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Abstract To evaluate the mechanical performance under
two eccentric compression directions, 80 laminated bam-
boo lumber (LBL) column specimens were tested and
analysed. Mechanical properties along two directions were
compared. Bamboo nodes and drill hole are two main
failure reasons for the specimens under two eccentric
directions. More crack layers appeared for radial eccentric
direction group specimens due to the layer structure. No
matter which eccentric directions they are, the lateral
deflection curves are close to the sine line, and 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
mechanical properties for two directions are similar with
each other and could follow the same design rules.
Although the mechanical properties are similar for both
LBL columns and parallel bamboo strand lumber (PBSL)
columns as a whole, there are still some clear performance
differences between the two kinds of materials. Combined
all the test data under two eccentric directions, an equation
for calculating the radial eccentricity influencing coeffi-
cient ¢, of LBL columns is proposed. The calculation
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results obtained from the equations give a good agreement
with the test results.

Keywords Laminated bamboo lumber - Column - Radial
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Introduction

As a promising wood substitute, bamboo’s structural forms
in which it can be used are limited due to the diameter of
the bamboo culm and the low rigidity of the bamboo. To
solve these problems, modern industrial bamboo materials
appeared in different forms, such as Glubam [1, 2], parallel
bamboo strand lumber (PBSL) [3, 4], laminated bamboo
lumber (LBL) [5-10], and so on. Bamboo tubes can be
disassembled into bamboo filament bundles by passing
them through a roller press crusher and then gluing it
together with adhesive to form certifiable structural mem-
bers. The composite material is called PBSL [3, 4]. As for
LBL [5-10], original bamboo tubes can be disassembled
into thin flat laminae first and then laminated together with
adhesive to form certifiable structural members. Both the
cross section and length can be controlled freely in the
factory, and thus, LBL is competitive with commonly used
building materials, whilst also having renewable
characteristics.

Basic mechanical performances, such as tensile, shear,
compressive, and bending, have been investigated by many
researchers [5-23] through small specimens, considering
effects of layer structure, bamboo species, oil treatment,
loading direction, processing methods, and glue type, etc,
while there are not too many studies on structural mem-
bers. Li et al. [13], Sharma et al. [18], Lee et al. [20], Wei
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et al. [21], Lima Douglas Mateus de et al. [22], and Sinha
et al. [23] have examined the bending properties of LBL
beams separately in a structural size, and a good research
conclusion has been given.

However, less research reports could be found for the
LBL columns. Li et al. [24] have studied the buckling
performance of PBSL columns under axial compression.
Taheri Li et al. [25] investigated the buckling response of
glue-laminated columns reinforced with fibre-reinforced
plastic sheets. The study of Li et al. [26] showed that the
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 elastoplastic portion and a purely plastic
portion. Su et al. [27] investigated the mechanical perfor-
mance of laminated bamboo lumber column pier under
axial compression. Luna et al. [28] and Li et al. [29] have
investigated the mechanical performance of laminated
bamboo column under axial compression considering the
slenderness ratio, respectively. Li et al. [3] have investi-
gated the eccentric compression performance of PBSL
column based on 45 specimens, and the designed eccen-
tricity values are 0, 10, 25, 40, 55, 70, 80, 90, 100, and
120 mm. Li et al. [30] have investigated the mechanical
properties of 35 LBL column specimens with a design
dimension of 73 mm x 73 mm x 1000 mm under radial
eccentric compression, and the test specimens have
mechanical connections. As discussed above, except for Li
et al. [30] ’s study, it is difficult to find papers addressing
the performance of LBL columns under eccentric
compression.

To the best of our knowledge, a few studies on LBL in
compression have been conducted under eccentric com-
pression conditions. However, almost all columns used in
the building industry experience eccentric compression. A
few studies have been performed under eccentric com-
pression for bamboo lumber pieces. Due to the low shear
strength of the material and the complicated test setup, it is
not easy to perform the eccentric compression test. The
behaviour of structural members under eccentric com-
pression could be significantly different from its behaviour
under axial compression. This study aims to examine the
tangential and radial eccentric compression behaviour of
LBL structural members and investigate how the eccen-
tricity ratio influences the behaviour of LBL columns under
two eccentric compression directions on the basis of larger
test specimen number.

As we all know, bamboo is one kind of anisotropic
materials, and different directions have different mechan-
ical properties. What is the mechanical performance along
different directions after laminating those strips together?
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In addition, are there any mechanical property differences
between the LBL and PBSL columns under eccentric
condition? These are interesting questions. To know the
eccentric compression behaviour of LBL columns under
tangential and radial deviation directions, the study will
examine in detail the behaviour of full size structural
members (with a design dimension of
100 mm x 100 mm x 1200 mm) constructed from lami-
nated bamboo lumber with different eccentricity ratios.
Detailed comparisons between the mechanical properties
along two directions for the LBL columns will be inves-
tigated in the following, as well as the comparisons
between the LBL and PBSL columns [3] under eccentric
condition.

Materials and test methods

Harvested at the age of 3—4 years, the source Moso bam-
boo (Phyllostachys pubescens) was chosen from Fujian
province. The cross section of bamboo strips elements for
LBL is rectangle (Fig. 1) with the dimension of
8 mm x 21 mm. The length for all strips is the same as the
column specimens, which means that there are no
mechanical connections along the longitudinal direction for
all strips. Following the same measures as mentioned by Li
et al. [26] before, laminated bamboo lumbers were made
finally. The final moisture content was 6.52 %, and the
density was 640.25 kg/m> for the materials. According to
the compression tests, the compression strength for the
laminated bamboo is 80.43 MPa, with the modulus of
elasticity of 9694.3 MPa, Poisson’s ratio of 0.33.

Bamboo has three main directions, which are longitu-
dinal, radial, and tangential. Considering two eccentric
directions (Fig. 1), respectively, and different eccentricity
values of 0, 10, 25, 40, 55, 70, 80, 90, 100, 110, and
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Fig. 1 Specimen and eccentric direction sketch
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120 mm, twenty groups of specimens, with the same cross
section of 100 mm x 100 mm and the same length of
1200 mm, were constructed. Each group consisted of four
identical specimens, and the total number is 80 for all the
specimens. In addition, the specimen groups are named by
‘LBCC + eccentricity’. One example was given in the
following to differentiate the specimens which directions
they are. The number suffixed following ‘LBCC + ec-
centricity’ tells which eccentric direction they are. For
example, the specimen from LBCC10-1 to LBCC10-4 is
under radial eccentric direction, while the specimen from
LBCC10-5 to LBCCI10-8 is under tangential eccentric
direction.

The displacements for axial direction, the quarter points,
including the mid-span deflection were measured by three
laser displacement sensors (LDS model: Keyence IL-300),
respectively. Two strain gauges were pasted on each
middle side surface of the specimens except one side sur-
face (face D) with six train gauges, and the strain gauges
were numbered, as shown in Fig. 2. The load is 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 data acquisition system (model: TDS-
530).

The total loading time is controlled between 8 and 12 min.
The load was applied initially through load control in the
elastic stage, and then was changed to displacement control
before the proportional limit. The test continued at a certain
displacement rate until the load reduced by 15 % of the
ultimate load or the middle deflection value is about 40 mm or
so after the peak load point or the specimen had sustained
significant damage, at which time testing was halted.

Test results and analysis
Failure modes and mechanism analysis

The main test results can be seen from Table 1 except
group LBCCO. Stable failure happened for this group under
axial compression, and the ultimate load values for group
LBCCO are 509.9, 537.0, 510.7, and 5144 kN. The mean
ultimate load for this group is 518.0 kN with a standard
deviation of 12.85 kN and a coefficient of variation of
2.5 %. Based on the mean and standard deviation quoted,
the characteristic ultimate load for these specimens is 496.8
kN.

All specimens for both eccentric directions behaved
elastically at the beginning of loading. With the increase of
loading, the specimens showed a small amount plastic
deformation and the stiffness of the column decreased
significantly. Then, cracks (accompanied by a slight noise)
appeared on the tensile surface A as the deflection became
obvious. Finally, the load reduced by 15 % of the ultimate
load or the specimen had sustained significant damage or
the middle deflection value is too big. The columns shed
most of the load at this time, and can be considered to have
failed. Except for face C, cracks can be seen clearly from
other three side surface. Bending failure always happens
for all the column specimens under two eccentric directions
compression.

On the basis of the first crack appearing position and
damage process, three typical failure modes can be
classified, respectively, for two eccentric directions.
Typical failure modes for radial eccentric direction can
be seen from Fig. 3. The first one is named failure mode
I (Fig. 3a) which the specimen split first around the
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Tu_k Eccentricity 10
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(a) Test scheme (b) Strain gauges arrangement (¢) Test photos

Fig. 2 Eccentric compressive test for columns
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Table 1 Test results

Specimen Nu (kN) wy; (mm) uasa (HE) €uasc (H&) utsa (11€) euisc (He) Su (mm) My (kN m)
LBCCI10-1 230.0 20.9 3227 —-9910 —973 2944 9.49 7.12
LBCC10-2 228.4 20.1 2273 —8900 —817 3248 12.2 6.87
LBCC10-3 230.1 214 3094 —7045 —876 3036 9.76 7.22
LBCC10-4 228.7 18.3 2297 —8644 —770 2581 12.0 6.46
LBCC10-5 227.7 21.5 3534 —9700 —940 3045 8.04 7.16
LBCC10-6 232.0 359 2445 —8055 —696 2625 8.49 10.6
LBCC10-7 234.3 18.6 2914 —9008 —766 2280 7.83 6.70
LBCC10-8 223.2 23.0 3788 —10568 —962 2945 8.34 7.36
LBCC25-1 178.1 37.2 7443 —13067 —1921 4229 11.3 11.1
LBCC25-2 182.8 40.2 8379 —16075 —2141 4158 12.8 11.9
LBCC25-3 186.0 44.5 9319 —17030 —2742 5188 13.9 12.9
LBCC25-4 182.3 44.5 7709 —10129 —2397 6248 12.8 12.7
LBCC25-5 182.6 40.5 7237 —14516 —2022 - 14.3 12.0
LBCC25-6 180.5 353 6493 —13004 —1714 3318 12.2 10.9
LBCC25-7 188.7 42.8 8281 —13946 —2054 5432 13.2 12.8
LBCC25-8 180.5 40.2 7848 —15069 —2141 4481 13.1 11.8
LBCC40-1 148.8 46.6 10975 —15845 —2772 2831 23.8 12.9
LBCC40-2 149.4 52.6 10698 —15301 —2929 6597 24.7 13.8
LBCC40-3 138.3 46.6 10046 —16591 —2808 4859 21.6 12.0
LBCC40-4 140.7 48.5 8904 —17060 —2885 5082 19.1 12.5
LBCC40-5 145.4 43.5 10677 —18656 —2674 5602 23.3 12.1
LBCC40-6 151.9 53.0 11001 —18602 —2498 5398 22.6 14.1
LBCC40-7 137.1 39.9 9206 —14225 —2530 4036 16.0 10.9
LBCC40-8 137.2 33.1 6808 —10882 —1934 3048 14.4 10.0
LBCC55-1 127.5 47.7 10227 —14540 —3141 4810 229 13.1
LBCC55-2 1314 50.0 10847 —18153 —2642 6082 23.7 13.8
LBCC55-3 125.7 47.2 9385 —15544 —2375 4734 22.6 12.8
LBCC55-4 129.4 54.8 11500 —15082 —3407 5738 29.2 14.2
LBCC55-5 124.9 41.2 7416 —12925 —2085 3825 17.6 12.0
LBCC55-6 117.5 - 8662 —12818 —2253 4324 19.2 6.46
LBCC55-7 130.2 45.8 10351 —16510 —3234 5107 24.6 13.1
LBCC55-8 127.9 39.9 8062 —13155 —2278 4375 19.2 12.1
LBCC70-1 105.9 37.0 7860 —10198 —2207 3422 19.8 11.3
LBCC70-2 107.4 42.0 9035 —13906 —2674 4290 20.6 12.0
LBCC70-3 112.4 45.0 9011 —14721 —2995 4948 24.1 12.9
LBCC70-4 112.3 48.0 10319 - —2641 5836 259 13.3
LBCC70-5 107.3 38.5 8199 —10911 —2220 3798 21.0 11.6
LBCC70-6 108.3 47.8 9769 —13932 —2365 3746 26.7 12.8
LBCC70-7 100.2 38.1 8251 —10094 - 3551 20.7 10.8
LBCC70-8 112.0 47.8 9900 —15311 —2581 5250 26.0 13.2
LBCC80-1 105.7 444 9444 —11460 —2964 4899 26.0 13.1
LBCC80-2 104.4 49.2 10708 —14157 —3070 5380 30.6 13.5
LBCC80-3 107.7 54.4 10322 —16309 —3225 5662 29.8 14.5
LBCC80-4 101.2 42.9 8910 —14469 —2564 4649 23.0 124
LBCC80-5 102.7 49.3 9881 —14152 —3000 - 30.5 13.3
LBCC80-6 99.3 40.1 8102 —13452 —1947 4019 22.3 11.9
LBCC80-7 95.1 36.3 - —-9011 —1386 3530 20.1 11.1
LBCC80-8 101.8 45.6 9485 —11995 —2683 4234 26.8 12.8
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Table 1 continued

Specimen Nu (kN) wyr (mm) uasa (1€) €uasc (1&) utsa (1€) &uisc (He) Sul (mm) My (kN m)
LBCC90-1 81.8 31.0 6010 —6987 —1601 2269 16.3 9.90
LBCC90-2 91.5 36.0 8447 —9309 —2032 2163 26.7 11.5
LBCC90-3 85.3 41.0 8219 —5826 —2196 3872 24.0 11.2
LBCC90-4 86.9 40.0 8966 —10151 —2248 3931 26.6 11.3
LBCC90-5 88.0 38.1 8124 —11478 —2222 3885 28.6 11.3
LBCC90-6 93.7 45.9 8014 —10170 —2152 3130 254 12.7
LBCC90-7 89.5 48.7 9852 —14340 —2731 3647 33.2 12.4
LBCC90-8 86.8 39.5 8197 —11708 - 3499 25.8 11.2
LBCC100-1 76.8 41.0 7666 —8586 —1929 3519 31.4 10.8
LBCC100-2 81.6 390.1 8292 —8132 —2450 3381 29.3 114
LBCC100-3 84.6 44.5 8942 —10243 —2845 3569 30.9 12.2
LBCC100-4 79.3 40.6 8442 —9840 - 4685 28.3 11.1
LBCC100-5 79.5 34.5 7268 —8742 —2018 2627 22.5 10.7
LBCC100-6 934 52.3 10366 —12265 —3259 5150 36.1 14.2
LBCC100-7 79.7 - 7647 —10224 —2133 3516 26.5 7.97
LBCC100-8 80.2 31.5 8227 —8486 —2392 3006 27.5 10.5
LBCC110-1 73.5 41.0 8123 —12112 —2520 3409 354 11.1
LBCC110-2 83.7 39.0 8193 —13437 - 4660 34.5 12.5
LBCC110-3 84.2 39.0 10683 —15449 —2923 5460 359 12.5
LBCC110-4 80.8 40.0 9114 —10071 —2310 5457 34.1 12.1
LBCC110-5 80.7 42.2 8670 —10965 —3225 3198 34.1 12.3
LBCC110-6 80.6 41.0 8157 —9545 —2237 3570 27.5 12.2
LBCC110-7 80.0 39.6 8514 —10621 —2418 2652 28.9 12.0
LBCC110-8 80.4 37.8 8446 —11263 —2202 3095 26.9 11.9
LBCC120-1 72.1 45.8 8202 —12178 —2623 3418 36.4 12.0
LBCC120-2 80.2 48.6 9195 —13881 —2612 4941 42.1 13.5
LBCC120-3 73.8 519 7353 —14095 —2099 3489 41.9 12.7
LBCC120-4 78.5 494 8866 —10596 —2548 4289 39.8 13.3

Ny is the ultimate load. wy, is the deflection for the peak load point. &y,sa and euasc are the longitudinal strain for face C and face A, respectively.
euisa and gysc are the lateral strain for face C and face A, respectively. sy is the axial displacement. My, is the ultimate moment

central position in face A (tensile side) and then the
cracks appeared layer by layer mainly from tensile side
to inner part of the specimen with the increase of
loading. Most of the test specimens failed following the
first mode. The cracks in both the central position and
the position close to the bracket for failure mode II
(Fig. 3b) appeared almost at the same time in the tensile
surface (face A) and then the specimen split layer by
layer close to the compression side. The third one is
called failure mode III which the specimen split around
the drill hole first in the tensile surface (face A), but the
cracks did not extend on and along face A. It can be
seen clearly that there is none crack on the middle part
of surface A, but several layers’ cracks can be seen from
face B. Figure 3c shows the third final failure mode.
Figure 4 shows the typical failure modes for tangential
eccentric direction. Similar as radial direction, the speci-
men for failure mode I (Fig. 4a) split first around the

central position in face A (tensile side), and then the cracks
extended to the inner part of the specimen with the increase
of loading. Most of the test specimens failed following the
first mode. The cracks around the drill holes in the bracket
part for failure mode II (Fig. 4b) appeared first in the
tensile surface (face A) and extended along the cross sec-
tion. The bracket part of the specimen was broken and
almost fell off. None cracks can be seen in the central part
of the specimen during the whole loading process. Only
two specimens damaged like this which are LBCC100-5
and LBCC110-5. Similar as failure mode II, the specimen
for failure mode III split around the drill hole firstly in the
tensile surface (face A) and the cracks did not extend on
and along face A, but one main crack developed to the
inner and middle part of the specimen. There is none crack
on the middle part of surface A, but one main crack can be
seen from face D clearly. Figure 4c shows the third final
failure mode.
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Face D
(a) Failure mode I (LBCC10-1)

Face D
(a) Failure mode I (LBCC10-5)

Face A

Face A

Face B
(¢) Failure mode III (LBCC110-1)

Fig. 3 Typical failure modes for radial direction

As discussed above, typical failure modes along two
directions are not exactly the same with each other. Even
though the failure mode I for both directions is similar, the
difference still can be found easily that more crack layers
appeared for radial eccentric direction group specimens.
The trait of more crack layers was embedded in all three
modes for radial direction compared with that for the tan-
gential direction. In addition, the main reason is that there
are more bamboo strip layers for radial eccentric direction.

There are two main reasons for the failures of the
specimens no matter which eccentric direction they are. In
addition, the two main reasons are the bamboo joints and
drill hole, particularly the first one. Bamboo joints are the
weak point of the strips. Most of the specimens crack first
in the bamboo joint area. However, no matter which failure
reason it was, the deflection was very big when the spec-
imen split. As can be seen from Table 1, the average
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Face D
(c¢) Failure mode IIT (LBCC110-7)

Fig. 4 Typical failure modes for tangential direction

deflection at ultimate load is far bigger than the maximum
allowable design value of 4.8 mm (L/250, where L is the
length of the column). Two critical design criteria (de-
flection and strength) are always used for the structural
members. Even though different failure modes happened,
the column can still meet both the design criterion.

Load strain curves comparison

Typical load strain curves comparison can be seen from
Figs. 5 and 6, which show how longitudinal strains and the
lateral strains for the four middle side surfaces change with
the increase of loading, respectively. All strains displayed
an initial elastic phase. Face C for all specimens is always
under compression condition along the longitudinal axial
line no matter which eccentric direction they are. When the
eccentricity value becomes bigger, the increasing speed for
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the strain value becomes bigger for both radial direction
and tangential direction. The longitudinal strain values and
lateral strain values for both face B and face D are always
consistent during the whole loading process no matter how
big the eccentricity value is and which eccentric direction
they are. In addition, these two kinds of values become
closer and closer to zero with the increasing of the
eccentricity value which means that the mechanical prop-
erties for eccentric columns become more and more similar
to that for the beam. Both the longitudinal strain values and
the lateral strain values for face C are always the biggest
among four surfaces. The ultimate longitudinal strain value
on the compression surface of the specimen is biggest
among four strains no matter how big the eccentricity value
is and which eccentric direction they are. As defects
influence the tensile strength more than compression
strength, the tensile failure always happens earlier than the
compression failure for the laminated bamboo column for
two eccentric directions.

Load lateral deflection curves comparison

Figure 7 plots the typical lateral deflection curves com-
parison for two eccentric compression directions under
different load grade. Similar as that for the PBSL column
[3] under eccentric conditions, the variation trends are
similar for the columns no matter how the test eccentricity
values are and which eccentric direction they are. The sine
half-wave curves have been drawn by using the dotted lines
in Fig. 7. It can be seen clearly that the test curves are pretty
much close to the sine line when the load value is small.
When the load value becomes bigger and bigger, the curves
are close to triangle more no matter how the test eccentricity
values are and which eccentric direction they are. The
equation of the deflection curve can be expressed as:

. mwH
W = Wn Sll’lT7

(1)

where w is the deflection value of the laminated bamboo
lumber column, wy, is the middle deflection value of the

L 1 L) L

-10 -5 0 5 10
/103

(a) LBCC25-2

£/103
(b) LBCC 25-5

Fig. 5 Load-longitudinal strain curves comparison

21 -14 -7 0 7 14-15 -10 -5

column, H is the height from the bottom to the calculation
point of the column, and L is the total length of the column.

Strain distribution comparison

Figures 8 and 9 plot the typical evolution of the strain
profile through the loading process for the mid-span cross
section of the specimens for two eccentric directions,
respectively. Similar as that for the PBSL column [3] under
eccentric conditions, no matter which direction it is, 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. Due to
the tensile side and compression side of the LBL materials
becoming plastic, the strain profile line is curved in the two
ends. One phenomenon is similar for the two eccentric
directions that the neutral axis position becomes higher and
higher from 0 mm to approximately 40 mm with increas-
ing of eccentricity value and then the position does not
change too much for the position 40 mm. In addition, over
the course of the loading process for the specimen with
small eccentricity, the neutral axis moves upwards to the
middle height of the cross section, particularly during the
latter part of the process. These phenomena can be seen
clearly for specimen LBCC10-4 and LBCC 10-8 for each
eccentric direction, respectively. However, over the course
of the loading process for the specimen with large eccen-
tricity, the neutral axis moves downwards from the centre
of the column, particularly during the latter part of the
process for both eccentric directions.

Load middle deflection curves comparison

Figure 10 plots the typical load against the middle deflection
curves comparison for the specimens with different eccen-
tricity under two eccentric directions. Similar as the perfor-
mance for the PBSL column [3] under eccentric conditions,
the load and deflection curves show that these specimens are
under elastic compression in the initial stage, followed by
nonlinear softening behaviour no matter which direction they
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Fig. 6 Load-lateral strain curves comparison
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Fig. 8 Typical strain profile development for radial eccentric direction
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Fig. 9 Typical strain profile development for tangential eccentric direction

@ Springer



J Wood Sci (2016) 62:503-517

511
Fig. 10 Load-middle 250 - 1BCCI10-1 250 r BCC10-5
deflection curves comparison
for two directions 200 - LBCC25.1 200 - LBCC25-5
Z150 | LBCC40-4 7150 | LBCC40-7 LBCCSS-S
= ccss-l =
Siog | LBCC80-1 =00 | TBCC80-3
LBCC100-2 BCC100-6
50 LBCC120-3 50 LBCC110-6

0 20

w /mm

(a) Radial eccentric direction

Fig. 11 Ultimate longitudinal 12
strain comparison for face A ’ $ § oz »
- L ¢
s 8 $ . “zz
\E *
G4 R
0 1 L 1

0 04 08 12
ey 'h

(a) Radial eccentric direction (LBL) (b) Tangential eccentric direction (LBL)

Fig. 12 Ultimate lateral strain 0 T T 1
comparison for face A 0.4 0.8 1.2
Bt
5 -
~2r ¢ 3%,
& tal e *3e
3k $ > ‘e
*
4 L

e/h

(a) Radial eccentric direction (LBL) (b) Tangential eccentric direction (LBL)

are. After the peak load point, the lateral deflection increase
quickly. The load is decreasing, while the displacement keeps
increasing until failure happens. Purely plastic behaviour
happens particular for the specimen with small eccentricity.
As can be seen from Fig. 10, the lateral deflection increasing
rate accelerated with the increase of the eccentricity before
achieving the ultimate load. Deflection caused by the initial
defects influences the bearing capacity of the specimens more
and more obviously as the increase of the eccentricity ratio,
and the bigger the eccentricity ratio, the bigger the deflection
corresponding with the peak load.

Ultimate strain comparison for three typical faces
Figures 11 and 12 plot the ultimate longitudinal strain

comparison and the ultimate lateral strain comparison for
face A under two eccentric directions for LBL column and

| | 0

40 60 0 20 40 60
w /mm

(b) Tangential eccentric direction

12 . 12
* *
oge
*
o * -
28§00 28 :‘3*33
E E ¢
& 4 ‘ £ 4
+
0 1 ! | 0 1 1 )
0 04 08 12 0 04 08 12
ey/h ey /h
(c) PBSL
0 T T 1 0 T T 1
s 04 08 12 ¢ 04 08 12
-1 b 1 o«
S . =
S L 8%84%8, 2 $8g8.08 8
3 $3 0% = $ *
3 * z $.¢
W ¢ ‘e ® 3L :z’ :
3t o * ae - .
-4 e/h -4 - e/h
(¢) PBSL

one direction for PBSL column [3], respectively. As can be
seen clearly from these two figures, the variation trends are
similar for both radial direction and tangential direction
which are similar as that for the PBSL column. No matter
which eccentric direction it is, face A undertakes tensile
stress along the longitudinal direction and compressive
stress along the lateral direction with increasing of the
eccentricity ratio as it is tensile face. Both the ultimate
longitudinal strain values and lateral strain values are small
for the column specimens with small eccentricity ratio
which mean that the material strength has not been brought
into full play when the specimen failed under two eccentric
directions. These two kinds of values increase clearly with
the increasing of eccentricity ratio initially, and then do not
change too much or decrease slowly. The longitudinal
strain values for face A for PBSL columns are smaller than
those values for the LBL columns.
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Figures 13 and 14 plot the ultimate longitudinal strain
comparison and the ultimate lateral strain comparison
against the eccentricity ratio for face B, respectively.
Similar as face A, face B undertakes compressive stress
along the longitudinal direction and tensile stress along the
lateral direction no matter which eccentric direction and
which material the specimen is. Both the absolute longi-
tudinal strain values and the absolute lateral strain values
increase with the increasing of eccentricity ratio initially,
and then decrease after approximately 0.4 for the eccen-
tricity ratio value for both two eccentric directions for LBL
columns. Even though the overall trends are similar for two
kinds of the materials, the absolute longitudinal strain
values for PBSL columns [3] decreased after the eccen-
tricity ratio value exceeded 0.8 which is bigger than that for
LBL columns. In addition, the ultimate lateral strains val-
ues were very scattered for PBSL columns.

Figures 15 and 16 plot the ultimate longitudinal strain
comparison and the ultimate lateral strain comparison
against the eccentricity ratio for face C, respectively. As

Fig. 13 Ultimate longitudinal 0
strain comparison for face B
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compression face, face C undertakes compressive stress
along the longitudinal direction and tensile stress along the
lateral direction no matter which eccentric direction and
which material the specimen is. Following the similar
trends, both the longitudinal strain values and the absolute
lateral strain values are small for the column specimens
with small eccentricity ratio under two eccentric directions.
Similar as face A, these two kinds of values increase
clearly with the increasing of eccentricity ratio initially,
and then do not change too much or decrease slowly for
both eccentric directions. The strain values for LBL col-
umns decreased earlier than those for PBSL columns [3].

Combined analysis
Ultimate displacement comparison

Figures 17 and 18 plot the ultimate middle deflection
comparison and ultimate axial deformation comparison for
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LBL columns under two eccentric directions and for PBSL
columns [3] with different eccentricity ratio. As can be
seen from Fig. 17, the ultimate middle deflection values
become bigger and bigger with the increase of the eccen-
tricity ratio as a whole and then they do not change too
much or decrease slightly. However, the ultimate axial
deformation keeps increasing with the increasing of
eccentricity ratio, as shown in Fig. 18, which is different
from the ultimate middle deflection for both two eccentric
directions. Similar as the absolute values for the strains, the
ultimate middle deflection values for PBSL columns keep
increasing for a longer time than that for LBL columns.

Based on the test results, the relationship between ulti-
mate middle deflection and eccentricity ratio, under the
conditions mentioned previously, can be expressed as fol-
lows, respectively:

war = —39.9(e0/h)*+62(eo/h) + 22.8, (2)
W = —43.5(eg/h)>4+62(eo/h) +22.5, (3)

40 40
30 o 30
£ * e * £
E 20 * S RS g 20
< 10 < 10
0 1 1 | 0 1 1 ]
0 04 0.8 1.2 0 04 0.8 1.2
ey/h ey/h
(c) PBSL

Was = —58.7(eo/h)>+96.6(eq /1) + 7.9, (4)

where w,, and w,, are the ultimate middle deflection of the
LBL column for radial eccentric direction and tangential
eccentric direction, respectively (mm), wy is the ultimate
middle deflection of the PBSL column (mm), ¢y is the
eccentricity value of the PBSL column (mm), and 7% is the
height along the eccentric direction of the cross section
(mm).

According to the test results for the specimens under the
conditions mentioned previously, the relationship between
ultimate axial deformation and eccentricity ratio can be
expressed as:

Sur = 26.6(eq /h)*® (5)
Su = 25.1(eo/h)*0"® (6)
Sus = 28.7(eq/h)>" (7)

where S, and S, are the ultimate axial deformation of the
LBL column for radial eccentric direction and tangential
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Fig. 19 Ultimate load
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eccentric direction, respectively (mm), and S, is the ulti-
mate axial deformation of the PBSL column (mm).

Ultimate bearing capacity comparison

Figures 19 and 20 plot the ultimate load comparison and
the ultimate moment comparison for columns with differ-
ent eccentricity ratios for ultimate load under two eccentric
directions. The ultimate load values decrease quickly with
the increase of the eccentricity ratio in the beginning, and
then decrease slowly. However, the ultimate moment
increases first and then do not change too much or decrease
slightly. The eccentricity ratio is the main influencing
factors on the bearing capacity of the columns. The rela-
tionship between ultimate load and eccentricity ratio, under
the conditions mentioned previously, can be expressed as:

Nur = 86.14—64.3In(eg/h), (8)
Nul[ = 85.12—64.6ln(e0/h), (9)
Nus = 91.13—64.31In(eo /h), (10)
where Ny, and N, are the ultimate bearing capacity of the
LBL column for radial eccentric direction and tangential
eccentric direction, respectively (kN), and Ny is the ulti-
mate bearing capacity of the PBSL column (kN).

On the basis of the test results, the relationship between

ultimate load and eccentricity ratio, under the conditions
mentioned previously, can be expressed as:

My = —9.46(eo/h)*+14.6(eq /h) + 7.41,
My = —9.45(eo/h)*+13.4(e /h) + 71.74,
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Mus = —11.4(eo/h)*+19.8(eo/h) + 5.12, (13)

where M, and M, are the ultimate moment of the LBL
column for radial eccentric direction and tangential
eccentric direction, respectively (kN), and M, is the ulti-
mate moment of the PBSL column (kN).

Figure 21 plots the ultimate moment and load relation-
ship comparison for the columns. It can be seen clearly that
there is one limit state for all three figures. The trends for
M, —Ny; curves are similar as that for reinforced concrete
columns under eccentric condition. For the specimen with
smaller eccentricity values, the N, values for LBL columns
decrease more quickly with the increasing of M\, than the
N, values for PBSL columns.

As discussed above, the mechanical properties for two
eccentric directions are similar with each other even though
the failure modes are somewhat not very same for LBL
columns. That is to say, they could follow the same design
rules when used in the construction area. While even
though the mechanical properties are similar for both LBL
columns and PBSL columns [3] as a whole, there are still
some clear performance differences between the two kinds
of materials. It might be not proper to ignore the difference
when designing. Anyway, they have different inner struc-
tures and production processes and technologies with each
other.

Calculation for the ultimate bearing capacity

The eccentricity influencing coefficient ¢, for calculating
the ultimate bearing capacity can be expressed as follows:
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Fig. 21 Ultimate moment and 250 250 300
load relationship comparison 200 | 200 L 250 -
¢ 200 |
Z1so g 150 ¢ g 153 | o2
= * =3 I -
2100 r . = 100 = 100 |
50 + 50 | 50 -
0 i i i 0 . . L ) 0 . . \ )
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
My /KN My /KN M, /KN
(a) Radial eccentric direction (LBL) (b) Tangential eccentric direction (LBL) (c) PBSL
Table 2 Comparison between <
the test results and calculation Group co/h Pe Moy (kN) N (kN) H Sb cov
results LBCC10 0.10 0.466 229.3 231.7 0.99 0.0141 0.0142
LBCC25 0.25 0.362 182.7 179.7 1.017 0.0186 0.0183
LBCC40 0.4 0.295 143.6 146.7 0.979 0.041 0.0419
LBCC55 0.55 0.250 126.8 124.0 1.023 0.0351 0.0343
LBCC70 0.7 0.216 108.2 107.4 1.008 0.0384 0.0381
LBCCS80 0.8 0.198 102.2 98.54 1.037 0.0398 0.0384
LBCC90 09 0.183 87.93 91.06 0.966 0.0405 0.0419
LBCC100 10 0.170 81.90 84.64 0.968 0.0608 0.0628
LBCCI110 1.1 0.159 80.47 79.06 1.018 0.0408 0.0401
LBCCI120 1.2 0.149 76.18 74.18 1.027 0.0516 0.0503
SD standard deviation, COV coefficients of variation
®e = Nu/No, (14) deviation (SD), and coefficients of variation (COV) values,

where N is the ultimate bearing capacity of LBL columns
under eccentric compression, and N, the ultimate bearing
capacity of LBL columns under axial compression.

In reality, there is interaction between the eccentricity
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, an equation for calculating the eccentricity influencing
coefficient ¢, of laminated bamboo lumber columns can be
expressed as:

1

Pe =173+ 4.14e0 )’

(15)
where e is the eccentricity value of the LBL column, and
h is the height along the eccentric direction of the cross
section.

According to formula (14), the ultimate bearing capacity
can be calculated by the following equation:

Nll] = (peN07 (16)

where the stability coefficient ¢, can be calculated by
Eq. (15).

The test results and calculation results by Eq. (16) for
each group of specimens, in the form of mean, standard

are summarised in Table 2. N}, is the average test ultimate
load and N is the calculation ultimate load by Eq. (16). u
stands for the mean value of N, /N¢,. It can be seen clearly
that the standard deviation coefficients for most of groups
are no more than 0.052 except one group with the eccen-
tricity value of 100 mm. The standard deviation coefficient
for group LBCC100 is 0.0608 which is also not very big. In
addition, most of the coefficients of variation are less than
0.051 except group LBCC100 with the value of 0.0628. As
a whole, all these two kinds of values are small. That is to
say, the calculation results obtained from the equation give
good agreement with the test results.

All the equations presented in this paper show how the
factors investigated were found to influence the mechanical
performance of columns under eccentric compression in
this particular series of the tests, and give reference for
further work to establish a generally applicable formula for
code adoption.

Conclusions
To investigate the mechanical properties of laminated

bamboo lumber column under radial and tangential
eccentric compression, 80 column tests have been
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performed. Based on the analysis of the test data, the fol-
lowing conclusions can be drawn.

1. Even though three typical failure modes can be divided
for both two eccentric directions, they are not exactly
the same with each other. More crack layers appeared
for radial eccentric direction group specimens due to
the layer structure.

2. There are two main reasons which are the bamboo
joints and drill hole for the failures of the specimens
under two eccentric directions, particularly the first
one. The tensile failure always happens earlier than the
compression failure for the laminated bamboo as
defects influence the tensile strength more than com-
pression strength.

3. No matter which eccentric directions they are, the
lateral deflection curves are close to the sine line, and
the strain across the cross section of the laminated
bamboo lumber column for each specimen is basically
linear throughout the loading process, following stan-
dard normal section bending theory.

4. The mechanical properties for two eccentric directions
are similar with each other. The ultimate strain values
variation trend are similar for both two eccentric
directions, so are the ultimate displacement values and
the ultimate bearing capacity values. Thus, they could
follow the same design rules when used in the
construction area.

5. Even though the mechanical properties are similar for
both LBL columns and PBSL columns as a whole,
there are still some clear performance differences
between the two kinds of materials.

6. Combined all the test data under two eccentric
directions, an equation for calculating the radial
eccentricity influencing coefficient ¢, of LBL col-
umns is proposed. The calculation results obtained
from the equations give good agreement with the test
results.
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