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Abstract Ten groups of bamboo scrimber samples
between 0° (parallel to the grain) and 90° (perpendicular to
the grain) were chosen for compression test. The effect of
different angles between load and grain on compressive
properties of bamboo scrimber was studied. Fold failure,
shearing failure and crushing failure were observed at
0-10°, 20-50° and 60-90°, respectively. From 0 to 90°,
average ultimate strength and proportional limit strength
decreased from 133.4 to 25.7 MPa and 113.9 to 14.9 MPa.
The predictive accuracy of the Hankinson formula was
higher comparing to the result of GB 50005 formula. The
Norris criterion was inclusive for the majority of the testing
values, making it secure during application. Furthermore,
compressive properties could be predicted using maximum
stress theory, which adequately explained the cause of
different failure types for longitudinal compression
strength, shear strength and transverse compressive
strength. The study of strength models now provides a
theoretical foundation for the rational use of bamboo
scrimber.
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Introduction

Bamboo resources are rich in China due to their fast-

growing and renewable characteristics. Due to their high
strength-to-weight ratio and clear texture, bamboos are
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used widely in vernacular architecture; however, in modern
buildings, it presents major challenges for bamboo culms’
thin wall and hollow structure as a construction material.
To effectively utilize bamboo, it can be processed and
reassembled into structure material with high strengths.
Bamboo scrimber is an engineering material, where bun-
dles of bamboo fiber are arranged in parallel, with fibers
glued to each other using adhesive under a hot press after
drying. “Scrimber”, originally proposed by Coleman [1,
2], means numerous wood splinters bonded together.
Substantial proportion of splinters comprises a matrix of
generally aligned splinters, overcoming the anisotropy of
natural lumber. The research of bamboo scrimber is mainly
carried out in several Asian countries. In 1980s, bamboo
scrimber was developed in the laboratory in China. Mod-
ulus of rupture (MOR) and modulus of elastic (MOE) of
bamboo scrimber were much higher than wood-based
panels and ordinary bamboo-based panels [3, 4]. Tensile
strength and compression strength parallel to grain of
bamboo scrimber (Neosinocalamus affinis) are 248.2 and
129.2 MPa, respectively [5], which are much higher than
comparative values of lumber. Although good mechanical
properties are found in bamboo scrimber, characteristic
value and design value are still not available. Strength
models, the theoretical basis for ascertaining characteristic
value and design value of structural material, provide a
mean for this dilemma. Therefore, our research aims to fill
in this gap and provide a theoretical basis for more
extensive use of bamboo scrimber products.

To establish strength models in spatial stress state,
failure criteria need to be explored. Classical failure theo-
ries include maximum stress theory, maximum strain the-
ory, maximum shear stress theory and distortion energy
theory [6]. Mises [7] proposed plastic value as a basis for
distortion energy theory. Von Mises stress is currently used
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in Finite Element Method (FEM) simulation software as a
criterion. Mechanical properties, which can be influenced
by knots and grain, have been simulated by FEM using
Von Mises stress [8, 9]. However, Von Mises theory
applies only to isotropic materials. Hill [10] extended it for
orthotropic materials without distinguishing tensile and
compressive strengths. The differences between tensile and
compressive strengths are covered in Hoffman criterion
[11], which can be seen an extension of Hill criterion. Tsai
and Wu [12] developed the Hoffman criterion by estab-
lishing stability conditions in relation to strength tensors
and magnitudes of the interaction term. There is high
consistency between the criterion and experimental results.
While the above criteria have been widely used in metal
[13], composite material [14] and wood [15], bamboo and
bamboo materials have not been studied.

Among numerous failure criterions, the Hankinson for-
mula, Chinese National Standard GB 50005 (Code for
design of timber structures) (GB 50005) [16], Norris for-
mula and Maximum stress theory are the most commonly
used criteria in China for deriving compressive properties.
The purpose of this study is to analyze characteristics of
bamboo scrimber compression and compare the four fail-
ure criterions by uniaxial compression testing.

Materials and methods
Materials

Neosinocalamus affinis, 3—4 years age, was used as a raw
material to produce bamboo scrimber. The untreated
bamboos were sawn into bamboo tubes firstly, then fluffed
those tubes along the longitudinal fiber direction to inter-
lace bamboo fiber bundles. After that, oriented bamboo
fiber bundles were immersed in a PF162510 phenol-
formaldehyde resin (Dynea Co., Beijing City, China). The
amount of adhesive was controlled to about 15 % of the
dry weight of the bamboo scrimber during dipping glue
process. To get the target density (1.10 g/cm®), a temper-
ature of 140 °C and a pressing pressure of 5.0 MPa were
carried out during manufacturing. The holding time is
1 min/mm. The nominal dimension of each bamboo
scrimber board was 250 cm  (Length) x 64 cm
(Width) x 3.4 cm (Thickness). The average air-dry den-
sity and moisture content were 1.12 & 0.09 g/cm® and
7.42 £ 0.96 %, respectively.

Compression test
Five boards were prepared to process compression speci-

mens. Angles between loading direction and fiber direction
ranged from 0 to 90°. 400 specimens in total were tested
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Fig. 1 Specimen size for compressive test at an angle to grain
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Fig. 2 Shear sample size (mm) parallel to the grain

and analyzed. The samples were separated into 10 groups
by different grain angles, each with 40 replicate samples,
for different grain angles: 0, 10, 20, 30, 40, 50, 60, 70, 80,
and 90°. For each grain angle, eight samples were cut from
same board. All samples were selected randomly from the
five boards. All specimens were tested at a constant tem-
perature of 20 °C and humidity of 65 %. The sample size
was 30 mm (Length) x 20 mm (Width) x 20 mm
(Thickness) illustrated in Fig. 1. Compression test was
carried out according to Chinese National Standard GB
1935-2009 (Method of testing in compressive strength
parallel to grain of wood) [17].

The machine used in this experiment was Instron 5582.
The samples were loaded to failure at 1 mm/min. The
maximum load was the failure load.

Shear test
Shear test of bamboo scrimber was performed according to

Chinese National Standard GB 1937-2009 (Method of
testing in shearing strength parallel to grain of wood) [18].
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Fig. 3 Shear test setup

This test method is on the base of American Society for
Testing and Materials (ASTM) D 143 (Standard test
methods for small clear specimens of timber) [19], which is
applied on shear strength of wood [20]. Shear strength
using this method has been used in structural-laminated
veneer lumber [21] and wood [22]. The nominal size of the
shear sample is shown in Fig. 2. The plane I (Fig. 2) was
applied as pressure-forming shear force relative to the
plane II. The angle between the plane I and plane II was
106°40' + 20'. NMB AL-50KNB instruments manufac-
tured by TECHNO GRAPH Company in Japan was used in
this experiment. The shear test set up is shown in Fig. 3. 40
samples were prepared and tested for shear strength.
Formula of shear strength,

0.96P,nax
_ ox 1
T 5] (1)

where 7 is shear strength parallel to the grain; Py, is the

failure load of the specimen; b and / are width and length of
the rectangle shear plane (plane I).

Hankinson criterion and GB 50005 criterion

Hankinson [23] first reported compressive strength of
spruce at varying angles of grain in 1929,

fe iz
fisin? 0 + f> cos? 0

GB 50005 (Code for design of timber structures) [16]
for off-axis compressive properties is widely used in China.
The criterion is as follows,

¥ S

S (- 1) %5 sing

(2)

(3)

where fis compressive property when the angle is 6. f; and
/> are compressive properties parallel and perpendicular to
the grain. 6 is the angle between loading direction and
grain direction.
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Fig. 4 Off-axis compression

Norris criterion

Norris Criterion [24] was originally proposed in 1956 for
the calculation of glue-laminated timber. Now it has been
extensively applied for verification of strengths,

1
BRGECH]
) +(Z) +() ] <10 )
1 1 S
where ¢; and o0, are compressive stresses parallel and
perpendicular to the grain. 7, stands for shear stress. f; and
f> are compression strengths of wood parallel and perpen-
dicular to the grain. S means shear strength.

In the case of off-axis compression, stresses must be
transformed using a transformation equation for the prin-
cipal directions (1 and 2 directions) of materials. 1 and 2
are assumed as longitudinal directions parallel and per-
pendicular to grain, respectively, in Fig. 4. Compressive
stress oy is decomposed to ¢, parallel to grain, o, per-
pendicular to grain and shear stress 7.

Norris criterion is expressed in Eq. (5),

(ax cos? 0) 2+ (ax sin® 9) 2+ (ax sin 0 cos 9) gE <10
f f N -

(5)

Maximum stress theory

Maximum stress theory [25] is the basic theory of ortho-
tropic-laminated plates. This theory requires that stresses
along principal axes must be less than the strength of this
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direction. Failure occurs when any of the stress compo-
nents along the principle axes exceeds the corresponding
strength in that direction. It is the most widely used in the
design and analysis of composite material due to its
simplicity.

o1 <|XC|
o2 <|Ye| (6)
|‘C]2|<S

where X, Y. and S are longitudinal compressive strength,
transverse compressive strength and shear strength of
bamboo scrimber.

For the case shown in Fig. 4, Maximum stress theory is
expressed in Eq. (7),

oy <X/ cos? 0
o, <Y/ sin* 0 (7)
ox <S/(sin 0 cos 0)

ox takes minimum of the three inequalities as the
material maximum failure stress.

Results and discussion
Failure types

In the compression test, the load of bamboo scrimber declined
sharply when pressure reached a maximum. Then deforma-
tion of the sample grew rapidly. Different failure types at
various grain angles were found in the testing process.

In Fig. 5, specimens of 0-10° grain angles displayed
wrinkled failure along the grain direction. Adhesive layers
cracked severely because of inter-laminar stresses, which
existed on the surface of fiber bundle. Inter-laminar stress
reached a maximum at the interface. Samples of 0-10°
delaminated at the free boundary as shown in Fig. 5a. For
specimens of 20-50°, shear failure cracking was observed
along the grain direction. Bonding strength among fibers is
much lower than the single fiber strength [26]. This led to
weak areas at bonded regions when subjected to shear
force. Samples of 60-90° were crushed horizontally along
grain direction as shown in Fig. 5c. All failure types of
bamboo scrimber cracked along the grain direction. This
illustrates that bonding among bamboo fibers is primary
weakness of mechanical properties. Failure types in this
experiment are consistent with pine wood investigated by
Galicki and Czech [27].

Compression performances of bamboo scrimber

Figure 6 shows that the initial stages of load curves are
linear, which indicates elastic deformation of compression.

Side

Front
(c) 60°-90°

Fig. 5 Failure types of bamboo scrimber at varying angles of grain.
a 0-10°, b 20-50°, ¢ 60-90°

As load increased, the specimens displayed plastic defor-
mation. The yield point of samples for 0 = 0-10° was not
obvious in Fig. 6a. Load decreased significantly during
plastic deformation after reaching a maximum. Peak load
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Fig. 6 Load-displacement curves at varying angles of grain. a 0-10°, b 20-50°, ¢ 60-90°

at 10° was lower than it at 0° due to shear stress, which is
absent for 0° specimen. Apparently yield appeared obvi-
ously between 20 and 50° specimens in Fig. 6b. After
reaching a maximum, the load declined sharply, and then
rose slowly during the most serious stage of deformation.
This could be the result of the two planes, which were
destroyed by shear stress, contacted with each other as
displacement increases. For samples of 60-90°, fibers
horizontally arranged were compacted, so the load platform
could remain. A Distinct plateau region in Fig. 6¢ is also
found in spruce stress—strain curves [28]. This illustrates
the plastic yielding and collapsing of cells [29, 30].

Table 1 shows ANOVA analysis of compression per-
formance. Letters of A-G indicated the significant differ-
ences among those mechanical properties. Same letters
mean no significant differences among corresponding
properties, while different letter means significant differ-
ences among them. Table 1 shows that significant differ-
ences of ultimate compression strength exist in samples of
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0-40°. The letters of F for 0 = 60-70° and G for
0 = 80-90° illustrate no significant differences exist in
samples of 60-70° and 80-90°. For proportional limit
strength, letters changed from A to F while grain direction
varied from 0 to 50°, showing significant differences
existed among these samples. And no significant differ-
ences existed in samples of 50-60° and 70-90°. From
ANOVA analysis (Analysis of Variance), compressive
properties changed greatly at small angles and slightly
changed at large grain angles. Wrinkled failure and shear
failure occurring in samples of 0—50° had a great impact on
compressive properties. However, horizontal failure
occurring in samples of 60-90° had less impact.

Hankinson criterion, GB 50005 criterion and Norris
criterion

Substituting mechanical properties of 0 and 90° into
Eq. (2) and (3), we obtained simulation curves by
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Table 1 One-way ANOVA of compression performances for bam-
boo scrimber (Duncan’s multiple range test)

Grain
direction

Ultimate compression
strength

Proportional limit
strength

0°
10°
20°
30°
40°
50°
60°
70°
80°
90°

F value

OO mMmTomg Q% »>

A
B
C
D
E
F
F
G
G
G

1347.30
<0.01

1170.51

p>F <0.01

Significant difference exists in the samples of compressive properties
when the letters are different. Grain directions followed by the same
letter are not significantly different at the 0.01 probability level

Hankinson criterion and GB 50005 criterion. Ultimate
strengths at 0 and 90° are substituted in Eq. (5). The
average shear strength tested in this experiment was 24.0
(£2.4) MPa. The curve by Norris criterion can be fitted.
Fitted curves of Norris criterion, Hankinson criterion and
GB 50005 criterion are shown in Fig. 7.

In Fig. 7, measured values of compressive mechanical
properties of bamboo scrimber reached a maximum at 0°
along the grain direction. Average ultimate strength and
proportional limit strength decreased with increasing grain
angle from 133.4 to 25.7 MPa and 113.9 to 14.9 MPa,
respectively. Spruce compressive strength follows the same
trend from values around 49 MPa at loading parallel to the
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(a) Ultimate compressive strength

tracheids to values around 3 MPa when the loading
direction is parallel to the radial orientation [26]. The
deviations of ultimate strength and proportional limit
strength may be due to microcracks in the samples. Com-
pressive properties for 0-50° declined at a larger rate than
50-90°, indicating that change of small grain angle can
cause great change of mechanical properties when grains
are nearly parallel to the load direction. Tensile strength of
laminated veneer lumber displays the same trend, showing
rapidly decreases at an orientation between 0 and 15° [31].
This phenomenon is consistent with ANOVA analysis,
which shows significant differences among compressive
properties of samples of 0-50° (Table 1) and little among
those of samples of 50-90°.

Hankinson, GB 50005 and Norris criterions are able to
predict the tendency of compression performances for
bamboo scrimber. Predicted values of GB 50005 were
larger than tested compressive strength at 0—60° and larger
than tested proportional limit strength at 0-40°. This sug-
gests that it is inappropriate to use GB 50005 criterion to
predict compressive properties of bamboo scrimber at
small grain angles. Predicted values of Hankinson criterion
were close to test values for both compressive strength and
proportional limit strength. Predicted Norris values were
found to be at the lower limit of testing values of com-
pressive strength. However, curves of Norris and Hankin-
son criteria for proportional limit strength overlap. Both
Hankinson criterion and Norris criterion can be used to
predict proportional limit strength of bamboo scrimber at
various grain angles. It can be concluded that Hankinson
formula predicts compressive properties with the highest
accuracy, while the Norris formula ensures the security of
projects. However, GB 50005 is not recommended for use
due to its inaccuracy and lack of security.
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Fig. 7 Fitted curves of Norris, Hankinson and GB 50005 criterions. a Ultimate compressive strength, b Proportional limit strength
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Fig. 8 Failure criteria for tested bamboo scrimber specimens in the
maximum stress theory

Maximum stress theory

Substituting compression strengths and shear strength into
Eq. (7), strength curves of maximum stress theory are
shown in Fig. 8.

Maximum stress theory can predict compressive strength
of bamboo scrimber accurately. The lowest curves at dif-
ferent angles are the strength control curves in Fig. 8. The
curve of o, = S/(sinfcosf) intersects with curves of
o, = X/cos’0 and o, = S/sin’0. The intersectional points
are near 10 and 50° test samples, respectively. The three
strength control curves of samples for 6 = 0-10°, 10-50°,
and 50-90° are compressive strength parallel to the grain,
shear strength and compressive strength perpendicular to the
grain, respectively. The three intervals for strength control
curves are consistent with demarcation points of failure
types observed in the experiment, which display longitudinal
wrinkled failure (samples of 0—10°), shear failure (samples
of 10-50°) and horizontal failure (samples of 50-90°) in the
experiment. It may be explained that compressive strength
parallel to the grain results in longitudinal wrinkled failure
type, shear strength leads to shear failure, and compressive
strength perpendicular to the grain causes horizontal failure.
Measured values and strength control curves fitting well
illustrates that maximum stress theory is suitable for pre-
dicting compressive strength of bamboo scrimber. In LVL
tensile experiment, the Maximum stress theory shows some
difference compared to the actual data under 45°. Oh [31]
considers that this is due to inaccuracy of shear stress.

Conclusions

1. A uniaxial compression test of bamboo scrimber
showed wrinkled failure at 0-10°, shear failure at

@ Springer

20-50° and horizontal failure which has little effect on
compressive properties at 60-90°.

2. Norris values are the lower limit of testing values,

Hankinson values are close to tested values, and
predictive values of GB 50005 are higher than tested
values.

3. Maximum stress theory can predict compressive

strength. It explains the division of failure types. The
results verified accuracy of the criterions for predicting
compressive properties of bamboo scrimber. But more
information is needed for full-scale samples of bamboo
scrimber.
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