based on the test data. To verify the universality of these
existing formulas, the calculation results are listed in Table 3 and compared with the test data in
this paper.

In general, the ultimate bearing capacity is calculated by:

N=pfA 5)

where ¢ is stability factor, f_ is compressive strength, A is cross-sectional area.

c

Li et al. [28-29] proposed empirical Equations. (6) ~ (7) to calculate the ultimate bearing

capacity of LBL columns under eccentric compression:

1
S S 6
YT 1731 414, /h ©)
1
(2 (7

- 0.0291-0.0638
where ¢, and ¢, are stability factor, e, is eccentricity, h is the height of cross section, A
is slenderness ratio.

As can be seen in Table 3, the results of Equation (6) are close to the test results, because the
sizes of specimen in two studies are similar. Equation (7) cannot be used for the calculation, since
the formula was established with slenderness ratio as independent variable under the condition of
eccentricity of 37mm. Although the existing formulas have a certain degree of guiding
significance and clearly describe the relationship between ultimate bearing capacity and impact
factors, they are not universal enough. Equations (6) ~ (7) are limited as they only use eccentricity
ratio or slenderness ratio as independent variable respectively, so there will be a great error once
the length or cross-sectional shape (i.e. slenderness ratio) of column changes. Also, they cannot
be used to calculate ultimate load for LBL columns under axial compression.

Therefore, a 3D finite element model (FEM) was developed to calculate the ultimate bearing
capacity of LBL columns under eccentric compression. Furtherly, a more general empirical

formula was established based on the test and simulation results.
Table 3 Comparison of formulas and calculation results

Literature 0.3 0.6 0.9 1.2
Test results/kN 128.89 94.81 72.79 55.71
Liet al. [28]/kN 148.86 105.06 81.14 66.10

Error/% 15.49 10.81 11.47 18.65

Li et al. [291/kN — — — —
Note: Error = (Calculation-test) / test x100%.
4.2 Finite element analysis
4.2.1 Constitutive model and failure criterion




Laminated bamboo lumber is a typical anisotropic material, and it has obvious strain
hardening behavior under compression (Fig. 18a). However, the aim of this study is to obtain the
ultimate bearing capacity of LBL columns. ABAQUS subroutine was used to perform finite
element analysis, so the material was simplified as an orthotropic material for the sake of reducing
complexity of the codes. The constitutive model used is shown in Fig. 18b, where X, and X,
are the tensile strength and compressive strength of LBL along the grain direction (L), Y, and
Y. are the tensile strength and compressive strength along the radial direction (R), Z; and Z,
are the tensile strength and compressive strength along the tangential direction (T), respectively.
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Fig. 18 Constitutive model of LBL

The stress-strain relationship in elastic phase can be expressed by equation (8):

Oy Dy Dup Dugp 0 0 0 || e

0% Duze Dazz Dpsy O 0 0 || &2

Os3 | _ Diss Digs Dy 0 0 0 || &; ®)
oy, 0 0 0 D.,1, 0 0 &y

Oy 0 0 0 0 D,y 0 |ley

0] L O 0 0 0 0 Daiar || &1

where Dy, =E (1_V23V32)7/ v Dyp=E (1_V13V31)7/ v Dy =Ey (1_V12V21) Voo
Diss =B (Vo +VyVis )7 5 Diygy = E5(Vig +VioVog )7 5 Doy =B, (Vg +ViVy )7+ Dy, =2G,, 5
D, =2G,;, D, =2G,; Ep,=rpl2 En=Vnl2 Eq=Vaul2
¥ = (1= ViVpy — VgV —VgrVig — 2VpyVapVi )

E,, E,.and E, are elastic modulus in the L, T and R direction respectively; G,,, G, and
G,, are shear modulus in L-T, L-R and R-T plane respectively; V; are Poisson's ratio; o;and

&; are stress and strain respectively. According to authors’ previous work [37], the constitutive

model parameters are shown in Table 4, and the Hill failure criterion [38] was chosen for finite



element analysis:

2 2 2
F(o,)= F(O'zz_o'sa) +G(O'33_O'11) +H(O-11_O'22) ©)
! +2Lo% +2M o’ +2Noy,

where F, G, H, L, M, N are constants determined by the strength of material, which can be
calculated by formulas (10)~(15):

0\2
o) 1 1 1 1( 1 1 1
F=—( )(j _—2—_—2J=—(_2+_2__zj (10)
2 Oy O35 Oy 2\ R, Ry 1
(V1 1 1) 1(1 1 1
G=—(_—2 __Z_sz_L_ZJr_Z__Z] (D
2 O33 Oy Oyp 2\Ry Ry Ry
o)1 1 1) 1(1 1 1
2 O3y Oy Og 2{R; R, Ry
0 \2
L=3[%] - (13)
2\ 0, 2R,
0 \2
M:l(f—zj -2 (14)
2\ o0} 2R}
0 \2
Nzl(f—z] - (1s)
2\ oy, 2R},

where &, are material strength in the three directions, &;; are shear strength, o’ is reference

yielding stress. R; can be calculated by equations (16):

R, = Z_lol 'Ry, (;202 'R 0-33 Ry, = 612 ' Rig = 013 'R % (16)
Table 4 Constltutlve model parameters
Elastic modulus (MPa) Poisson’s ratio Strength (MPa)
El 6323.7 ul2 0.25 Xr 98 Sxy 18.13
E2 1468.53 u21 0.054 Xc 59.63 Syz 22.59
E3 1192.06 ul3 0.2 Yr 8.26 Szx 6.58
G12 1365.08 u31 0.04 Yc 21.91 o’ 59.63
G23 461.81 u23 0.43 Zr 8.26
G13 1260.09 u32 0.435 Zc 19.85

4.2.2 Modeling details
As shown in Fig. 19, the models of bamboo bracket and bamboo column were created. The
numerical model ignored the imperfection of laminated bamboo and the influence from structural

adhesive and steel bolts. The contact surfaces between bracket and column were tied together.



Reference points (RP) were created for the model to apply load and constrains. Two RPs were
created on the top and bottom surface respectively. With these RPs, the coupled constrains were
set to apply the displacement-controlled loads. The upper and lower ends were unidirectional
hinge supports to ensure the specimen can only rotate freely in the eccentric direction, therefore,
Ul, U2, U3, UR1, UR3 were restrained on the both ends. The type of solid elements was
Explicit/C3D8R and the meshing density was 10 (approximate global size). In order to ensure that
the kinetic energy was less than 10% of the strain energy and met the conditions of quasi-static
analysis, the calculation step was set to 1s, and the displacement-controlled loads were loaded
through the smooth analysis step.

(a) LBL column (b) Bracket (c) Mesh
Fig. 19 Finite element model of laminated bamboo column

4.2.3 Basis of element deletion

According to the test results, the failure mode of eccentric compression columns was brittle
tension failure along the grain direction. Therefore, in the following finite element analysis, the
judgment of whether the elements are deleted or not is based on the stress o, along the grain
direction. First, substitute the calculated trial stress into the failure criterion to judge whether it
yields or not. If there is no yield, the stress integration point is in the linear elastic stage. At this
time, the real stress in the program is equal to the trial stress, and the trial stress value is assigned
to the state variable stressNew as the stressOld for the next calculation. If it yields, the stress
integration point is in the plastic stage. If o;, <0, the element is under compression along the
grain direction. The stress needs to be pulled back to the yield surface, and this point enters the
state of plastic flow. If o, >0, the element is under tension along the grain direction. Then the
element is judged to be deleted. Because the numerical model ignored the imperfection of the
laminated bamboo, in order to properly consider the effect of the imperfection, the average
ultimate strength (45.18 MPa) of axially loaded columns was used as the yield value for F(oy).

4.2.4 Validation of the finite element model

Take E30 as an example to discuss. At first, E30 was uniformly compressed in the initial



stage, the midspan deflection and axial deformation increased linearly with the increase in load.
With the further increase in load, the specimen gradually entered the yield stage. The increasing
rate of load slowed down, while the increase in midspan deflection and axial deformation
accelerated significantly. Then the ultimate stress state reached the failure criterion standard, the
tensile side cracked and the specimen lost the bearing capacity. The comparison deformation is

shown in Fig. 20.

S, Mises
(EH): 75%)
+4.047e+01

+2.373e+01
+2.03%e+01
+1.704e+01
+1.369e+01
+1.035e+01
+6.999e+00
+3.652e+00
+3.053e-01

(a) Cracking simulation (b) E30-2 (c) Simulated local result  (d) E30-2 local result
Fig. 20 Compared deformation between simulation and test result

Fig. 21 shows the comparison curves of E30~E120 between simulation results and test results,
and values of ultimate load are summarized in Table 5. It can be seen that the overall trends of
simulated curves are the same to test curves. The slope of simulated curves is slightly higher than
the real situation, which is mainly due to the unclear boundary conditions of the test. The ductility
showed in simulated results is low because the constitutive model used in finite element analysis
is an ideal elastic-plastic constitutive model, and there is no strain hardening stage. Therefore,
compared with the real situation, the displacement corresponding to peak point of simulated
curves is obviously smaller. Nevertheless, the calculated values of ultimate bearing capacity and
the cracking deformation agree well with the test results, which indicates that in terms of deriving

strength, Hill failure criterion is suitable.
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Fig. 21 Compared curves between simulation and test

Table 5 Compared ultimate bearing capacity between simulation and test results

Group Test results/kN Simulation results/kN Error/%
E30 128.89 144.3 11.96
E60 94.81 99.72 5.18
E90 72.79 73.45 0.91
E120 55.71 57.98 4.07

Note: Error = (Calculation-test) / test x100%
4.3 General empirical formula

The above content has proved that the finite element method can effectively predict ultimate
bearing capacity of LBL columns under eccentric compression. However, this method is still not
convenient enough to use. In this section, a general empirical formula was proposed considering
both the influence of slenderness ratio and eccentricity ratio.

In authors’ previous work [37], the axial compressive behavior of LBL columns with lengths
varying from 600mm to 3000mm has been studied (Fig. 22). Therefore, the finite element method
is used to calculate the ultimate bearing capacity of these columns with different eccentricity ratio

0f0.3,0.6,0.9 and 1.2. The axial compression test results and simulation results are listed in Table
6.



Fig. 22 LBL columns with different slenderness ratios

In Table 6, the stability factors are calculated by Equation (5), and the calculation formulas

for slenderness ratio are:

| is the section moment of inertia, A is the area of cross section of the specimen.

A=l

i=I1/A

where |, is the effective length of the column, 1 is the radius of gyration of specimen section,

(17)

(18)

The calculation formula for section moment of inertia of chamfered section (Fig. 23) in this

paper is:

u 40 50 40
|, = J'A y?dA = 2.[4% y? x 2xdy + 2_[0 y2 x 2xdy = 4.[40 y?(90—y)dy + 4_[0 y? x50dy

y A

dy

2X

Fig. 23 Moment of inertia of the column section

(19)
=7.9x10°mm*
Table 6 Test results and simulation results
L F I T L A %0 ¢ L F A T
21.14 0.834 59.89 0 0.637 105.68 0 0.375
21.14 03 0.341 59.89 0.3 0.143 105.68 0.3 0.086
600mm 21.14 0.6 0220 1700mm 59.89 0.6 0.122 3000mm 105.68 0.6 0.063
21.14 09 0.163 59.89 0.9 0.097 105.68 0.9 0.055
21.14 1.2 0.128 59.89 1.2 0.080 105.68 1.2 0.049
1100mm 38.75 0 0.758 2300mm 81.02 0 0.506 —



38.75
38.75
38.75
38.75

0.3
0.6
0.9
1.2

0.221
0.162
0.125
0.095

81.02
81.02
81.02
81.02

0.3
0.6
0.9
1.2

0.105
0.089
0.074
0.064

The correlation between stability factor, slenderness ratio and eccentricity ratio is obvious,

i.e. stability factor will decrease with increase in these two factors. It can be found that the

correlation can be expressed by a spatial surface (Fig. 24). The functional model is:

where ¢ is stability factor; A 1is slenderness ratio;

p=ai’ exp(c%’)+d%°exp[k%°j (20)

€

is eccentricity ratio; a, b, ¢, d and

k are coefficients obtained through test results and simulation results.

1.4 120

100 A

Fig. 24 Fitted spatial surface

Through regression analysis, the fitting expression is as follows:

@ =31""exp(

~1.54e,

-4.27e

h
To verify the reliability of the proposed empirical formula, the test results in the existing

)—2.56e—°exp(T°) @1)

literature and simulation results of circular-sectional column with a dimension of 100 mm % 1100

mm under tangential eccentric compression are compared with the calculated results, as shown in

Fig. 25 and Table 7. The compressive strength values of laminated bamboo lumber in research
[28], [29], [39] are 80.43 MPa, 80.4 MPa and 58.68MPa respectively.

The calculation formulas of section moment of inertia of rectangular section and circular

section are:



bh®

Irectangular = 12 (22)
zd?

l. = 23

circular 64 ( )

where b is the width of section, h is the height of section, d is the diameter of section.

The reliability of the empirical formula can be verified as the errors between the calculated
results and test results in the existing literature are basically within 20%. Besides, the simulation
results of circular-sectional LBL columns also show a good agreement with the calculated results,
which indicate that the empirical formula can also be used to calculate ultimate bearing capacity
of LBL columns with other geometry. However, the mechanical properties of bio-based materials
can be affected by parameters like moisture content, environment humidity, ambient temperature,

so further experimental works and studies are required to consider more impact factors.
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(c) Lietal. [39]
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Fig. 25 Compared results
Table 7 Compared results
A %0 Pui KN Powed KN Error% | 4 %0 P kN P /AN Error/%
Lietal. 2771 0 569 466.18 -18.07
41.57 0 510.8 543.28 6.36 3117 0 533 444.73 -16.56
41.57 0.1 229.3 331.40 44.53 3464 O 520 426.37 -18.01
41.57 025  182.69 192.67 5.46 3810 O 505 410.42 -18.73
41.57 04 143.6 144.17 0.40 4157 0 490 396.39 -19.11
41.57 055  126.81 124.74 -1.63 4503 0 463 383.90 -17.09
41.57 0.7 108.23 112.31 3.77 4849 0 430 372.68 -13.33
41.57 0.8 102.24 104.38 2.09 5196 0 421 362.54 -13.89
4157 1.1 80.47 79.18 -1.60 5542 0 410 353.30 -13.83
41.57 1.2 76.18 70.89 -6.95 58.88 0 394 344.83 -12.48
Lietal. 6235 0 378 337.04 -10.84
36.81 0.46 111.08 94.69 -14.75 Circular-sectional column
47.63 0.46 82.78 77.09 -6.87 44 0 278.54 309.24 11.02
56.29 0.46 70.75 66.62 -5.84 44 0.1 138.32 186.88 35.10
64.95 0.46 62.6 58.18 -7.06 44 0.3 93.22 94.92 1.83
73.61 0.46 52.7 51.19 -2.87 44 0.6 64.66 67.25 4.00
Lietal. 44 0.9 45.94 54.21 18.00
20.78 0 580.5 523.03 -9.90
24.25 0 568.5 491.76 -13.50

Note: Error = (Calculation-test) / test x100%
5 Conclusions

With different eccentricities as the influencing factors, the eccentric compression behavior
and numerical study of 15 laminated bamboo lumber columns with a chamfered section were
studied, and the following conclusions can be obtained:

(1) The experimental process and the ultimate failure phenomenon of columns with different
eccentricities were basically consistent, which belonged to brittle tension failure. Although two

defects i.e. finger joint and bamboo node were randomly distributed in the column and could affect



the initial cracking position, their effect on the overall ultimate bearing capacity could be
neglected.

(2) No matter what the load levels and eccentricity of specimens were, the lateral deflection
curves had similar characteristics and could be expressed by sine half wave curve. With the
increase in eccentricity ratios, the ultimate bearing capacity and ultimate strain gradually
decreased. The cross-section strain of specimen was basically linear distributed along the height
direction, which conformed to the plane section assumption.

(3) The ABAQUS subroutine based on Hill failure criterion can effectively calculate the
ultimate load of LBL columns under eccentric compression. The relative errors of the ultimate
load between the simulation and the test results were less than 12%. However, due to the ideal
elastic-plastic constitutive model, it cannot perfectly reflect the plastic stage i.e. the deformation
of column, which resulted in much smaller ultimate axial deformation and midspan deflection
values obtained from simulation.

(4) According to the simulation results and test results of LBL columns varying from 600
mm ~ 3000mm, a general empirical formula for calculating ultimate bearing capacity considering
both the influence of slenderness ratio and eccentricity ratio was proposed. The formula can
effectively evaluate the ultimate bearing capacity of columns under axial and eccentric
compression, which was verified by comparing the test results in the existing literature and

simulation results of circular-sectional column with the calculated results.
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