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Abstract: The axial compressive behavior of laminated bamboo lumber (LBL) columns with a
chamfered section was investigated using 15 specimens with lengths varying from 600mm to
3000mm; all considered samples had same square cross section of 100 mm x 100 mm with 10
mm chamfers at each corner. Axial compression tests were carried out to analyze the impact of
slenderness ratios on failure modes, strain and ultimate bearing capacity of LBL columns. Two
failure modes were observed i.e. compression failure and buckling failure. Obtained results on the
ultimate vertical strain and ultimate load showed a downward trend with the increase in
slenderness ratios; the correlation between the ultimate strain, ultimate load and the slenderness
ratios were fitted. The approximate solution method was adopted to reveal the lateral deflections
of buckling columns by a quartic functional model. Based on the ideal elastic-plastic constitutive
model and Hill failure criterion, FEM was carried out to simulate the axial compression tests. The
simulation results agreed well with both test and theoretical results, which verified the feasibility
of proposed methods used under similar working conditions in this paper.
Keywords: Laminated bamboo lumber; axial compression; buckling failure; approximate
solution; finite element method
1 Introduction

Engineered bamboo is one of the bio-based building materials [1-6] including GluBam,
parallel bamboo strand lumber (PBSL) and laminated bamboo lumber (LBL), which has a fast-
growing characteristic (short forming time) with regular cross sections. Basic material properties
and mechanical responses of these engineered bamboo products have been widely carried out [7-
16] using experimental methods. Due to excellent physical and mechanical properties, they can
be used in building structures. Compression is one of the most common force states in various
types of building structures. The main force states when the column bears vertical load are axial
compression [17] and eccentric compression [18], while transverse compression [19] and local
compression [20] can be occurred when main and secondary beams overlap. Therefore, it is
crucial to study the mechanical properties of structural members under compression for the safety
design.

Research on the compressive properties and constitutive models of small LBL specimens

have been carried out. Tinkler-Davies et al. [19] investigated the failure mechanism of LBL under
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transverse compression using digital image correlation (DIC). Li et al. [21-22] revealed the
compressive properties of LBL made from different growth parts of original bamboo (upper,
middle, and lower parts). They found that the average compressive strength as well as the
dispersion increased with the increase in growth positions, and proposed two-stage and three-
stage constitutive models for LBL under parallel-to-grain compression. Sharma et al. [23] tested
the basic material properties of PBSL (parallel bamboo strand lumber) and LBL, and reported that
the mechanical properties of engineered bamboo were comparable to those of engineered timber.
Yang et al. [24] investigated the off-axis compressive properties of LBL and verified the
applicability of commonly used failure criteria. Based on the Ramberg-Osgood model [13], the
constitutive models under compression at various texture angles were fitted. Wei et al. [25] studied
the mechanical properties of LBL under axial compression, and proposed a compression
constitutive model based on Richard Abbott model.

Research on the axial compressive properties of bamboo columns have also been carried out.
Luna et al. [26] investigated the axial compressive properties of LBL columns with lengths
varying from 150 mm to 2500 mm. Xiao et al. [27] carried out experimental research on the axial
compressive properties of GluBam columns with lengths ranging from 401.8 mm to 1601.5 mm,
and reported comparable results with ‘GB 50005-2003 Code for design of timber structures’ and
‘American National Design Specification for Wood Construction’. Li et al. [28] tested the
mechanical properties of LBL columns subjected to axial compression with the cross section of
100 mm x 100 mm and varying lengths between 400 mm and 1800 mm. They established an
empirical formula of stability coefficient based on test data. Tian et al. [29] investigated the
original bamboo columns and sprayed composite mortar—original bamboo composite columns
with lengths varying from 500 mm to 3000 mm through axial compression tests, and proposed
several methods for calculating relevant strength and stability capacities. Tan et al. [30] conducted
research on the mechanical properties of PBSL columns with lengths between 400 mm and 1800
mm under axial compression, and compared the predicted ultimate load with Euler’s equation,
tangent modulus theory, double modulus theory and Newlin-Gahagan method.

Many attempts have been made to promote the use of engineered bamboo in construction.
The earthquake-resistant bamboo villa [31], which was made from PBSL by Nanjing Forestry
University, has a height of 3.2 m for the first floor and 2.8 m for the second floor; the bamboo
house [32], which was built by Hunan University in Beijing Purple Bamboo Park, has 2 stories
and a building height of 6.4 m; the office building, which was made from LBL and designed by
Haitao Li’s team and Ganzhou Sentai bamboo company LTD (Figure 1), has a building area of
more than 1000 square meters with three stories and a building height of 12.7 m. It is foreseeable

that engineered bamboo will gain more attention from the construction industry.



Figure 1 LBL office building (reproduced with permission of Haitao Li)

Despite of existing practical applications, the design as well as construction methods for
engineered bamboo house are normally following experience or referring to timber structures.
That is, there is lack of standardization and pertinence for the time being. In recent years, although
increasing number of studies on engineered bamboo were carried out by researchers, the test
results are still far from enough to develop a unified design code [31]. Most of the experimental
studies were carried out based on columns below 2 m, and therefore, existing empirical equations
proposed to calculate ultimate bearing capacity are insufficient as practical columns are normally
higher than 2 m. The deformation control of structural members is important in design as well.
However, compared with stub columns, the actual lateral deflections are hard to measure in long
column as a result of buckling failure due to unpredictable deflection direction and suddenly
failure mechanism. In the existing studies, the actual lateral deflections of the buckling columns
may be neglected.

In summary, there is lack of research on axial compression behavior of large-scale LBL
columns (over 2m) and actual lateral deflections of buckling columns. Therefore, current paper
considered slenderness ratios as impact factor and conducted axial compression tests for LBL
columns with lengths varying from 600 mm to 3000 mm, a cross section of 100 mm x 100 mm,
and 10 mm chamfers at each corner. Furthermore, approximate solutions for lateral deflections of
buckling columns were obtained, and finite element analyses were carried out to perform
comparable studies.

2 Experimental programs
2.1 Materials
Laminated bamboo lumber used for testing were produced by Ganzhou Sentai bamboo
company LTD in Jiangxi Province, China. Moso bamboo (from Yongan, Fujian) and resorcinol
adhesive were used as raw materials, and bamboo strips (7 mm x 21 mm % 2005 mm) were hot-
pressed together under the pressure of 9 MPa for upper and lower surface and 6.5 MPa for the
left and right surface in 157 °C conditions for about 15 minutes. The arrangement of bamboo
strips and the cross section of the laminated bamboo columns are shown in Figure 2. To meet the
length requirements in the longitudinal direction, mechanical connection was applied to single
bamboo strips (Figure 3). The moisture content and density of the specimen were 7.0% and 736

kg/m?>, respectively.
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Figure 2 Arrangement of bamboo strips and cross  Figure 3 Mechanical connection

section of laminated bamboo column

A total number of 15 LBL columns (5 groups, 3 replicates for each group) were designed
according to the length i.e. 600 mm, 1100 mm, 1700 mm, 2300 mm and 3000 mm, as shown in
Figure 4. They are related to slenderness ratios of 21.14, 38.75, 59.89, 81.02 and 105.68,
respectively. Square cross section of 100 mm x 100 mm with four 10 mm chamfers at relevant
corners of the section was selected as shown in Figure 2. All the columns took the wide surface
of the bamboo strip as side A, and marked the remaining wide surfaces as side B, C and D
successively along the counterclockwise direction. The top surface was marked with >, while the

bottom surface left blank.

LBL column
LDS

Strain gauges

Figure 4 Specimens with Figure 5 Test setup Figure 6 Schematic diagram

different slenderness ratios
2.2 Test arrangement and measurements
Test setup was designed according to the standard for test methods of timber structures (GB/T
50329-2012) as shown in Figure 5 and Figure 6. Two spherical hinge supports were used to ensure
that the specimen could rotate freely in any direction. Ropes were loosely set on the specimens to
avoid hazards when column buckling occurred. Test data was collected through a TDS-540 data
acquisition instrument. Load was applied by using a microcomputer-controlled electro-hydraulic

servo universal testing machine (100 t). The axial displacement of the specimen was measured by



a displacement meter, whilst the lateral deflection of two adjacent surfaces at the middle height of
the column were measured by two additional laser displacement sensors. Besides, lateral and
vertical strain gauges were applied at the mid-height of the four side surfaces to observe the
change of strain with the load.

The geometric alignments were considered for positioning samples ensuring the geometric
center of the column is in line with the center of the testing machine. Five preloading cycles were
implemented prior to test until the vertical strains of the four sides were close to each other, which
could ensure that the specimen was in the state of axial force. All samples were tested in the
structure laboratory at Nanjing Forestry University with controlled testing time within 10 minutes
for each sample.

3 Test results and discussion
3.1 Failure modes

In the axial compression test, the failure modes of the LBL columns can be mainly divided
into two types, namely compression failure and buckling failure.

Compression failure was specifically defined when the end of the specimen was crushed or
partially buckled, as shown in Figure 7 (A600-3 as an example). An initial linear elastic state in
specimen up to 80%~90% of the ultimate load was observed followed by a slowly increase in load
showing the initial of yield. At this stage, the cracking sound inside the specimen could be heard.
The upper end of the specimen began bending, and then cracks occurred at the corner of the
section. As the load further increased to the ultimate load, the cracks rapidly expanded to the
middle of the specimen, and the upper end of the column crushed gradually with multi-cracks.
Applied load slowly reduced once exceed the maximum carrying capacity, but the specimen was
still able to bear certain load before the specimen suddenly broke and lost its carrying capacity.

Figure 7b~7g shows each side surface of A600-3 after unloading.
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Figure 7 Compression process and failure phenomena of A600-3

With the increase in slenderness ratios, the initial defects of the columns, such as
manufacturing errors and initial bending, showed a more significant impact on the bearing
capacity. As shown in Figure 8a (A1700-2 as an example), although similar phenomenon to short
columns during initially loading when the load increased to 80% ~ 90% of the ultimate load, the
deflection change rate at the mid-height gradually accelerated in longer samples, while a relatively
large bending deformation was observed. At the end of loading, the specimen buckled and ejected
from the loading machine. Specimens with buckling failure mode failed in a more drastic manner
when compared with specimens with compression failure mode. Figure 8b shows the A~D side
surfaces of A1700-2. It is worth noting that no crack was occurred during loading process, but

observed cracks were caused by the collision between the column and protective net after buckling.
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(a) Compression process of A1700-2



(b) Failure phenomena of A1700-2
Figure 8 Compression process and failure phenomena of A1700-2

3.2 Main test results

The main test results are shown in Table 1, where P__ is the ultimate load, f is the

max c

compressive strength, ¢, and ¢, are the average ultimate strain of four side surfaces in the
vertical and lateral direction, respectively. Except for the ultimate strain, all other test data showed
relevant coefficient of variation (COV) less than 20% indicating reliable results obtained from
current setup. Larger COVs (exceeds 20%) of the ultimate strain values were observed for Group
A600 and A1100. It is due to the fact that the specimen cracked before reaching the ultimate load
so that the surface was in an unloaded manner resulting in a decrease value of the average ultimate
strain. Load-displacement curves for A1100 samples showed a plastic stage during loading but
the compressive strain eventually converted to tensile strain, and therefore, they are classified as
buckling failures.

Table 1 Main test results

Group P /KN S, /mm fc /MPa ¢,/ us &yl ue E /MPa Failure Mode
A600-1 411.53 7.30 41.99 8675 2787 8176
A600-2 586.94 15.05 59.89 20914 5927 8632
A600-3 464.16 7.39 47.36 8603 2976 9020 Compression failure
Mean 487.54 9.92 49.75 12731 3897 8609
cov 15% 37% 15% 45% 37% 4%
A1100-1 447.83 12.16 45.70 10005 3621 8892 ) )
Buckling failure, but
A1100-2 385.25 6.11 39.31 4923 1375 8804 L
existing phenomenon
A1100-3 495.08 15.72 50.52 11964 3228 8516 ,
of compression
Mean 442.72 11.3 45.18 8964 2741 8737 il
ailure
Cov 10% 35% 10% 33% 36% 2%
A1700-1 383.57 10.72 39.14 5755 1856 8625
A1700-2 373.56 9.02 38.12 5346 1577 8764 . )
Buckling failure
A1700-3 359.60 8.84 36.69 5034 1482 8776

Mean 372.24 9.53 37.98 5378 1639 8722




Group P o /KN S, /mm f./MPa &,/ pe eyl ue E /MPa Failure Mode

Cov 3% 9% 3% 5% 10% 1%

A2300-1 301.33 8.78 30.75 3603.50  955.00 8941

A2300-2 286.58 8.67 29.24 3521.00  941.75 8286

A2300-3 299.46 8.62 30.56 358275  1202.25 9199 Buckling failure
Mean 295.79 8.69 30.18 3569.08  1033.00 8809
Ccov 2% 1% 2% 1% 12% 4%

A3000-1 22591 8.84 23.05 2592.50  712.25 8955

A3000-2 212.83 8.06 21.72 2512.50  715.00 8776

A3000-3 — — — — — — Buckling failure
Mean 219.37 8.45 22.38 2552.50  713.63 8866
Cov 3% 5% 3% 2% 0% 1%

Note: The test of A3000-3 was terminated due to unforeseen technical issues.
3.3 Load-deflection behaviors

Load-deflection behaviors for specimens with different slenderness ratios are shown in
Figure 9. At the initial stage of loading, the laminated bamboo column was uniformly compressed
in the axial direction with no obvious lateral deflection observed in the middle of the specimen.
When the load increased to 80% ~ 90% of the ultimate load, the increasing rate of mid-span
deflection gradually accelerated, and obvious deflection could be observed at this stage. After
reaching the ultimate load, the reaction force in the compression failure group stably decreased,
while that in the buckling failure group basically maintained. Due to the limitation of the test site,
the mid-span deflection values of A2300 and A3000 were not measured in this test.

It is worth noting that the bending direction of the column cannot be predicted because the
initial defects of the specimen were not able to be quantified. During the test, it was found that
the bending direction of some specimens was not strictly toward the two laser displacement
sensors. Figure 9 only plots the larger data which cannot accurately show the real deflection at the
middle of the specimen. In Table 2, the measured mid-span deflection of Surface A and B, and the
distance from the outermost surface to the initial axis position are shown. The results showed that

the actual lateral deflection increased with the increase in slenderness ratio.
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Figure 9 Load vs deflection curves



Table 2 Deflection values of Surface A and Surface B

Group  Surface A(mm) Surface B (mm) Distance from Z axis (mm) Mean
A600-1 7.81 2.35 77.99 77.31
A600-2 — — —

A600-3 7.85 0.26 76.63
A1100-1 1.43 12.00 80.55 77.38
A1100-2 0.05 1.77 72.00
A1100-3 6.34 6.22 79.59
A1700-1 14.71 2.21 83.15 78.91
A1700-2 4.52 6.54 78.54
A1700-3 0.25 5.73 75.04

Note: Data of A600-2 was lost due to the failure of laser displacement sensor. Distance from Z axis refers to the
distance from the outermost surface at the mid-height to the initial axis of the column at the moment of reaching
the ultimate load, Z = \/(A+ 50)° + (B +50)%.

3.4 Load-displacement behaviors

Figure 10 shows the load-displacement curves for specimens with different slenderness ratios.
Curves for short columns exhibited an obvious yield stage prior to failure. However, buckling
columns showed two types of deform pattern. On the one hand, a certain but shorter yield stage
compared to short columns could be observed before reaching failure, such as A1100 series. On
the other hand, curves without obvious yield stage during the loading process was observed
showing a brittle descent stage, which indicated that most part of the laminated bamboo column
might still be within the linear elastic stage before the final failure, i.e. the stress under the ultimate
load did not exceed the proportional limit of laminated bamboo material. In general, obtained
ultimate load, ultimate axial displacement and stiffness of the specimen decreased with the

increase in slenderness ratios.
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Figure 10 Load vs axial displacement curves
3.5 Load-strain behaviors
Figure 11 shows the load-strain behaviors for specimens with different slenderness ratios. As

shown in Figure 10 (a), all surfaces for compression failure samples were subjected to



compressive strains; the column exhibited an elastoplastic state during the loading process. Initial
linear load-strain curves followed by a yield stage with gradually decreased slope until reaching
the ultimate load.

As shown in Figure 11(b)~(e), surfaces for buckling failure samples were subjected to
compressive strain but some of them decreased before the final failure; the section of slender
column was uniformly compressed at the initial stage showing approximately linear load-strain
curves. With the increase in load, lateral deflection gradually appeared in column, and the vertical
strain in one or two surfaces began to deviate when compared with other surfaces. When the load
increased to about 80% to 90% of the ultimate load, the compressive strain on the deviated
surfaces gradually decreased, and even converted to a tensile strain. When the load reached the
peak, the compressive strain on other surfaces rapidly increased, and so did the deflection degree

of the column.
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3.6 Relationship between ultimate strain, ultimate load and slenderness ratio

The formulas for calculating the slenderness ratio of the column are given as Equations (1)
and (2):

A=1,/i (1)
i=JI/A (2)

where |, is the calculated length of the column; i is the section radius of gyration; | is the

section moment of inertia; A is the section area. The moment of inertia | (Figure 12) can be
calculated using Equation (3).
y A

>
o

2X

Figure 12 Moment of inertia of the column section

h
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Figure 13 (a) and (b) shows the relationship between the vertical ultimate strain, lateral
ultimate strain and slenderness ratio, respectively, where the ultimate strain is the mean value of
each group. Significantly higher vertical and lateral ultimate strain were obtained for compression
failed specimen indicating better use of material properties when compared with buckling failed
specimen. Furthermore, the ultimate strain showed a downward trend with the increase in
slenderness ratio.
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Figure 13 Relationship between the ultimate strain and slenderness ratio
By using regression analysis, the relationship between the ultimate strain and the slenderness
ratio can be described by Equations (4) and (5):

&,, =1.44642% — 303.074 + 18489 4)
&, =0.43571% — 92.81714 + 5667.2 (5)

where &, is the vertical ultimate strain of the mid-height, &, is the lateral ultimate strain; A

is the slenderness ratio.
Figure 14 shows the relationship between the ultimate load and the slenderness ratio of the
specimen, where ultimate load decreased approximately linearly with the increase in slenderness

ratio.
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Figure 14 Relationship between the ultimate load and slenderness ratio
By using regression analysis, the relationship between the ultimate strain and the slenderness
ratio can be described by Equation (6):

P, =-3.244 + 561.93 (6)

where P, is the ultimate load, A is the slenderness ratio.



3.7 Comparison of ultimate bearing capacity formulas

Some scholars have carried out experimental research on the mechanical properties of square
section bamboo columns under axial compression, and established the ultimate bearing capacity
formulas based on the test data. To verify the feasibility of these existing formulas, calculated
results are listed in Table 3 and are compared with obtained test results in current study.
Meanwhile, the design codes for timber structures in terms of bearing capacity of axially
compressed columns are also evaluated for comparison.

The critical buckling load obtained by Euler’s equation is:

2_2
I:)znflz_zEI

(7

where P is the critical load for a column, n is the mode of buckling, E is the modulus of
elasticity, | is the second moment of area, and L is the effective length for the pinned-pinned
boundary conditions.

Lietal. [28] proposed Equation (8) to calculate the ultimate bearing capacity of the laminated

bamboo column:
N, = goch=(O.000106(I0 / h)2 —0.0298(I0 / h)+1.1) f.A (8)

where N, is the ultimate load, ¢ is the stability coefficient, f, is the compression strength

of the laminated bamboo, A is the area of the cross section, |, is the effective length of the
laminated bamboo column and h is the height of the cross section.
Tan et al. [30] proposed Equation (9) to calculate the ultimate capacity of parallel strand

bamboo column:
P =0.0984° -12.871 +842.47 )

where P is the ultimate load, A is the slenderness ratio.

In the design standard of timber structure GB 5005-2017, the stability coefficient of axially
compressed members can be calculated according to different materials and wood species. For
wood species with strength grade of TC17, TC15 or TB20, it can be expressed as:

1

- = < 10
Y 1+(1180)° 1o

For wood species with strength grade of TC11, TC13, TB11, TB13, TB15 or TB17, it can be
expressed as:
1

== <01 11
Y 1+(2165)° (1

where ¢ is the stability coefficient, A 1is the slenderness ratio.
In the National Design Specification for Wood Construction NDS-2018, the stability

coefficient C, of axially compressed members can be calculated by Equation (12~16):



1+(Fe IF) [14+(Fe/F)) ’ -
+ +
Cp _ cE c _ l: cE c ] _ FcE / Fc (12)
2c 2C C
0.822E_
X — min 13
S (1 /dY’ (13)
|, =k,| (14)

if the allowable stress method is adopted, E,;, and F. may be determined using Equation (15)
and (16):

~ 1.05(1-1.645COV; ) E
min 1.66

(15)

F, =F. xCpxC,, xC,xC,xCy (16)

where F, is the design value of compressive strength in the parallel-to-grain direction. F. is
the nominal Euler yield strength. ¢ is the coefficient related to the material, and 0.9 for Glulam.
k, is the effective length factor, which is taken as 1.0 according to the boundary conditions. |
is the length of the column and |, is the effective length. d is the section width. E is the
elastic modulus and E,, is the elastic modulus used to calculate the stability of column. COV,
is the coefficient of variation of elastic modulus, and the value is taken as 0.1. C_ is the load
duration factor, which is conservatively taken as 1.0. C,, is the wet service factor, which should
be taken as 0.73 for calculating the design value of compressive strength when the environmental
humidity is higher than 16%. C, is the temperature factor, which should be taken as 1.0 for
testing at room temperature (20 °C). C, is the incising factor, which should be taken as 0.8 for
calculating the bearing capacity. C; is the size factor, which is conservatively taken as 1.0.

Tan et al. [33] also proposed a modified strength reduction factor for LBL material based on

same functional model like Equation (12), which can be expressed as:

* * 2 *
- L4+(Fe/F) {1.4+(F€E/Fc)} (Re/F)+04 Fe
2c 2c c F,
Pois = . (17)
- L4+(Fe/F) {1.4+(F¢E/FC*)} (Re/F)+04 .o
2C 2C c 2

where ¢, is the modified strength reduction factor.
The predicted values of ultimate bearing capacity calculated by Euler's equation showed a
large deviation from the real value with relative errors ranged between 27.11% and 282.31%, as

shown in Table 3. Results obtained from Li et al.’s equation [28] seemed to be more reliable when



compared with Tan et al.’s equation [30], as same engineered bamboo with close dimensions of
the specimen were used. However, relative error for A3000 was 19.71%, which is still large for
empirical equation. It may be caused by the fact that the fitted equation did not include the data
of long columns, and also, the variable h in Equation (8) is not suitable for samples with
chamfers in current study. The functional model of Equation (9) seemed to be inappropriate for
this study as the calculated values for A2300 and A3000 were larger than short columns, which
was not impossible. Results obtained from Tan et al.’s new equation [33] were conservative with
relative errors ranged between 2.06% and 17.95%, whereas the functional model was much more
reliable than before.

Predicted values from GB 5005-2017 equation showed relatively agreement with the test
values. Smaller errors within 12.04% were obtained for wood species with strength grade of
TC17, TC15 and TB20. Predicted values from NDS-2018 equation for A600 and A1100 agreed
well with the experimental values with errors less than 14.47%. However, for the specimens
longer than 1700 mm, predicted values were too conservative to fully use the materials. For now,
the stability coefficient of TC17 etc. may be suitable for the design of laminated bamboo columns,
whereas for short columns are inappropriate.

Therefore, a more suitable functional model should be chosen along with large numbers of
tests on columns with various lengths should be conducted in the future to develop a unified design
code for laminated bamboo columns.

Table 3 Compared results of different formulas

Group A600/kN AT1100/kN A1700/kN A2300/kN A3000/kN
Test results 487.54 442.72 372.24 295.79 219.37
Euler’s equation 1863.78 562.76 235.21 129.78 76.78
Error 282.28% 27.11% 36.81% 56.12% 65%
Liet al. 28] 540.56 458.75 364.67 275.05 176.13
Error 10.87% 3.62% 2.03% 7.01% 19.71%
Tan et al. [30] 614.19 490.91 423.19 443.04 576.86
Error 25.98% 10.89% 13.69% 49.78% 162.96%
TC17 etc. 546.24 473.32 374.50 288.47 212.87
Error 12.04% 6.91% 0.61% 2.48% 2.96%
TCI11 etc. 528.49 431.14 316.07 228.82 160.38
Error 8.40% 2.62% 15.09% 22.64% 26.89%
NDS-2018 558.09 419.56 208.45 118.38 70.84
Error 14.47% 5.23% 44% 59.98% 67.71%
Tan et al. [33] 421.54 394.58 305.44 253.92 223.88
Error 13.54% 10.87% 17.95% 14.16% 2.06%

Note: The compressive strength used for calculation was 59.63 MPa. Error = |Ca|cu|ation —test| / testx100%.
4 Numerical studies
4.1 Approximate solution method for buckling columns
Under ideal conditions, the lateral deflection in axially loaded members with hinged supports



at both ends follows a sine half-wave function curve, on which Euler derived the critical force
formula. However, test observations indicated that the lateral deflection in LBL column did not
follow a sine half-wave curve. This might be caused by the difference between actual boundary
conditions and ideal conditions resulting in bending moments at both ends of the column.
Therefore, in many studies, the predictive ultimate load calculated by Euler’s equation deviated
largely from the test values. According to Section 3.3, the deflection direction in some specimens
was oblique which was not strictly towards the position of the two laser displacement sensors.
Thus, Figure 9 cannot accurately represent the real deflection of the middle part of the specimens.
To obtain the deflection curve equation at the time of column buckling and to further obtain the
maximum deformation value in the middle span, an approximate solution method was adopted to

solve this problem.

Al

P P

T e ey e e

Figure 15 Axial compression
LBL column was simplified to a thin pole (Figure 15) and conformed to the assumption of

‘plane sections remain plane’. The length of the column can be indicated by a deflection curve

w:

Al dw Y’ a1 dw) 11 dw)

I:I 1+ — dXz_[ 1+—| — dXzI—AI+I— — | dx (18)
0 dx 0 2\ dx 021 dx
Therefore, the axial shortening value of the columns Al is expressed as:
11 dw)’

Al=| =] — | dx 19
IO 2 ( dx j (19)

By defining Rayleigh quotient [34]:
2 2
a4 o
270 dx?
R= >
1 I I(dwj dx
270 dx
where the molecule is the bending strain energy of the rod and the denominator is the axial

shortening value. The stationary point of Rayleigh quotient is the critical load at which the
geometric possible displacement corresponds to the buckling mode, i.e.

I;EI(?;\Q/) dx

s 1)
Il(m’vj dx
o\ dx

To take the extreme value of the quotient of Equation (21) and let it be zero:

(20)

=st
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The two integral terms of Equation (22) are calculated by variational operation:

|
j[dz(El d ‘QV] +pd W}é wax —{d {EI d—Wj Pd—WF } {Eld—wé[dwﬂ ~0(23)
ol dx dx dx? dx dx? dx . dx?  Ldx )|,

The governing equation can then be obtained:

d? d*w d*w
dX [EI dXZJ Pd7=0 (24)

Boundary conditions:

w=0or di(El d—Wj pW_g

X dx? dx (25)
aw e W g
dx dx

Let the trial function w be a quartic function:

i tfoeni]

where w is the lateral deflection of the column; | is the length of the column; & anda, are
undetermined parameter. W approximately satisfies the boundary condition. According to

Equation (26), the equations for axial shortening value and bending strain energy can be obtained

as follows:
2 2 2
lj(d_wj dx= 35a; +14a,a, + 2a, 27)
2700 dx 210l
_J- d w) o _2EI(5a) +&;) 28)
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By introducing the axial shortening value and ultimate load, the undetermined parameter a,
anda, can be obtained by substituting test values into Equation (20), (27) and (28). For A600 and
A1100 groups with compression failure mode, a large part of the axial shortening was due to
volume deformation that caused by compression, so there is no solution or only a complex-number
solution. For A1700 ~ A3000 groups, there were four pairs of real solutions, and only the first-
order solution was retained in this paper (Table 4). It can be seen that the relative error between
measured value and calculated value for A1700 was 4.32%, which verified the correctness of the
approximate solution method to a certain content. The trend 1.e. the lateral deflections increased
with the increase in slenderness ratio obtained by theoretical results was consistent with the

measured results in Section 3.3. To further validate aforementioned observations, a 3D finite



element model (FEM) was developed in the Section 4.2.

Table 4 Approximate solution

Group A1700 A2300 A3000
0 : 0 0
200
500 |
400 | 1 500 ¢
600} X:850 \ - X: 1150 1000 T x: 1500 \ T
Calculated 500 | Y:75.5 1000t Y:79.66 | Y: 86.48
i - " 1500 | LR
deflection curves at
ultimate load 1000 1500 | ]
1200 | 2000 |
1400 | : i
5000 | | 2500
1600 |
: : 3000 :
0 50 100 0 50 100 0 50 100

a, =346.56 a, =-178.31 | a, =431.49a,=-451.37 | a =515.27 a, =-677.43
First-order solution | or or or

a, =-346.56 a, =178.31 a, =—43149a,=451.37 | &= -515.27 a, =677.43

Measured Distance
from Z axis (mean 78.91mm — —

value)

Calculated distance
. 75.5mm (4.32%) 79.66mm 86.48mm
from Z axis

Note: Due to the limitation of the test site, the mid-span deflection values of A2300 and A3000 were not
measured in this test. Error =|Calculation —test|/ test x100%
4.2 Finite element analysis

To further verify the rationality of the approximate solution method, based on ABAQUS
explicit dynamic analysis method, the finite element method was adopted for comparative
analyses.
4.2.1 Hill failure criterion

Referring to the research by Jasienko et al. [35] and Tang et al. [36], Hill failure criterion [37]

was selected for strength analysis. The Hill failure criterion is expressed as:

F —0,) +G —0,,) +H - ?
F(oy) = (6222 O3) 2 (0x 20'11) (01 -0%) <o, (29)
+2Lo, +2Moy, +2Noy,

where o is the normal stress; o 1is the shear stress; F, G, H, L, M and N are constant values

i
determined by material properties and can be calculated by Equations (30) ~ (35):
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2\ oy, 2R},

is the strength of material in three directions; &, is the shear strength of material;

where o i

o, 1s a reference value used to determine material failure, ro=ﬁ. R;; can be calculated by

3 ]

Equation (36):

O, o o O, o, o
_Ou _O» _ Oz _ Oy _ O3 _Ox
R, = Ry, = Ry = Ry, = Ry = JRyy=— (36)
Oy Oy Oy %o Ty

Ty

4.2.2 Constitutive model and finite element model
Constitutive models and compressive strength of small LBL specimens are described in the

Introduction part, however, most of the studies only reflect mechanical properties in the parallel-
to-grain direction. Laminated bamboo lumber is a typical anisotropic material, even it could be
simplified as an orthotropic material in finite element analyses, the difference of ultimate strength,
elastic modulus and Poisson’s ratio in three directions should be considered.

The ideal elastic-plastic constitutive model of LBL used is shown in Figure 16, 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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Figure 16 Constitute model Figure 17 Material test

To obtain effective and reliable parameters for constitutive model i.e. compressive strength,
elastic modulus and Poisson's ratio in three directions, basic materials from the same batch were
used to fabricate 36 longitudinal specimens, 36 radial specimens and 36 tangential specimens with
dimensions of 50mmx50mmx100mm for compression tests (Figure 17). The main test results are
shown in Table 5. The shear properties of LBL were referred to the research by Saliklis et al. [38]
and Ramirez et al. [39] with shear modulus, elastic modulus and Poisson’s ratio expressed as

Equations (37). Shear strengths of Sxy, Syz and Szx were used same as Tang et al. [36].

G - JE. E; G - JERE; G - JERE, 37)
L= » Oy = v O =
2(1+ N2 E ) 2(1+ N Mrr Mg ) 2(1+ NI )

Table 5 Constitutive model parameters

Modulus (MPa) Poisson’s ratio Strength (MPa)
El 6323.70 pul2 0.25 Xt 98 Sxy 18.13
E2 1468.53 pu21 0.054 Xc 59.63 Svz 22.59
E3 1192.06 ul3 0.2 Yr 8.26 Szx 6.58
Gl12 1365.08 u31 0.04 Yc 21.91 o 59.63
G23 461.81 u23 0.43 Zr 8.26
GI13 1260.09 u32 0.435 Zc 19.85

Figure 18 shows the finite element model of A600. Same FE model technique was adopted
to other sample groups. The element type of Explicit/C3D8R and a meshing density of 10
(approximate global size) were implemented. The surfaces at both ends of the specimen were
coupled at two reference points at the center of the section. The boundary conditions were set at
the reference point, and the degree of freedom U1, U2 and U3 were restricted according to the
test conditions. To meet the requirements of quasi-static analysis with the kinetic energy less than
10% of the strain energy, the calculation time was set to 1s. The displacement loading was carried
out by using smoothing analysis step.
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Figure 18 Finite element model

4.2.3 Simulation results and analysis

Figure 19 plots the load-axial displacement curves and the stress clouds of the specimens
corresponding to the ultimate load moment. The stress cloud for A600 showed that the whole
section of specimen reached the maximum stress of 59.63 MPa when compression failure
occurred. However, unlike A600, the maximum stress area of the specimen was not uniformly
distributed along the column when buckling failure occurred indicating oblique deflections
involved. The simulation results matched well with the experimental phenomenon, which
confirmed the rationality of proposed finite element model.

For specimens with length of 1700mm, relative error between the ultimate bearing capacity
obtained by simulation and the test was larger than 20%. The reason is that the failure mode in
shorter specimens were compression failure where the ultimate load mainly depended on the
compressive strength of the material along the grain direction, however, in longer specimens,
buckling failure may occurred and the ultimate load became more sensitive to the elastic modulus
along the grain direction. The elastic modulus parallel to grain was 6323.7MPa in simulation,
which was quite different from the actually measured i.e. §749MPa (A600-A3000 average value);
therefore, obtained results from FE were very conservative. For analysis of A1700 ~ A3000 groups,
the elastic modulus along the grain direction was adjusted to 8749MPa to consider this concern,
and better results were obtained as expected.

Table 6 compares the results between the simulation and test. Analysis from Figure 19 and
Table 5 indicated that the shape of the load-axial displacement curves matched the test curves and
the relative error between the simulated ultimate load and the test value was within 20%. It
confirmed that the simulation of LBL columns using ideal elastic-plastic constitutive model and

Hill failure criterion was effective and feasible. Nevertheless, this model cannot perfectly reflect



the plastic stage of the specimens, i.e., the ductility of the structure. Table 6 also shows the
simulation results including the mid-span deflections and the distance from Z-axis. For buckling
columns under the working conditions in this paper, obtained relative error was within 3.34%
showing good agreements between FE and the first-order approximate solution, which proved the
rationality of the approximate solution method. For shorter A600 and A1100 groups, the measured
and simulated values of the distance from Z-axis were partly larger than those of buckling failure
specimens. The reason is that specimens with compression failure showed certain ductility
resulted in larger deformation during loading.
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(e) Stress cloud of A1700 at 294.64kN
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Figure 19 Stress cloud and load-displacement curves

Table 6 Compared results

Growp P kN Py AN  Errorl Surface  Surface Distan.ce from Firs‘f—order Error
A/mm B/mm Z axis/mm solution/mm

A600 58570 487.54 20.13%  0.01 0.1 70.79 — —
A1100 456.35 442.72  3.08% 1.95 4.00 74.93 — —
A1700 294.64 37224 20.85%  0.55 2.64 72.98 75.5 3.34%
A2300 259.12 29579 12.40% @ 1.12 10.92 79.53 79.66 0.16%
A3000 206.80 219.37  6.06% 4.11 19.03 87.71 86.48 1.42%
Note: P, is the simulated ultimate load; P, is the test result; Errorl=|P, —P,|/P,x100% ;

Error2 = |Distance from Z axis — First-order solution| / First-order solution x100% .

5 Conclusions

In this paper, compression tests considering the slenderness ratios as influencing factor were

carried out on laminated bamboo columns to study the axial compressive behavior and lateral

deflections. The approximate solution method and finite element method were adopted to analyze

with following conclusions summarized as:

(1) The failure modes of the LBL columns could be mainly divided into two types, namely



compression failure and buckling failure. For specimens with compression failure, all four sides
were subjected to compressive strains. However, for specimens with buckling failure, variations
in strain values on some surfaces were observed close to failure i.e. decreased or even converted
to tensile strain.

(2) With the increase in slenderness ratios, the influence of initial imperfection on the
deformation and bearing capacity of specimens became significant gradually, and the ultimate
strain and ultimate load showed a downward trend. The relationship between ultimate strain,
ultimate load and slenderness ratios were fitted and could be expressed by quadratic function and
linear function, respectively. Meanwhile, calculated bearing capacity from existing literature were
compared and discussed indicating the requirement of further investigations on LBL columns with
practical lengths to form a unified design code in the future.

(3) For long columns suffering from buckling failures, the lateral deflections at the ultimate
load could be obtained by using a quartic function that approximately satisfied the boundary
conditions. Theoretical results showed that the lateral deflections increased with the increase in
slenderness ratios. The measured lateral deflection value for A1700 specimen was in good
agreement with the calculated value, which verified the correctness of the approximate solution
method to a certain extent.

(4) Based on the ideal elastic-plastic constitutive model and Hill failure criterion, axial
compression tests were simulated for comparative analysis. Obtained distribution of stress clouds
in models were consistent with the experimental phenomena, and relative errors of ultimate
bearing capacity between test values and simulation values were less than 20% basically. The 3D
finite element model developed in this study can be used to calculate the ultimate bearing capacity
of LBL columns, whereas it cannot perfectly reflect the deformation of short columns subjected
to compressive failure.

(5) To further verify the correctness of the approximate solution method, theoretical lateral
deflections of buckling columns were compared with simulation results. Obtained relative errors
were within 3.34%, which verified the feasibility of the approximate solution method under the
working conditions considered in current study.
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