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Abstract
This paper describes the bending creep behavior of two types of bamboo-based products, bamboo-laminated veneer lumber 
(BLVL), and glued-laminated bamboo (GLB, also called Bamboo Glulam) at different stress levels for half a year and recov-
ery for the same time. It was found that the stress level of BLVL was more sensitive on creep property than that of GLB; the 
creep resistance of GLB was worse than that of BLVL in the stress levels of 30–50%; the instantaneous recovery ratio (elastic 
recovery to elastic creep) decreased with an increase of the stress levels, while the residual ratio (residual deformation cor-
responded to the total creep deflections) increased with an increase of stress levels for all specimens; Burgers model fit creep 
data very well for both bamboo-based products, while the recovery Weibull equation does not fit recovery data well for GLB.

Keywords Creep · Recovery · Bamboo

Introduction

Creep-recovery is a deformation response for a typical vis-
coelastic materials. For the structural design, it is important 
to understand recovery behavior for the materials, by apply-
ing a constant stress for a period of time (i.e., creep) fol-
lowed by removing the stress, and examining the subsequent 
relaxation response of the material (i.e., recovery) over a 
specific duration.

Wood and bamboo are both polymeric material, present-
ing a time-dependent behavior. Many engineered products 
have been used as a structural material for buildings, such as 
laminated veneer lumber (LVL) and glued-laminated timber. 
Therefore, many research activities have been focused on the 
creep property of these well-developed engineered products. 
Studies on creep behavior of wood have been conducted 
for decades [1]. It was concluded that the level of applied 

loads, time of load duration, moisture content (MC), and 
temperature is critical factors affect creep behavior. Based on 
these previous results, Toratti [2] tested the time-dependent 
properties of spruce members and established creep model 
for LVL. The long-term behavior of pre-stressed LVL was 
tested for 1 year in controlled and uncontrolled indoor condi-
tions. The results indicated that creep and mechano-sorptive 
creep were far more significant perpendicular to than that 
of products parallel to grain [3, 4]. Glulam was another 
well-developed timber mainly used in building structures. 
Cyclic and viscoelastic creep behaviors of glulam beams 
were investigated in the numerical modelling [5].

However, limited research has been conducted on the 
creep property of bamboo-based products. Bamboo has 
rapid growth rate and good physical property. Research and 
development of engineered bamboo products is increas-
ingly explored to design sustaniable building materials for 
the built environment. In China, the market size for bamboo 
products increased to 122.4 billion RMB or 19.7 billion US 
dollars in 2012 according to State Forestry Administration 
of China (2012) [6], which made the bamboo industry a 
forestry highlight in China. While the use of bamboo is ham-
pered by the lack of engineering data for creep and recovery 
properties. Some researchers studied the creep property of 
bamboo and obtained some effect factors. Kanzawa et al. 
[7] showed that density of bamboo was an important factor 
affecting the initial deflection more than the long-term creep 
and indicated the effect of fiber volume and the susceptibility 
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of the lignin to creep. The creep behavior of bamboo at con-
stant MC [8] and variable MC [9] were studied, respectively. 
The results indicated that the creep and mechano-sorptive 
creep were both related to the ratio of the vascular bundle to 
parenchyma. On this basis, three years’ creep of laminated 
bamboo truck load bridge was tested, indicating that the 
bamboo girders have sufficient capacity to meet durability 
needs of practical use [10]. In addition, short-term creep 
of bamboo-based particle panel, plybamboo form [11], and 
some other bamboo-based composites were also investi-
gated. However, little information is available on the long-
term creep behavior for the engineered bamboo products.

Two examples of engineered bamboo, similar structure 
with wood-based products, bamboo-laminated veneer lum-
ber (BLVL) and glued-laminated bamboo (GLB) has been 
gradually used in buildings and bridges in China. The pre-
sent work investigates the long-term creep-recovery prop-
erties of BLVL and GLB. The structure and element shape 
of these two products were very representative in bamboo 
products. The creep research on the two products was impor-
tant in engineering bamboo field. Therefore, the bending 
creep-recovery tests under different loadings were performed 
in this study. An empirical creep-recovery models were 
developed.

Experimental

Materials

Three-year-old bamboo (Neosinocalamus affinis) grown in 
Sichuan Province, China was obtained. BLVL was prepared 
by an intermittent hot-pressing process following the process 
described in Deng [12] and Chen [13]: first, an untwining 
machine was used to broom and roll the bamboo strips into 
laminated sheets; then, the sheets were immersed into the 
adhesive solution (phenol formaldehyde adhesive) for 7 min 
and dried to 10 ± 2% MC; the assemble bundles were pre-
pressed with a temperature of 60 °C and a prepress pressure 
of 1.5 MPa for 15 min. Finally, the compact bamboo bundle 
veneers were hot-pressed at a temperature of 150 °C and 
pressure of 3 MPa. Figure 1 shows the schematic diagram 
of the intermittent hot-press technology. The size of boards 
was 600 mm × 300 mm × 20 mm.

GLB was manufactured from moso bamboo (Phyllos-
tachys pubescens), grown in Anhui Province, China. They 
were made by the strands of bamboo glued together to form 
rectangular cross sections with similar shape and size to the 
conventional lumber. There were four steps to accomplished. 
First, bamboo sections were ripped through the length to 
form strands. Second, the strands were removed the bamboo 
rind and tabasheer. Then edge glued into small rectangu-
lar sections called slats. Finally, the slats were laminated 

horizontally with an adhesive to form a row. The size was 
the same as BLVL.

Then, the specimens were cut from the boards. The size 
of specimens was 500 mm × 20 mm × 20 mm, which can 
be seen in Fig. 2. Prior to the creep test, four-point bending 
tests were conducted according to Chinese national standard 
GB/T 17,657-2013 [14]. The loading direction was parallel 
to glue plane. For each panel, six specimens were tested 
in bending. The loading details can be seen in Fig. 3. The 
density of bamboo panels, as well as their bending modulus 
of rupture (MOR), and modulus of elasticity (MOE) were 
calculated from the bending test data. The average mechani-
cal properties of the test are given in Table 1. The maximum 
load was used to determine the applied stress level.

Creep and recovery measurements

The test procedure described in ASTM D 6815 [15] was 
followed. Creep and recovery behavior of BLVL and GLB 
were studied by a four-point bending tests using a device, 
as shown in Fig.  4. The size of all the specimens was 
500 mm × 20 mm × 20 mm. The span length was 360 mm 
and the load span length was 120 mm. The loading details 
were similar as that of bending test. Three different series 
of load levels were applied, which was 30, 50, and 70% of 
maximum load. Two specimens were tested for each stress 
level. The deflection was measured by a dial gauge with 
an accuracy of 0.01 mm, which was installed at the center 
of specimens. Bending creep tests were carried out for 
6 months (June 2014–November 2014) and then recovered 
for another 6 months. The creep data were recorded every 
3 min in the first hour, every 30 min in next 3 h, every day 
in the first month, and then once a week for the rest of the 
testing period. The recovery was recorded at the same time 
schedule with creep test. The experiment was carried on a 
basement, which the environment was not controlled.

The temperature and relative humidity as a function of 
time are shown in Fig. 5. During the first 5 months, the 
average values of temperature and relative humidity were 
24 °C and 50%, respectively. During the creep testing, the 

Fig. 1  Schematic diagram of the intermittent hot-pressing process 
[13]
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temperature was between 16 and 20 °C, while the relative 
humidity was between 22–40%.

Results and discussion

Effects of stress levels on creep‑recovery property 
of two panels

The creep-recovery curves of BLVL and GLB in differ-
ent stress levels are presented in Fig. 6. BLVL and GLB 
had similar creep-recovery curves. For all the specimens, 
the elastic deformation was the instantaneous deformation 
at the loading. When the load was removed, the elastic 

deformation was recovered instantaneously. The deforma-
tion continued to recover over time, of which in this period 
of time is called delayed-elastic deformation. At the end of 
creep experiment, the recovery has not been fully recov-
ered. This deformation which not recovered called residual 
deformation. With time increasing, the recovery seemed to 
be continued until the recovery complete. This permanent 
and non-recoverable deformation is a viscous deforma-
tion. The observed creep-recovery process for both BLVL 
and GLB follows the same pattern of polymeric materials 
described in Nielsen [16] (Fig. 7).

For the two types of bamboo-based products, the creep 
deformation increased as the stress level increased. The 
higher the stress level, the more damage for the product 
structure, and the more physical properties reduction for 
the bamboo-based products. The creep-recovery param-
eters are calculated and are shown in Table 2. The relative 
creep was quantified for creep behavior of the bamboo-
based products. The relative creep was calculated ranging 
from 0.19 to 0.49 for BLVL, increased by 1.58 times when 
the stress level increased from 30 to 70%. For the GLB 
products, the relative creep was ranged from 0.41 to 0.56, 
which increased by 0.36 times compared to the BLVL. It 
is seen that the increase rate for BLVL (1.58 times) was 
much higher than that of GLB (0.36 times), indicating that 
stress level was more sensitive on creep property for BLVL 
than that of GLB. The highest relative creep was shown 
for the GLB samples, indicating that the creep resistance 
of GLB was worse than that of BLVL for the stress levels 
of 30–50%.

Fig. 2  Specimens of BLVL (a) 
and GLB (b)

Fig. 3  Loading details of bending test

Table 1  Mechanical properties 
of two panels

MOR modulus of rupture, MOE modulus of elasticity, S.D. standard deviation, BLVL bamboo-laminated 
veneer lumber, GLB glue laminated bamboo

Material type Density (g/cm3) MOR (MPa) S.D. (MPa) MOE (GPa) S.D. (GPa) Maximum load (N)

BLVL 0.90 193.65 8.8 24.14 1.25 4505.00
GLB 0.75 93.73 11.7 9.72 2.21 2022.00
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After the load was removed, the recovery deformation 
exhibited a substantial decrease in the first week, and then 
became relatively stable thereafter. The instantaneous recov-
ery ratio (elastic recovery to elastic creep) is to measure 
the instantaneous recovery response at the time of unload-
ing. The instantaneous recovery ratios were decreased from 
85.48 to 71.40% for BLVL while 95.77–54.36% for GLB. 
The results indicated that instantaneous recovery ratio 
reduced as the stress level increased. The instantaneous 
recovery ratio for GLB was higher than that of BLVL at the 
same stress level, indicating that GLB has a better instanta-
neous recovery ability.

The residual ratios (residual deformation corresponded 
to the total creep deflections) at different stress levels were 

also calculated. When the stress level was increased from 
30 to 50%, the residual ratios were increased from 21.69 to 
30.87% for the BLVL samples and from 19.10 to 61.28% for 
the GLB samples when the stress level increased from 30 to 
70%. These results indicated that the residual part of creep 
deformations was increased with rise of stress level.

Creep rate of two materials in variable environment

The creep deflections were recorded between five equally 
spaced time segments for the determination of a decreas-
ing creep rate. Six equal time periods were used, 0 to 30 
days, 30 to 60 days, 60 to 90 days, 90 to 120 days, 120 to 
150 days and 150 to 180 days, denoted as Di as the initial 

Fig. 4  Creep test setup
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Fig. 5  Temperatures and relative humilities during the creep testing
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Fig. 6  Creep recoveries of BLVL and GLB, corresponding to differ-
ent applied stress levels

Fig. 7  Typical polymer deformation profile on application of con-
stant stress and recovery on stress removal [16]. The strain in O-A is 
Ec, O-B is Tc, B-C is Er, but O-D > Rd, because the recovery in this 
experiment is not fully. These are also shown in Table 2.
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deflection (measured 1 min after application of the load), 
and D30, D60,…D180 are those measured on 30th,  60th, and 
180th days, respectively. The decreasing creep rate can 
be expressed as difference value of creep deflection, as 
shown in Fig. 8.

As shown in Fig. 8, the creep rate of two specimens was 
all decreased as a function of creep time, D30–Di > D60–
D30 > D90–D60 > D120–D90 > D150–D120 > D180–D150. At the 
stress level of 30% for BLVL and GLB, the creep rate 
decreased rapidly during the first three stages (0–90 days). 
Then, it decreased slowly starting from the fourth stage, 
tapered off to zero until the last stage. From the stress level 
of 50 and 70%, the creep rate has similar trend before the 
third stage. From the fourth stage, the creep rate decreased 
slower than that in the previous stages. However, it con-
tinued to trend down at last stage, not stable as that in the 
stress level of 30%. The creep rate highly correlates to the 
applied stress. From our test data, the initial creep rate at 
stress level of 50% was two times (0.615/0.3) higher than 
that at a stress level of 30% for the BLVL samples, while 
1.8 times (1.56/0.85) higher for the GLB samples.

One BLVL specimen failed at the 70% stress level 
(Fig. 6). All the BLVL specimens were prepared by inter-
mittent hot-pressing process. This process is convenient to 
lengthen bamboo-based engineering material. However, 
the intermittent hot joints decreased the MOE and MOR of 
BLVL [13].

The MOE and the MOR of intermittent hot-press tech-
nology was different from which non-intermittent (Table 3). 
The panels made by non-intermittent hot-press technology 
has no intermittent hot joints and adjacent positions. The 
specimens made by two different hot-press technology 
were both tested in perpendicular to the loading direction. 
MOE and MOR on intermittent hot joints decreased by 7.7 
and 24.9%. This result was shown in accordance with that 
reported [13]. The main reason is a weak point arose in the 
process of the hot-press joint. In creep study, the failure loca-
tion was at the intermittent hot-press joint, indicating that 
the hot-press joint was an important factor of creep property 
for BLVL.

Creep and recovery modelling

Various numerical models have been used to predict the 
creep-recovery behavior. Burgers model is a combination of 
Maxwell and Kelvin–Voigt models, which commonly used 
for determining creep behavior: 

(1)�c(t) =
�0

Ee

+
�0

Ede

[

1 − exp

(

Ede

�de
t

)

+
�0

�
v

t

]

Table 2  Creep-recovery 
parameters at different loading 
stresses

Some of these parameters are shown in Fig. 6
Ec elastic deformation, Tc total creep, Rc relative creep ((Tc–Ec)/Ec), Er elastic recovery, Rd residual defor-
mation, BLVL bamboo-laminated veneer lumber, GLB glued-laminated bamboo

Material Stress Creep Recovery Recovery 
ratio (Er/Ec)

Residual 
ratio 
(Rd/Tc)

Ec (mm) Tc (mm) Rc Er (mm) Rd (mm)

BLVL 30% 2.48 2.95 0.19 2.12 0.61 85.48% 21.69%
50% 4.45 5.28 0.19 3.27 1.63 71.40% 30.87%
70% 5.84 8.69 0.49 – – – –

GLB 30% 3.31 4.66 0.41 3.17 0.89 95.77% 19.10%
50% 5.51 8.30 0.51 3.95 3.18 71.62% 38.31%
70% 7.23 11.26 0.56 3.93 6.90 54.36% 61.28%
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Fig. 8  Creep rate of BLVL and GLB

Table 3  Mechanical properties of intermittent hot-pressing board and 
non-intermittent hot-pressing board

MOR modulus of rupture, MOE modulus of elasticity

Hot-pressing way MOR (MPa) MOE (GPa)

Intermittent hot-pressing board 193.65 24.14
non-intermittent hot-pressing board 257.75 26.14
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 where t denotes the time, �0 the stress, Ee is the elastic 
modulus of Maxwell spring, which determines the immedi-
ate strain �0∕Ee , and �

v
 is the viscosity associated with its 

dashpot. Ede and �de are the elastic modulus and viscosity of 
the Kelvin–Voigt spring and dashpot.

In addition, it can also write as 

 where �1 is the initial instantaneous strain, �2and �3 repre-
sent the creep component, which is determined by the char-
acteristic life and shape parameters as a function of load 
duration t. �4 is the irrecoverable creep component.

When the load is removed, there are some instantaneous 
strain recovery. It is followed by time-dependent recovery 
strain. In the recovery curve, it only contained C–D stage 
(Fig. 7). First, elastic element can be omitted. Second, a single 
retardation time is not sufficient to describe the relaxation pro-
cess, because there is a distribution of retardation times [17]. 
Third, there will be a viscous flow (permanent deformation) 
when the recovery complete. Therefore, the recovery model 
can be given by a Weibull distribution equation [18]: 
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 where �3 is viscoelastic strain recovery, which is determined 
using the same parameters in Eq. 2 over recovery time t, the 
stretching exponent n is determined by the width of retar-
dation time distribution, and the shape parameter �

r
 and �4 

is the permanent strain from viscous flow. Based on Ref. 
[19], this equation correlated very well with experimental 
data from semi-crystalline polymers. It enabled both time-
dependent and time-independent strains to be predicted.

All the creep-recovery coefficients were simulated by 
the OriginPro software. Figure 9 shows the typical curve of 
creep and recovery data for BLVL at 30% stress level. The 
creep data are fitted to Eq. 2, while recovery data are fitted 
to Eq. 3. All the coefficients can be obtained by “Nonlinear 
curve fit” of Origin 8.5. The results are shown in Table 4.

The creep and recovery curves of all specimens fitted 
with Burgers model very well. Parameters of creep and 
recovery are determined in Table 2. The average coefficients 
of determination for creep curves were obtained as R2 = 0.99 
for both BLVL and GLB, and the average coefficients for the 
recovery curves were obtained as R2 = 0.95 for the BLVL, 
and R2 = 0.94 for the GLB.

According to Eq. (2), ε1 is the Maxwell spring related to 
the instantaneous elastic creep strain. GLB showed higher 
ε1 value than that of BLVL. The retardant elasticity ε2 and 
shape parameter β3 were time dependent. They are viscoe-
lastic parts in the creep model. The effect of stress level on 
the retardant elasticity ε2 showed similar trend to ε1. The 
data of ε2 increased by the stress level increased. Based on 
Eqs. (1) and (2), ε2 is equal to σ0∕Ede . When ε2 increased, 
Ede decreased. It is indicated that the applied stress has an 
ability to reduce the Ede. However, β3 has no specific rela-
tionship with the stress level.

The parameter β4 in creep model is very sensitive to the 
stress level. In general, the β4t term in the creep model rep-
resents the irrecoverable creep, which has the same mean-
ing with ε4 in recovery model. During our creep test, when 
the stress was applied to the specimens, the strain increased 
sharply, because the molecular bonds stretch beyond the 
elastic limit, but not broken, which can be described by the 
dashpot element of the Maxwell model (β4).
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Fig. 9  Typical creep and recovery data of BLVL at 30% stress level

Table 4  Creep and recovery 
coefficients of Burgers model

ε1 initial instantaneous strain, ε2 and β3 creep components determined by characteristic life and shape 
parameters, β4 irrecoverable creep component, BLVL bamboo-laminated veneer lumber, GLB glue lami-
nated bamboo

Species stress 
level (%)

Creep parameter Correlation 
coefficient

Recovery 
parameter

Correlation 
coefficient

ε1 ε2 β3 β4 R2 ε4 R2

BLVL 30 2.51 0.29 0.07 0.0008 0.99 0.62 0.98
50 4.17 0.64 0.06 0.0020 0.99 1.63 0.91

GLB 30 3.36 1.07 0.06 0.0013 0.99 0.73 0.97
50 5.57 2.46 0.05 0.0014 0.99 3.37 0.95
70 7.25 2.58 0.10 0.0140 0.98 6.77 0.90
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The recovery parameter ε4 is related to the recovery prop-
erty, corresponding to residual deformation (Rd) obtained by 
the experimental measurements, as shown in Table 2. The 
parameter ε4 of BLVL was more close to residual deflection 
than that of GLB, indicating that the recovery model was 
better to fit BLVL.

Conclusion

1. The stress level was more sensitive on creep property 
for BLVL than GLB. The relative creeps were ranged 
from 0.19 (30% stress level) to 0.49 (70% stress level) 
for BLVL, increased by 61.2% and from 0.41 (30% stress 
level) to 0.56 (70% stress level) for GLB, increased by 
26.8%.

2. The creep resistance of GLB was less than that of BLVL 
from stress level of 30–50%. The relative creep of GLB 
was obtained as 0.41, 2.2 times than that of BLVL at 
stress level of 30%, while 2.7 times at stress level of 
50%.

3. For both BLVL and GLB, the instantaneous recovery 
ratio (elastic recovery to elastic creep) was reduced with 
the stress level increased, while residual ratio (residual 
deformation corresponded to the total creep deflections) 
was increased.

4. Burgers model fits the creep data very well for both 
BLVL and GLB with R2 > 0.94. The viscous parameter 
ε4 of BLVL was more close to the residual deflection 
obtained from experiment data than that of GLB, indi-
cating that the recovery model fit better for BLVL than 
that of GLB.
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