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ABSTRACT

To study the static bending creep properties of glass fiber reinforced wood, glass fiber reinforced poplar (GFRP)
specimens were obtained by pasting glass fiber on the upper and lower surfaces of Poplar (Populus euramevicana,
P), the performance of Normal Creep (NC) and Mechanical Sorptive Creep (MSC) of GFRP and their influencing
factors were tested and analyzed. The test results and analysis show that: (1) The MOE and MOR of Poplar were
increased by 17.06% and 10.00% respectively by the glass fiber surface reinforced composite. (2) The surface
reinforced P with glass fiber cloth only exhibits the NC pattern of wood and loses the MSC characteristics of
wood, regardless of the constant or alternating changes in relative humidity. (3) The instantaneous elastic
deformation, viscoelastic deformation, viscous deformation and total creep deflection of GFRP are positively
correlated with the stress level of the external load applied to the specimen. Still, the specimen’s creep recovery
rate is negatively correlated with the stress level of the external load applied to the specimen. The static creep
deflection and viscous deformation of GFRP increase with the increase of the relative humidity of the
environment. (4) The MSC maximum creep deflection of GFRP increased by only 7.41% over the NC maximum
creep deflection, but the MSC maximum creep deflection of P increased by 199.25% over the NC maximum creep
deflection. (5) The Burgers 4-factor model and the Weibull distribution equation can fit the NC and NC recovery
processes of GFRP well.
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Glass fiber reinforced composite wood; Normal Creep (NC); wood creep; Mechanical Sorptive Creep (MSC); creep
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1 Introduction

Poplar is an artificial fast-growing tree that is planted on a large scale in China. Due to the growth period
being short, Poplar has a low density and poor mechanical properties, so it cannot be directly used in the
field of structural building materials [1]. To widen the application scope of artificial fast-growing forests in
the field of structural building materials, many enhancement methods have been proposed. Among them,
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fiber composite reinforcement is one of the cheaper and more effective ways to enhance the materials of
artificial fast-growing forests [2—4]. Fiber Reinforced Polymer (FRP) technology refers to the application
of adhesives and coupling agents to composite fiber materials in/outside the substrate to improve the
overall mechanical properties of the original substrate [5—8]. After the FRP composite is created, the
bearing capacity of wood materials can be increased by 17.7%—77.3% [9,10]; the static bending strength
can be increased by 12.3%-24.6%; and the elastic modulus can be increased by 10.3%—57.6% [11-13];
the shear strength increased by 2.9%-38.0% [14]; the joint strength increased by 33.0% when combining
glass fiber reinforced composite and reinforced bolts [15]; the flexural strength and modulus increased by
14.6% and 51.4% and can significantly reduce the water-absorbing thickness expansion rate when
combined with wood-based panels [16—18]. The above studies mainly focus on the instantaneous physical
and mechanical properties of wood materials reinforced by fibers, but it is important to examine the
properties of heavy-duty wood building materials under long-term external loads, that is, creep resistance
(Generally, the total creep deformation is used to measure or predict), service stability, reliability, and
safety during its life cycle of wood. When the wood is under load, it can be divided into Normal Creep
(NC) and Mechanical Sorptive Creep (MSC) according to the Relative Humidity (RH). When the relative
humidity is constant, it is called NC, and when the relative humidity changes cyclically, it is called MSC
(load and ambient temperature are constant) [19-21]. It is generally believed that under the same external
load conditions, the total deflection of wood or wood material produced by MSC is much larger than that
of NC [22]. Considering that the RH in the service environment of generally heavy-duty wood materials
changes dynamically, the resistance to MSC is particularly important for the service performance of heavy-
duty wood materials. After the upper and lower surfaces of the wood are reinforced with fibers, on the one
hand, the overall bending stiffness will be significantly improved; on the other hand, the adhesive will
hinder the moisture absorption and desorption of the wood (absorbing water vapor from the air or
releasing water vapor) and weaken its mechanical adsorption effect, theoretically speaking, these two
improvements can improve the anti-MSC ability of FRP reinforced wood.

For this reason, this paper takes the artificial fast-growing tree Poplar, which is widely planted and
industrialized in China, as the subject of interest, and examines the static-bending creep law of GFRP
composted with glass fiber surface reinforcement under the action of different loads and different
environmental relative humidity. Then, the mechanism of GFRP is explored based on the static-bending
force analysis using the Abaqus finite element software. Finally, NC of GFRP is simulated by Burgers’
4-factor model and Weibull distribution equation. The research results will provide a new way for the
scientific evaluation of the long-term service performance of GFRP and the feasibility of its application in
the field of load-bearing timber.

2 Materials and Methods

2.1 Materials

The ten-year-old plantation-grown Poplar (Populus euramevicana cv, origin Jiangsu) was processed into
a sample size of 120 mm X 10 mm X 5 mm (length x width x Thickness) [23]. The full dry density of the
specimen was 448.21 kg/m’, and the bending strength and modulus of elasticity of 115 MPa (5.23) and
7,900 MPa (621). E-type glass fiber cloth (thickness 1 mm, elastic modulus 72,000 MPa) was purchased
from Jiangxi Dahuaboxian Co., Ltd., China adhesive (2:1 transparent epoxy resin type A and B) was
purchased from Manzhouli Beiya Chemical Co., Ltd. (China), and coupling reagent (KH550) was
purchased from Nanjing USI Chemical Co., Ltd., China.

2.2 Preparation of Glass Fiber Reinforced Poplar Specimens
To improve the bonding properties of wood and glass fiber, the dewaxed glass fiber cloth was dried in a
drum drying oven at 103°C £2°C for 72 h. A coupling reagent with a mass fraction of 1% was added to the
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epoxy resin, and the epoxy resin with a coating amount of 320 g/m* was evenly brushed on the upper and
lower surfaces of the specimen. The pre-tensioned glass fiber cloth was pasted on the upper and lower
surfaces of the specimen to give full play to the tensile strength of glass fiber cloth and to improve the
overall bearing capacity of the glass fiber-reinforced composite specimen. Finally, the specimens were
cold-pressed and solidified for 72 hours (h) to obtain glass Fiber-reinforced Poplar specimens GFRP. The
mechanical properties of P and GFRP were tested according to GB/T 1927.9-2021 “Determination of
bending strength” and GB/T1927.10-2021 “Determination of modulus of elasticity in bending” [24,25].

2.3 Static-Bending Creep Test Designs

The static bending test was designed based on ASTM D 6815, GB/T 31291-2014, and LY/T 1975-2011,
and the two-point loading method was used to test the creep of GFRP and the deflection during the creep
recovery process [26—28]. The test equipment consists of an environmental system, a creep test system,
and a creep deflection monitoring system. The environmental system is controlled by a Binder climate
chamber to accurately control the ambient temperature and RH of the creep test (temperature range
0°C~70°C (accuracy =+ 1°C), relative humidity range 10%~98% (accuracy +2%)). The creep test system
adopts the wood static bending creep developed by the course group. The creep deflection monitoring
system records the creep deflection of the specimen in real-time using the linear displacement sensor (the
test accuracy is+0.01 mm) and automatically generates images. The details of the whole set of test
equipment are shown in [29]. The experimental designs of NC and MSC are shown in Tables 1 and 2,
respectively.

Table 1: NC experiments on GFRP and P under different loads

Test Ultimate load to failure (N) NC MSC Load (N) Stress levels (%) T (°C)

grotp RH (%) RH cycles (%)

GFRP 418.00 65 98-65-98-65-98-65 146.30 35 20
65 98-65-98-65-98-65 62.70 15 20
65 98-65-98-65-98-65 41.80 10 20
65 98-65-98-65-98-65 20.90 5 20

P 203.00 65 98-65-98-65-98-65 20.30 10 20

Table 2: NC experiments on GFRP and P under RH

Test group  Ultimate load NC MSC Load (N)  Stress levels (%) T (°C)
to failure (N) RH (%) RH cycles (%)
GFRP 418.00 98 98-65-98-65-98-65 41.80 10 20
65 65-32-65-32-65-32  41.80 10 20
32 / 41.80 10 20
P 203.00 98 98-65-98-65-98-65  20.30 10 20

2.4 Finite Element Analysis

To analyze the bending performance of poplar and glass fiber reinforced poplar more accurately, the
material parameters of poplar were obtained based on the four-point bending material property test, and
the finite element model of poplar and glass fiber reinforced poplar bending stress test was established by
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combining with the general finite element ABAQUS [30,31]. The three-dimensional eight-node solid unit
C3D8 was selected, with a total of 6000 units and a unit size of 1 mmx 1 mm x 1 mm as shown in
Fig. 1. Neglecting the glue line, the wood is bound directly to the fiberglass cloth. To realistically
simulate the support and loading points of the specimen, steel roller support, and loading points are used,
four RP reference points are set up at the specimen, and the concentrated force load is applied through
the reference loading points (the top two RPs of the specimen) points. Reference points RP (two RP
points below the specimen) are established at the specimen support points.

Figure 1: Meshing of the test specimen

3 Results and Analysis

3.1 Influence of Glass Fiber Reinforcement on Mechanical Properties of Poplar

As can be observed from Table 3, compared with the control material P, the MOE, and MOR of GFRP
increased by 17.06%, and 10%, respectively. This effect is caused by the GFRP specimen being subjected to
lateral load, the maximum compressive stress, and tensile stress on the upper and lower surface layers being
borne by the high-strength glass fiber layer, causing the strength and stiffness of GFRP to be significantly
improved.

Table 3: Mechanical properties of GFRP and P

P GFRP
MOE 7900 MPa 9248 MPa
MOR 115 MPa 128 MPa

3.2 Effect of Load on NC and MSC

From Fig. 2a, it can be observed that the variation law of NC and recovery of GFRP under different loads
are similar to that of classical wood NC. The NC of GFRP under different loads has the following
characteristics: 1) It exhibits three stages: transient creep stage (0-5 h), steady-state creep stage (6—90 h),
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and creep recovery stage (91—125 h); 2) The load has a great influence on the NC of GFRP. The greater the
load, the greater the creep deflection, initial elastic deformation, and viscous deformation of the specimen
(Table 4). At high stress levels (35% in this study), excessive creep deflection may lead to fracture failure
of wood in a short time; 3) When the loading level of GFRP and P is 10% of their static bending failure
strength, the GFRP maximum creep deflection is reduced by 26.17% compared to the maximum creep
deflection of P.
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Figure 2: NC (a) and MSC (b) curves of GFRP under different loads
Table 4: NC creep deflection characteristics and recovery values
Load levels (%) a/mm b/mm c/mm d/mm e/mm 7%
5 0.2107 0.1282 0.0350 0.0112 0.1995 94.68
10 0.3747 0.2447 0.0660 0.0470 0.3277 87.45
15 0.5842 0.3662 0.0965 0.0802 0.5040 86.27
35 1.3100 0.8715 0.2007 0.3360 0.9740 74.35

Note: Table a represents Creep deflection, b represents Elastic deformation, ¢ represents Viscoelastic deformation, d represents Viscous deformation, e
represents Creep deflection recovery, and f represents Creep deflection recovery.

It can be observed from Fig. 2b that P under MSC, the creep deflection of the first moisture absorption
and desorption increased, but the creep deflection decreased in the subsequent moisture absorption process
and increased during the desorption process. However, the creep deflection of GPRP under MSC does not
change with the change of relative humidity, the MSC of GFRP only exhibits NC characteristics of
wood. When the loading level of GFRP and P was 10% of the static bending failure strength of each
group, the maximum creep deflection of GFRP was reduced by 73.23% compared with that of untreated
stilts.

When comparing Figs. 2a and 2b, on the one hand, the MSC of GFRP is similar to the NC characteristics
of GFRP, and their creep deflection is the same. On the other hand, when the load is 10%, the MSC creep
deflection of GFRP (0.4025 mm) is only 7.41% higher than that of NC (0.3747 mm). However, the MSC
(RH98%—65%) creep deflection of P (1.5187 mm) is 199.25% higher than the maximum creep deflection
(0.5075 mm) of NC (RH65%). It is worth noting that the change law of relative humidity in the natural
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atmospheric environment is similar to the cyclic change of relative humidity in MSC, so we should be alert to
the problem of rapid destruction of wood caused by MSC.

3.3 The Effect of RH on NC and MSC

It can be observed from Fig. 3a that the NC of GFRP under different relative humidity has the following
characteristics: 1) It exhibits a transient creep stage (0—10 h), a steady-state creep stage (11-89 h), and a creep
recovery stage (90—125 h); 2) Relative humidity has a certain influence on the NC of GFRP, the specimen
exposed to higher relative humidity has greater creep deflection and viscous deformation.
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Figure 3: NC (a) and MSC (b) curves of GFRP under different relative humidity

It can be observed from Fig. 3b that the MSC of GFRP under different relative humidity cycles only
exhibits NC characteristics. The MSC of GFRP under different relative humidity cycles has the
following characteristics: 1) It exhibits a transient creep stage (0—10 h) and a steady-state creep stage
(11-60 h); 2) Different relative humidity cycles have different effects on the mechanical properties
of GFRP the adsorption creep has no obvious effect, and the MSC of GFRP shows the characteristics
of NC; 3) Under RH 98%—65% cycle, the maximum creep deflection of GFRP was reduced by
288.17% compared with the maximum creep deflection of P. Comparing Figs. 3a and 3b, it can be
observed that, the MSC of GFRP is similar to the NC characteristics of GFRP, and the creep
deflection is the same.

The main reasons why glass fiber surface reinforced wood can effectively reduce the static bending creep
deflection of wood and change the MSC characteristics are as follows: 1) When the P bending stress is
applied, the upper and lower surfaces bear the maximum compressive/tensile stress, and the maximum. It
is easily affected by ambient temperature and humidity, as shown in Figs. 4 and 5a, causing the upper
and lower parts of the wood to be most easily damaged in static bending creep (without considering
internal factors such as wood defects). When the glass fiber cloth is pasted on the upper and lower
surfaces of the wood, on the one hand, the glass fiber cloth with the high elastic modulus (72000 MPa)
bears the maximum compressive/tensile stress of the composite material, and Poplar bears lesser stress.
On the other hand, for GFRP the stress is much smaller than that of P as shown in Figs. 4a and 4b, thus
improving the overall bearing capacity of GFRP; 2) The influence of ambient temperature and humidity
on the mechanical properties of glass fiber is much less than that of wood; 3) The epoxy resin layer on
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the surface of the prevents moisture from entering the interior of the wood which reduces the moisture
content of the GFRP specimen as shown in Fig. 6. Therefore, the MSC phenomenon of GFRP is greatly
weakened or not present, and MSC only exhibits NC characteristics.

' : — 3
Fulcrum Fulcrum Neutral layer

Figure 4: Schematic diagram of the static bending force and water entry into the surface of the wood
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Figure 5: (a) P stress cloud diagram of P static bending failure strength of 35% (74 N); (b) GFRP Stress
cloud diagram of P static bending failure strength of 35% (144 N)
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Figure 6: Moisture content of GFRP and P at different relative humidity

3.4 Parameter Fitting and Analysis of GFRP Common Creep Model

The next stage of this project was selecting an appropriate creep model that could obtain the creep
function of wood with the creep influence factor as the independent variable. The most important thing
is to predict the long-term creep behavior of wood and provide a scientific evaluation of its long-term
service performance. The Burgers 4-factor model (Eq. (1)) is a model based on the rheological theory of
wood materials that can predict the NC of wood materials, but the Burgers 4-factor model will not
converge in the calculation of creep recovery, while the Weibull distribution equation (Eq. (2)) reliably
predicting NC recovery of wood. The Weibull distribution equation was originally used to simulate the
creep behavior of composite solid materials [32], but many previous studies have shown that the
Weibull distribution equation can also accurately reflect the creep recovery behavior of polymer
materials [33-35].

e(t) = B1 + P2[1 — exp(—p3¢)] + pat (1)

In Eq. (1), &(¢) is the creep deflection, mm; ¢ is the time, s; ff1 is the instantaneous elastic strain, mm; 2
is the delayed elastic strain, mm; f3 is the shape parameter determined by the characteristic life, mm; /4 is
the non-recoverable creep components, mm.

£\ F
exp( —(— @)
( (’72) >]
In Eq. (2), & is the creep recovery deflection (mm); &, is the permanent deformation due to the viscous

effect (mm); ¢; is the delayed elastic strain (mm); k is the shape parameter that changes with the recovery
time; #, is the characteristic life; and t is the load removal time (s).

&(t) =& +eé

It can be observed from Figs. 7 and § that the Burgers 4-factor model and the Weibull distribution
equation can better fit the NC curve of GFRP, where the correlation coefficient R? of the former is above
0.82, and the correlation coefficient R? of the latter is both 0.98 The fitting curves of the two models are
in good agreement with the experimental curves.
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Figure 8: Fitting curve of NC unloading pressure period of GFRP

4 Conclusion

The poplar reinforced by the glass fiber surface, no matter if the ambient humidity is constant or
alternately changed, only shows the NC law of wood, and loses the MSC characteristics of wood at the
same time. On the one hand, the instantaneous elastic deformation, viscoelastic deformation, viscous
deformation, and total creep deflection of GFRP have positively correlated with the external load stress
level of the specimen but the creep recovery rate is related to the external load stress level of the
specimen. On the other hand, the static bending creep deflection and viscous deformation of GFRP
increase with the increase of the relative humidity of the environment. In addition, Burgers’ 4-factor
model and Weibull distribution equation can reliably fit the NC and NC creep recovery process of GFRP.
In addition, the maximum creep deflection of MSC of GFRP is only 7.41% higher than that of NC, but
the maximum creep deflection of MSC of P is 199.25% higher than that of NC. It is worth noting that
the relative humidity in the natural atmospheric environment, the change rule is similar to the cyclic
change of relative humidity in mechanical sorptive creep, therefore, we should be alert to damage caused
by mechanical sorptive creep.
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