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Engineered bamboo composite (EBC) is a new high-strength anisotropic structural material, which has standardized sections and
less inherent variability than the natural material. For safety reasons in structural applications, the characteristic values of
mechanical behaviors are needed to build the design values utilized in practical application. Recent research studies on EBC
focused on the mechanical properties from a single source, with little research on the sampling of the manufacturers. ,e present
work investigates mechanical properties of two types of commercially available EBC—parallel strand bamboo (PSB) and
laminated veneer bamboo (LVB). ,e main aim of this work is to evaluate the best probability distribution model (normal,
lognormal, andWeibull) and mechanical properties for EBC in China and determine the characteristic values indicated by ASTM
D2915. ,e mechanical properties in tensile, compression, and shear were evaluated using about 4300 small clear specimens from
seven manufacturers in five raw bamboo origins of China. Based on the confidence band method, the strength grading of EBC
subjected to compressive strength was developed with two predictors (density and MOE). By using intervals of each predictor,
several strength grades were built. Each grade has the mean compressive strength, 5th percentile lower value (R0.05), and
characteristic value (Rk), which could be used in structural design.,is research contributes to the establishment of EBC standards
and is essential for further accepting these materials in structural engineering.

1. Introduction

Bamboo is a sustainable and natural material. It is a crucial
forest resource other than timber. ,erefore, bamboo has
been used as a building material for thousands of years. Due
to bamboo’s circular hollow section and range of available
sizes, the scope of possible structural applications for natural
round culms is limited. Instead, EBCs have become more
popular in academic and engineering application fields. In
recent years, several forms of engineered bamboo composite
have been rapidly developed and applied [1]. Figure 1 shows
some examples of EBC structure.

China presents an enormous potential for EBC appli-
cations since Moso bamboo (the primary raw material of
EBC) resources are widespread in natural forests and are
cultivated over large areas in Mainland China, including

Hunan, Jiangxi, Hubei, Zhejiang, Fujian, and Anhui
Provinces (see Figure 2). ,e EBCs are bamboo-based
composites designed for structural applications with spe-
cific mechanical properties, including parallel strand
bamboo (PSB) and laminated veneer bamboo (LVB). ,e
PSB is a composite of bamboo strand elements with
bamboo fibers primarily orientated along the member’s
longitudinal axis (see Figure 3). LVB is also a composite of
bamboo strand elements, edge-bonded to form veneer sheets
of uniform sectional dimensions, which are then face-bonded
to develop finished products, with bamboo fibers primarily
oriented along the longitudinal axis of the member (see
Figure 3).

,e EBC shows the anisotropic behavior typical of
natural bamboo, comparable to that of fiber reinforced
composites [3, 4]. A significant number of experiments
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have been conducted to investigate the mechanical prop-
erties of bamboo composites. Huang [5, 6] studied the
mechanical properties of PSB by experiments and inves-
tigated stress-strain relationships and failure mechanisms
in each stress state. Wei [7] provided a comprehensive
research on the mechanical behavior and failure modes of
bamboo scrimber (PSB) and laminated bamboo (LVB) and

proposed the stress-strain models for EBC. Xiao [1, 8]
studied the mechanical properties of glubam boards and
found that the Weibull distribution and normal distribu-
tion are best fit for shear strength and the in-plane shear
strength, respectively, and suggested the characteristic
values and the design values. Sharma et al. [9] provided a
comprehensive study that compares bamboo scrimber,

(a) (b) (c)

Figure 1: Examples of EBC structure.
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Figure 2: ,e information on the distribution of Moso bamboo in Mainland China by Shi [2].
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laminated bamboo, timber, and engineered timber prod-
ucts for mechanical properties. Kumar et al. [10] studied
the influence of bamboo scrimber densities on the me-
chanical properties and concluded that the density has
significant influence on the mechanical properties of
bamboo scrimber. ,ere is no sampling and statistical
research on the physical and mechanical properties of EBC
products from different manufacturers, which makes the
formulation of standards lack data reference.

,e characteristic value is the representative value of a
material property used for design. ,e standards [11, 12]
define the 5th percentile value at the 75% confidence level for
structural materials as characteristic value of strength, and
the determination method includes nonparametric and
parametric. ,e parametric approach calculates the char-
acteristic value of strengths according to the estimated
statistical average and standard deviation of the sample. ,e
nonparametric approach is to sort the sample data from
small to large to determine the strength corresponding to the
data point as the characteristic value of strength. ,erefore,
it is vital to determine the characteristic values of mechanical
property of EBC for engineering applications, and it is also
the basis for determining its strength design value in the
future.

EBC for structural applications has to be strength graded
before its use. For economic reasons, the most important
physical and mechanical properties (e.g., density, modulus,
and strength) are the basic grading principles. For bamboo
culm, Trujillo et al. [13] indicated that grading could be
utilized based on physical properties and flexural stiffness.
Nurmadina et al. [14] and Bahtiar [15, 16] studied several
potentials, including Mc, density, and linear mass, for
bamboo culm both in flexural and compressive strength
grading. ,e grading of timber and bamboo are constantly
studied, but the strength grading of EBC subject to com-
pressive properties is still missed.

In order to build the EBC standards and contribute to the
use of EBC for structural purposes, this research aimed to
determine the probability distribution and the characteristic
value of the mechanical properties for EBC by tests. Af-
terward, the Indicating Properties (IPs) which were the best
for predicting compressive strength of EBC were deter-
mined. ,e strength grading was developed by the

confidence band method for EBC based on compressive
properties. It will provide more design-relevant data for
engineering applications.

2. Materials and Methods

2.1. Materials. In order to objectively reflect the mechanical
properties of EBC in China, this study randomly took EBC
products from seven manufacturers with raw materials from
five primary bamboo origins. Different types of EBC from
manufacturers were divided into nine groups. All of the EBC
products were manufactured of Moso bamboo (Phyllos-
tachys pubescens), and the material information is shown in
Table 1. Each group of materials required the same batch of
products from the same manufacturer. Test specimens were
processed to the specified dimensions (Table 2) and trans-
ported to the laboratory.

2.2. Sample Size. ,e population is characterized by the
sample, therefore enough sample size must be adopted. In
this study, the sample size is obtained based on ASTMD2915
[13]. On the 95% confidence level, the required minimum
sample size n of specimens is

n �
ts

αX
  �

t

α
CV 

2
, (1)

where s is the standard deviation of specimen values; X is the
specimen mean value; CV is the coefficient of variation (it
was assumed first as 0.1 for physical properties and 0.2 for
mechanical properties); α is the estimate of precision, taken
as 0.05; and t is the value of the t statistic, taken as 2.093
(physical properties) and 2 (mechanical properties) for 0.95
confidence level. ,e minimum number of specimens is 18
(physical properties) and 64 (mechanical properties) for
each test based on the testing standard. To ensure an ade-
quate test sample size, the number of specimens for physical
properties and mechanical properties is 80.

2.3. Testing Methods. ,e mechanical properties of testing
included tensile, compressive, and shear tests in both di-
rections to the grain. ,e same method of testing was used
for both PSB and LVB. ,e dimensions were measured
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Figure 3: Engineered bamboo composites: parallel strand bamboo (a); laminated veneer bamboo (b).
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thrice for each specimen. All parameters of dimension were
measured using a vernier caliper with an accuracy of
0.001mm. ,e EBC specimens were conditioned in a
chamber at 65% (±5%) relative humidity and 20°C (±2°C)
temperature prior to testing for one month.

Since the EBC is a new composite and no test standard
has been established, the standards for timber structure and
composite materials are referenced in studying the me-
chanical properties of EBC. For each group, density and
moisture content were determined based on the specimens
of compression in parallel to grain according to GB/T 1933
[17]: Method for determination of the density of wood and
GB/T 1931 (air-dry method) [18], respectively. ,e tests of
tensile and compressive were conducted following ASTM
D143 [19]: Standard test methods for small clear specimens
of timber. ,e tests of shear were in accordance with
principles of ASTM D7078 [20]: Standard test method for
shear properties of composite materials by V-notched rail
shear method. ,e mechanical properties were measured
with a universal testing machine using load cell of 100 kN
capacity. Two strain gauges were affixed to the surface in the
middle of the specimen to measure the strains along with
two directions, namely, parallel and perpendicular to grain
directions, respectively. ,e data logger (TML TDS-640)
automatically recorded the load and the strains during the
tests. ,e standards, test methods, number of specimens,
and test parameters used are summarized in Table 2.

2.4. Data Analysis. Statistical distributions were fitted to the
experimental data obtained by the maximum likelihood
estimates method. ,e Kolmogorov–Smirnov [21] test was
used to verify the goodness of fit analysis. Both methods
were using the software MATLAB® version R2018b. In this
study, the probability distributions were fitted with normal,
lognormal, and Weibull models. ,e general equations for
probability density functions and cumulative distribution
functions are calculated using equations (2)–(7):

x − N(μ, σ): f(x) �
1
���
2π

√
σ
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, (2)
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k− 1
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, (6)

F(x) � 1 − e
− (x/λ)k

, (7)

where x is the strength; μ is the mean value of the distri-
bution; σ is the standard deviation; μln is the mean value of
logarithmic; σ ln is the standard deviation value of loga-
rithmic; k is the shape parameter; and λ is the scale
parameter.

In this study, the mean value of the best-fit distribution is
used for the characteristic value of moduli. ,e 5th per-
centile value with 75% confidence level from test results shall
be the characteristic value for strengths. According to the
ASTM D2915, the characteristic value of strength corre-
sponding to the 5th percentile value with 75% confidence
level for the normal, lognormal, and Weibull distribution of
the strengths can be calculated as follows:

fk,0.05 � μ − KNσ,

fk,0.05 � μIn − KInσIn,

fk,0.05 � X − KWS,

(8)

where μ is the mean of the normal distribution; σ is the
standard deviation of the normal distribution; KN is the
confidence level factor of the normal distribution; μIn is the

Table 1: ,e raw material information of engineered bamboo composites.

Group Material Origin of raw
bamboo

Age of raw
bamboo Resin types Manufacturer

EBC1 PSB Jiangxi Province 4 years Urea formaldehyde resin Jiangxi Feiyu Bamboo Co., LTD

EBC2 PSB Hunan Province 5 years Phenol formaldehyde
resin

Hunan Taohuajiang Bamboo Technology Co.,
LTD

EBC3 PSB Fujian Province 5 years Phenol formaldehyde
resin Fujiang Jinzhu Bamboo Co., LTD

EBC4 PSB Zhejiang Province 3–5 years Phenol formaldehyde
resin Guangyu Bamboo Industry Co., LTD

EBC5 PSB Anhui Province 3–6 years Phenol formaldehyde
resin Anhui Hongyu Bamboo Technology Co., LTD

EBC6 LVB Jiangxi Province 5 years Urea formaldehyde resin Jiangxi Feiyu Bamboo Co., LTD

EBC7 LVB Hunan Province 5 years Phenol formaldehyde
resin

Hunan Taohuajiang Bamboo Technology Co.,
LTD

EBC8 LVB Fujian Province 3–5 years Phenol formaldehyde
resin Shaowu Xingda Bamboo Co., LTD

EBC9 LVB Zhejiang Province 5 years Phenol formaldehyde
resin Zhejiang Shanglin Bamboo Co., LTD
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Table 2: Experimental methods for EBC.

Standard Test method Direction
n (for
each
group)

Loading rate
(mm/min) Dimensions (mm)

GB/T 1933
[17] Density — 80 — 25× 25×100

GB/T 1931
[18]

Moisture
content — 80 —

ASTM D143
-14 [19] Compression

Parallel to grain 80 1.5

25

25 100

Perpendicular to
grain 80 1.5

25

25 100

ASTM D143
-14 [19] Tension

Parallel to grain 80 1 60 95 63 95 60

25

375

5

9.
5R4
44

Perpendicular to
grain 80 1

63

50

13 6
25

R132450

ASTM
D7078 -12
[20]

Shear

Parallel to grain 80 1

25 13
76

30
13

13

5

R1.3

90¡ã

45¡ã

56

Perpendicular to
grain 80 1

25 13
76

30
13

13

5

R1.3

90¡ã

45¡ã

56
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mean of the lognormal distribution; σIn is the standard
deviation of the lognormal distribution; KIn is the confi-
dence level factor of the lognormal distribution;X is the
mean of the Weibull distribution; S is the standard deviation
of the Weibull distribution; and KW is the confidence level
factor of the Weibull distribution.

,e EBC strength grading was conducted using a con-
fidence band approach as described by Bahtiar et al. [16].
Statistical analysis was developed using correlation and
linear regression. ,e parameters that had a strong corre-
lation with strength will be considered potential predictors
for EBC strength grading. Based on the confidence band in
regression analysis, class intervals are created in similar
ranges. According to the confidence band method, the 5th
percentile lower value (R0.05) was calculated using equation
(9). ,en, the adaptation is applied by substituting the
standard deviation (SD) value with standard error for esti-
mation in regression (SE) (equation (10)). Finally, the
characteristic value for each class (Rk) was obtained with
equation (11).

R0.05 � y − t(v,0.95) 1 +
1
n

+
(x − x)2

Σ(x − x)2
 

0.5

Sr, (9)

SE � 1 +
1
n

+
(x − x)2

Σ(x − x)2
 

0.5

Sr, (10)

Rk � R0.05 1 −
k0.05,0.75SE

m
�
n

√ 

0.5

, (11)

wherem is the average of strength from the test data; n is the
sample size; x is the mean of predictor value; y is the es-
timated strength when the predictor has x value; Sr is the
standard error of regression; SE is the standard error of
prediction at a given value of x; t(v,0.95) is the one-tailed
Student’s t-distribution value with v degree of freedom for
95% probability; and k0.05,0.75 is the confidence level factor
for 75% confidence and 5% probability, which is interpolated
from confidence level factor table in ASTM 2915 [12].

3. Results and Discussion

3.1. Mechanical Properties. A summary of the mechanical
property test results according to the procedure defined in
standards is presented in Table 3. ,e test results are as-
sembled in Figure 4 which shows column plots for me-
chanical properties. ,e average value is indicated with a
vertical column, and a vertical black whisker denotes the
width of the standard deviation.

It is shown that the moisture content of EBC ranges from
5.3% to 9.18%. ,ere is a slight difference between PSB and
LVB. However, the air-dry density of PSB is 0.98–1.31 g/cm3,
and LVB is 0.65–0.70 g/cm3, respectively. Because of dif-
ferences in manufacturing processes, adhesive content, and
elements, PSB density is greater than LVB, which is closer to
the density of raw bamboo.

In general, the mechanical behaviors of PSB and LVB are
corresponding both parallel and perpendicular to the grain.

However, the PSB groups are superior to that of LVB in
mechanical properties except for EBC4, which has the lowest
density (9.8 g/cm3) of PSB. ,is is a rare and unexpected
result. It is considered that this tendency is given by the
fibers within the phenol formaldehyde resin which are not
dense enough, leading to more imperfections. Because the
tensile strength of EBC is mainly determined by the bamboo
fiber, the tensile strength in parallel to the grain of PSB and
LVB is extremely close to the tensile strength of bamboo.
With the exception of EBC4, the compressive strength of
PSB is in the range of 99.29–119.04MPa, which is signifi-
cantly higher than that of LVB in the range of
55.93–69.22MPa.

To compare the variability in mechanical properties, the
coefficient of variations (CV) are examined to the test re-
sults. Lower CV values suggest a smaller expected scattering
in the corresponding variable. ,e compressive behavior in
perpendicular to the grain shows the highest variability for
all mechanical properties. It can be attributed to the inho-
mogeneity of the formaldehyde resin layer geometry, which
leads to a nonhomogeneous fiber volume fraction over the
sample volume.,e group of EBC4 shows great variability in
most tests for mechanical properties. It can be inferred that
the density of PSB has a certain correlation with the strength
parallel to the grain. Once the PSB density is less than the
critical value, the mechanical properties will be significantly
reduced, even lower than that of the LVB, whose density is
smaller than that of PSB. ,erefore, in the PSB
manufacturing process, it is necessary to find and exceed the
critical density, which makes the material manufacturing
more homogeneous to reduce the nonhomogeneous fiber
volume fraction.

3.2. Probability Distribution. In order to characterize the
statistical distributions of mechanical properties for EBC,
the test data are fitted to normal, lognormal, and Weibull
models, and the goodness of fit analysis is conducted.
Figure 5 shows the details of the best-fit distribution for
the tension strength parallel to the grain of EBC5 as an
example of the choice of distribution model. H indicates
null hypothesis, and P is the probability of observing a test
statistic as extreme as, or more extreme than, the observed
value under the null hypothesis. D is computed from the
largest difference (in absolute value) between the observed
and theoretical cumulative distribution functions in the
figure. ,e details of the best-fit probability distribution
functions of mechanical properties are shown in Table 4
and Table 5. For most groups of EBC, the normal dis-
tribution best-fitted the tensile strength parallel to the
grain and shear strength perpendicular to the grain and
compressive properties, the Weibull model presented the
best fit for both shear strength parallel to the grain and
tensile strength perpendicular to the grain, and the log-
normal distribution best-fitted the tensile and shear
modulus, which is inconsistent with research studies on
other composite materials [22]. Table 6 shows the rec-
ommended best-fit distribution functions of the me-
chanical properties for EBC.
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Table 3: Summary of experimental results and characteristic values for EBC.

EBC1 EBC2 EBC3 EBC4 EBC5 EBC6 EBC7 EBC8 EBC9
ρ (g/cm3) 1.31 (0.04) 1.31 (0.06) 1.23 (0.06) 0.98 (0.06) 1.14 (0.05) 0.68 (0.04) 0.65 (0.04) 0.67 (0.02) 0.70 (0.05)
Mcmean (%) 5.30 (0.04) 5.75 (0.07) 7.56 (0.06) 7.26 (0.05) 9.18 (0.06) 8.38 (0.04) 7.52 (0.03) 7.59 (0.04) 7.07 (0.06)
Compression

fc,0,mean (MPa) 112.89
(0.08)

119.04
(0.08) 99.29 (0.04) 66.72

(0.11)
101.95
(0.06) 59.44 (0.07) 55.93 (0.09) 59.36 (0.08) 69.22 (0.06)

fc,90,mean
(MPa) 46.15 (0.11) 51.19 (0.18) 47.64 (0.12) 27.09

(0.19) 35.54 (0.20) 15.1 (0.21) 16.08 (0.12) 15.24 (0.13) 16.37 (0.08)

fc,0,k (MPa) 97.66 102.73 91.49 53.44 90.24 51.79 46.94 50.94 61.50
fc,90,k (MPa) 46.15 51.19 47.64 18.13 35.54 15.10 16.08 15.24 16.37

Ec,0,mean (GPa) 19.48 (0.08) 17.43 (0.10) 15.37 (0.05) 12.52
(0.10) 16.82 (0.10) 13.03 (0.07) 10.45 (0.09) 11.61 (0.08) 12.87 (0.06)

Ec,90,mean
(GPa) 4.04 (0.16) 4.53 (0.20) 3.88 (0.10) 2.77 (0.16) 3.44 (0.12) 1.87 (0.23) 1.87 (0.13) 2.19 (0.22) 2.01 (0.10)

Tension

ft,0,mean (MPa) 141.73
(0.24)

130.60
(0.20)

133.19
(0.13)

99.91
(0.33)

125.86
(0.20)

127.71
(0.10)

124.25
(0.24)

103.71
(0.18)

117.05
(0.19)

ft,90,mean
(MPa) 5.2 (0.22) 7.29 (0.15) 9.38 (0.21) 2.52 (0.31) 3.14 (0.34) 4.30 (0.18) 5.03 (0.11) 5.45 (0.31) 6.79 (0.18)

ft,0,k (MPa) 81.15 83.86 103.55 39.89 81.06 89.89 71.38 70.05 80.38
ft,90,k (MPa) 3.15 5.59 5.85 1.17 1.11 2.84 3.92 2.37 4.46

Et,0,mean (GPa) 19.11 (0.10) 16.58 (0.12) 14.48 (0.09) 14.02
(0.22) 16.96 (0.15) 13.19 (0.13) 12.82 (0.22) 9.82 (0.17) 11.56 (0.16)

Et,90,mean
(GPa) 3.22 (0.26) 8.98 (0.26) 7.09 (0.25) 1.06 (0.22) 1.44 (0.25) 3.7 (0.24) 8.43 (0.26) 3.74 (0.25) 6.51 (0.26)

Shear
fs,0,mean (MPa) 19.9 (0.19) 16.1 5 (0.24) 18.79 (0.16) 9.01 (0.29) 10.69 (0.26) 15.44 (0.17) 10.36 (0.28) 14.6 (0.17) 11.89 (0.20)
fs,90,mean
(MPa) 26.11 (0.23) 40.35 (0.15) 34.45 (0.12) 20.77

(0.16) 32.63 (0.15) 18.49 (0.12) 21.68 (0.17) 17.87 (0.13) 12.83 (0.20)

fs,0,k (MPa) 12.77 8.88 12.54 4.05 5.19 10.75 4.89 9.69 8.16
fs,90,k (MPa) 15.44 29.48 27.28 14.44 23.92 14.63 15.17 13.68 8.24
Gs,0,mean (GPa) 5.13 (0.13) 4.22 (0.12) 4.45 (0.10) 2.17 (0.15) 3.80 (0.10) 2.62 (0.14) 2.35 (0.15) 2.95 (0.11) 2.58 (0.10)
Gs,90,mean
(GPa) 5.8 (0.12) 5.03 (0.15) 4.62 (0.16) 2.77 (0.17) 4.45 (0.12) 2.99 (0.13) 2.86 (0.17) 3.06 (0.15) 2.54 (0.09)

Note. ,e coefficient of variation is shown in parentheses.
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Figure 4: Continued.
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3.3. Strength Grading of EBC. ,e objective of this section
was to develop the strength grading of EBC, which is ex-
pected that the results can be applied in structural design.
,e first step is to determine the potential predictors with a
stronger correlation with compressive strength through
correlation analysis, which was chosen as IPs. Density and
MOE frequently show a strong correlation with strength
properties of European hardwoods [23–25]. For this work,
density and compressive modulus were chosen as potential
predictors for compressive strength. To verify potential

predictors, a simple linear regression was conducted be-
tween predictors (ρ and Ec, 0) and response (fc, 0). According
to the linear regression, the correlation coefficient between ρ
and fc, 0 was in the range of 0.58–0.79, and between Ec, 0 and
fc, 0, it was 0.58–0.79 (Table 7). Hence the density and
compressive MOE were selected as IPs for strength grading.

In this research, EBC grading based on compressive
strength was established by the confidence band. ,e outlier
and extreme values were justified and removed from further
analysis by utilizing a 99% ellipse band and 95% predicted
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Figure 4: Strengths and moduli distributions of experimental data: strengths in parallel to the grain (a); strengths in perpendicular to the
grain (b); moduli in parallel to the grain (c); moduli in perpendicular to the grain (d).
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Figure 5: Example of the Kolmogorov–Smirnov tests for the goodness of fit analysis.
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band. ,e examples of ellipse confidence band analysis are
shown in Figure 6.

Density and MOE were IPs for strength grading for EBC
since they were strong correlation with compressive
strength. Using the confidence band approach to perform

regression analysis on the EBC for strength grading, R2 is
sufficiently high in the range of 0.44 to 0.87. Figure 7 shows
the confidence bands used to develop the EBC strength
grading. ,e confidence band method generates a contin-
uous function, and the stair function can be used to

Table 4: ,e details of the best-fit distribution functions of modulus for EBC.

Group
Compression Tension Shear

Ec,0 Ec,90 Et,0 Et,90 Gs,0 Gs,90

EBC1 x − L (2.97, 0.082) x − N (4.04, 0.642) x − L (2.94, 0.102) x − N (3.22, 0.842) x − L (1.63, 0.132) x − L 1.49, 0.122)
EBC2 x − N (17.39, 1.802) x − L (1.49, 0.192) x − L (2.80, 0.122) x − L (2.16, 0.262) x − L (1.43, 0.122) x − L (1.60, 0.152)
EBC3 x − L (2.73, 0.052) x − L (1.35, 0.102) x − L (2.67, 0.092) x − L (1.93, 0.252) x − W (4.64, 9.86) x − W (4.92, 7.53)
EBC4 x − N (9.43, 0.102) x − N (2.77, 0.432) x − L (2.62, 0.222) x − W (1.25, 3.36) x − L (0.77, 0.172) x − L (1.01, 0.162)
EBC5 x − N (16.82, 1.692) x − N (3.44, 0.402) x − N (16.96, 2.532) x − W (1.58, 4.56) x − L (1.43, 0.122) x − L 1.49, 0.122)
EBC6 x − N (13.03, 0.942) x − W (2.05, 4.82) x − N (13.19, 1.772) x − L (1.28, 0.252) x − N (2.62, 0.352) x − N (2.54, 0.232)
EBC7 x − N (10.45, 0.892) x − N (1.88, 0.242) x − L (2.53, 0.222) x − W (9.26, 4.39) x − L (0.85, 0.142) x − N (2.99, 0.382)
EBC8 x − L (2.45, 0.082) x − W (2.38, 5.10) x − L (2.27, 0.172) x − L (1.84, 0.262) x − N (2.95, 0.322) x − W (3.07, 5.95)
EBC9 x − L (2.55, 0.062) x − N (2.01, 0.202) x − N (11.56, 1.822) x − L (1.29, 0.252) x − L (0.94, 0.102) x − L (1.11, 0.152)

Table 5: ,e details of the best-fit distribution functions of strengths for EBC.

Group
Compression Tension Shear

fc, 0 fc, 90 ft, 0 ft, 90 fs, 0 fs, 90
EBC1 x − N (112.89, 8.572) x − N (46.15, 5.022) x − N (141.73, 34.092) x − W (5.63, 5.62) x − W (24.41, 6.23) x − N (26.11, 6.022)
EBC2 x − N (119.04, 9.202) x − N (51.19, 9.132) x − N (130.60, 26.352) x − L (1.98, 0.152) x − W (17.64, 4.85) x − N (40.35, 6.132)
EBC3 x − N (99.29, 4.402) x − N (47.64, 5.682) x − N (133.19, 16.722) x − W (10.13, 5.88) x − W (20.09, 6.77) x − N (34.45, 4.042)
EBC4 x − N (66.72, 7.492) x − N (27.09, 5.052) x − N (99.90, 33.852) x − N (2.66, 0.842) x − L (2.16, 0.302) x − N (3.02, 0.172)
EBC5 x − N (101.95, 6.592) x − N (35.54, 7.042) x − N (125.86, 25.272) x − W (3.51, 3.23) x − W (11.75, 4.20) x − W (34.65, 8.10)
EBC6 x − N (59.44, 4.302) x − N (15.10, 3.182) x − N (127.71, 21.332) x − W (4.61, 6.60) x − W (16.51, 7.38) x − N (18.49, 2.182)
EBC7 x − N (55.93, 5.072) x − N (16.08, 1.982) x − N (124.25, 29.802) x − N (5.03, 0.542) x − W (11.45, 4.06) x − W (23.19, 7.20)
EBC8 x − N (59.36, 4.752) x − N (15.24, 1.972) x − N (103.71, 18.972) x − W (6.04, 3.77) x − W (15.60, 6.71) x − N (17.87, 2.362)
EBC9 x − N (69.22, 4.362) x − N (16.37, 1.332) x − L (4.75, 0.192) x − W (7.30, 6.53) x − L (2.46, 0.202) x − N (12.83, 2.572)
Note. : x − N (μ, σ2): f(x) � (1/

���
2π

√
σ)exp(− (x − μ)2/2σ2); x − L (μln, σ2ln): f(x) � (1/

���
2π

√
σlnx)e− (ln x− μln)2/2σ2ln ; x − W (k, λ): f(x) � (k/λ)(x/λ)k− 1e− (x/λ)k

.

Table 6: ,e recommended best-fit distribution functions of the mechanical properties for EBC.

Property Best-fit distribution
fc, 0 Normal
fc, 90 Normal
Ec, 0 Normal
Ec, 90 Normal
ft, 0 Normal
ft, 90 2-P Weibull
Et, 0 Lognormal
Et, 90 Lognormal
fs, 0 2-P Weibull
fs, 90 Normal
Gs, 0 Lognormal
Gs, 90 Lognormal

Table 7: Correlation coefficients (R2) between predictors and response for EBC.

Compressive strength parallel to the grain (fc,0)
EBC1 EBC2 EBC3 EBC4 EBC5 EBC6 EBC7 EBC8 EBC9

Density (ρ) 0.60 0.73 0.72 0.62 0.75 0.58 0.64 0.63 0.79
Compressive modulus (Ec,0) 0.62 0.68 0.58 0.62 0.70 0.73 0.72 0.73 0.79
Note. ,e correlations significant at p< 0.05 are displayed in bold.
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Figure 6: Ellipse band and predicted band analysis of linear regression: fc,0 against Ec, 0 for PSB (a); fc, 0 against Ec, 0 for LVB (b); fc,0 against ρ
for PSB (c); fc,0 against ρ for LVB (d).

R2 = 0.70

PSB

40

60

80

100

120

140

f c,
0 (

M
Pa

)

10000 12000 14000 16000 18000 20000 22000 240008000
Ec,0 (MPa)

Grade
RkMeasured data

Mean
R0.05

fc,0 = 2.823 + 0.006Ec,0

(a)

LVB

30

40

50

60

70

80

90

f c,
0 (

M
Pa

)

9000 10000 11000 12000 13000 14000 15000 16000 170008000
Ec,0 (MPa)

Grade
RkMeasured data

Mean
R0.05

R2 = 0.44
fc,0 = 21.932 + 0.003Ec,0

(b)

Figure 7: Continued.
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Figure 7: Compressive strength grading of EBC: based on compressive modulus for PSB (a); based on compressive modulus for LVB (b);
based on density for PSB (c); based on density for LVB (d).

Table 8: Compressive strength grade classification of EBC based on compressive modulus.

Grade (Ec, 0) Compressive strength (fc, 0, MPa)
Interval (MPa) Mean R0.05 Rk

PSB
10000–11999 63.10 51.12 50.70
12000–13999 72.58 63.16 62.64
14000–15999 98.13 75.20 74.58
16000–17999 108.71 87.24 86.52
18000–19999 115.16 99.28 98.46
≥20000 116.07 111.32 110.40
LVB
9000–9999 54.00 45.21 44.80
10000–10999 55.41 48.55 48.11
11000–11999 58.74 51.89 51.42
12000–12999 63.08 55.23 54.73
13000–13999 66.45 58.57 58.04
≥14000 67.22 61.91 61.35

Table 9: Compressive strength grade classification of EBC based on density.

Grade (ρ) Compressive strength (fc, 0, MPa)
Interval (g/cm3) Mean R0.05 Rk

PSB
0.85–0.949 61.17 49.47 49.12
0.95–1.049 71.24 62.58 62.14
1.05–1.149 87.58 75.69 75.16
1.15–1.249 101.93 88.80 88.18
1.25–1.349 111.45 101.92 101.20
≥1.35 121.94 115.03 114.22
LVB
0.60–0.629 51.57 44.14 43.89
0.63–0.659 55.43 49.58 49.31
0.66–0.689 60.48 55.03 54.72
0.69–0.719 65.45 60.48 60.14
0.72–0.749 72.23 65.92 65.56
≥0.750 74.95 71.37 70.97
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subdivide the function into several grades at the specified
interval of IP. Each grade had R0.05 and Rk of fc, 0, which
could be utilized in EBC structural design following a
strength-based approach. Table 8 and Table 9 show the
grading of PSB and LVB into strength grades based on
density and MOE. ,e higher quality grades have higher
strength. ,e designer can estimate the characteristic value
of compressive strength based on the IPs according to Ta-
ble 8 and Table 9 for modern engineered bamboo structural
design.

4. Conclusions

,is study statistically investigates the mechanical properties
of two types of EBC for seven manufacturers with raw
materials from five regions in China. To study the me-
chanical behaviors of groups for EBC, tensile, compressive,
and shear tests were carried out on small clear specimens.
,e study utilized wood standards for characterization,
determining the probability distributions and characteristic
values for mechanical properties. Except for the PSB with
lower density, the mechanical properties of PSB are generally
higher than those of LVB.

In addition, the statistical parameters of the best-fit
probability distribution models for mechanical properties
can be utilized to determine the characteristic values and
build the probabilistic design approach. ,e results are
conducive to developing design standards and reliability
evaluation practices for EBC structures and extending the
particular applications in engineering.

Due to their more significant correlation coefficients,
density and compressive modulus were considered the most
suitable IPs for strength grading of EBC subject to com-
pressive strength. According to the confidence bandmethod,
grade intervals are built in similar ranges, and the charac-
teristic value in each grade can be calculated.

After comparing the results from different sources, it is
found that although the results obtained from the test are
similar, there is significant variation in the differences be-
tween different sources of the same material. ,e research
shows that future work needs to determine the source of
variation in testing and establish a complete reliability
analysis and strength grading.

Nomenclature

Ec,0: Compressive modulus parallel to the grain
Ec, 0,mean: Mean compressive parallel to the grain
fs, 0: Shear strength parallel to the grain
fs, 0, k: Characteristic shear strength parallel to the

grain
Ec, 90: Compressive modulus parallel perpendicular

to the grain
Ec, 90, mean: Mean compressive modulus parallel

perpendicular to the grain
fs, 90: Shear strength perpendicular to the grain
fs, 90, k: Characteristic shear strength perpendicular to

the grain
Et, 0: Tensile modulus parallel to the grain

Et, 0, mean: Mean tensile modulus parallel to the grain
Gs, 0: Shear modulus parallel to the grain
Gs, 0, mean: Mean shear modulus parallel to the grain
Et, 90: Tensile modulus perpendicular to the grain
Et, 90, mean: Mean tensile modulus perpendicular to the

grain
Gs, 90: Shear modulus perpendicular to the grain
Gs, 90, mean: Mean shear modulus perpendicular to the

grain
fc, 0: Compressive strength parallel to the grain
fc, 0, k: Characteristic compressive strength parallel to

the grain
Mc: Moisture content
Mcmean: Mean moisture content
fc, 90: Compressive strength perpendicular to the

grain
fc, 90, k: Characteristic compressive strength

perpendicular to the grain
ρ: Mean air-dry density
MOE: Modulus of elastic
ft, 0: Tensile strength parallel to the grain
ft, 0, k: Characteristic tensile strength parallel to the

grain
ft, 90: Tensile strength perpendicular to the grain
ft, 90, k: Characteristic tensile strength perpendicular

to the grain.
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