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Abstract

The column, which is the vertical main structural part of the building, bears the force transmitted from the upper
beam and slab and is a crucial part of the structure. In this study, the columns with a rectangular section cut from
poplar were reinforced by basalt fiber-reinforced polymer (BFRP) strips with four different reinforced configurations.
The mechanical behaviors of the specimens were also investigated under different eccentricities. Experimental
results are presented as follows: for the wooden columns under axial compression, the wooden column BFRP with
one layer spaced apart, two layers spaced apart, one layer fully filled, and two layers fully reinforced demonstrated
increased bearing capacities of 3.13%, 30.00%, 40.63%, and 65.00%, respectively; the longitudinal strain increased by
7.54%, 19.65%, 22.06%, and 30.69%, and the lateral strain decreased by 26.53%, 29.80%, 41.30%, and 66.64%, respec-
tively. Meanwhile, for the wooden column subjected to eccentric compression, the bearing capacities of the afore-
mentioned wooden column BFRP configurations increased by 8.70%, 19.56%, 23.91%, and 30.43%; the longitudinal
strain of the wooden column increased by 25.41%, 35.20%, 39.52%, and 41.85%; and the transverse strain increased
by 130.77%, 166.77%, 192.57%, and 230.86%. In addition, the finite element model was used to simulate the eccen-
tric compression behavior of the specimen. However, the ultimate bearing capacity and deflection of the analyzed
column were higher than the test value. This finding was due to the completely ideal state of poplar in Finite Element
Analysis (FEA) modeling without the influence of some initial defects, such as knots. These values can roughly be used
as a reference for experimental results for the repair and reinforcement of poplar structures in Xinjiang.
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Introduction

Wood is recognized as an important engineering mate-
rial for livelihood and economic construction. In the civil
engineering industry, traditional building materials, such
as steel bars, cement, and clay bricks, not only consume a
considerable amount of non-renewable natural resources
and energy but also cause pollution to the natural envi-
ronment. Compared with the traditional building mate-
rials, wood is a natural, environmentally friendly, and
green material. Moreover, wooden structures are charac-
terized by their light weight, good seismic performance,
energy-saving potential, eco-friendliness, and comfort
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[1]. Consequently, some developed countries and regions
with abundant wood resources in the world attach con-
siderable importance to the use of wood structures [2, 3].
The vast majority of ancient existing buildings in China
are wooden structures, such as the Forbidden City in
Beijing and the Huiyuan Ancient City in Yili [4, 5]. How-
ever, the structure of wood is complicated. Different tree
species, parts of the same tree species, and similar tree
species with different growth environments have vary-
ing mechanical properties [6]. Unlike metal and con-
crete, wood is a typical anisotropic material. Moreover,
wood has natural defects, such as knots, corrosions, and
cracks. These defects lead to a reduction in the bearing
capacity and ductility of wooden structures. Some stud-
ies indicate that numerous ancient wooden structures
worldwide have been damaged to varying degrees due to
various reasons, such as cracks, worms, and decay; thus,
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reinforcing and restoring these precious historical herit-
ages is necessary [7, 8].

Poplar (Populus tomentosa Carr.) is the most widely
distributed environmental adaptation species world-
wide. The largest poplar forest worldwide is located in
the Tarim River Basin in Xinjiang, China, wherein the
natural forest area covers more than 320,000 hectares,
accounting for more than 90% of the country [9]. Com-
pared with other types of trees, poplar is an important
short-rotation tree from the family of Salicaceae. Poplar
has the physical characteristics of rapid growth, salt—
alkali tolerance, cold resistance, and easy reproduction
[10]. Therefore, as a structural material, poplar is crucial
in the construction of villages and towns in Xinjiang.
Apart from these advantages, poplar has some mechani-
cal disadvantages, such as low elastic modulus and
strength, loose fiber structure, and large creep. Although
poplar has a large output in Xinjiang, all these wood
defects impeded the comprehensive utilization of poplar
and intensified the contradiction in use [11]. If poplar can
be effectively reinforced, then this wood can be applied
to traditional wooden structure buildings in Xinjiang
villages and towns [12]. In the past, the renovation and
reinforcement of wooden structures were mainly per-
formed using conventional methods, including but not
limited to the addition of restraint, tie rod, and pin meth-
ods as well as chemical and fiber bundle reinforcement
methods. Traditional reinforcement methods not only
increased the capacity in the static load of the structure
but also demonstrated slight negligence, thereby possibly
causing new damage to the structure and changing its
original appearance [7, 12-15]. The existing experimental
and numerical studies revealed that fiber-reinforced pol-
ymer (FRP) composites, including carbon FRP (CFRP),
glass FRP (GFRP), aramid FRP (AFRP), and basalt FRO
(BEFRP), are effective methods to enhance the strength
and elastic modulus of wooden structures [16—18]. The
FRP-reinforced method benefits from the superior prop-
erties of FRP, which is not only a rival in weight but also
serves as a viable competitor considering the strength
and corrosion resistance. A comparison of different types
of fibers, such as CFRP, GFRP, and AFRP, revealed that
the characteristics of BFRP have no distinct differences
in strengthening structures. However, the price of basalt
fiber is considerably lower than that of carbon and ara-
mid fibers considering cost performance, and unique
basalt resources are found in Xinjiang. Therefore, BFRP
was used as the reinforcement material in the test.

The column, which is the vertical main structural part
of the building, bears the force transmitted from the
upper beam and slab. The column is subjected to axial
and eccentric compressions based on the position of the
force. Wooden columns are divided into long and short
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columns. A column is short when the ratio of length
to width is less than or equal to 11 and long when this
ratio is larger than 11 [19]. The long column is also called
the Euler column. The main factor of the long column
is material stiffness, which is unstable under compres-
sion, and its destruction is not caused by pure pressure.
However, the long column will be damaged due to bends
in the longitudinal direction, which generates torque.
Therefore, scholars conducted numerous experimen-
tal investigations and related theoretical analyses on the
compression performance of columns reinforced by FRP
[20-29] mainly based on experimental research, and the
raw materials on pine and cedar were tested. However,
the experimental research and numerical simulation
analysis of Xinjiang poplar are extraordinarily limited.
For example, the literature [24—26] introduced an experi-
mental study on CFRP wooden columns subjected to
axial compression. The results showed increased capac-
ity by approximately 0.2-8.3%, and the hoop ultimate
compressive strain could be recovered to 109.6-126.5%
of unreinforced columns [27]. Shao Jinsong et al. [28]
conducted a theoretical study on the axial compression
performance of the FRP-reinforced wooden column.
Their results indicated that the FRP horizontal reinforce-
ment method could increase the bearing capacity and
peak strain of the wooden column by 21.82% and 94.95%,
respectively. Ouyang Yu [29] conducted a stress perfor-
mance test of GFRP-reinforced columns. The test showed
that the axial load capacity of the column could be effec-
tively improved when the GFRP reinforcement rate was
within a certain range. However, the axial capacity no
longer improved when the GERP reinforcement rate was
considerably large.

However, existing experimental and theoretical stud-
ies are mainly focused on the improvement of the axial
compression performance of wooden columns strength-
ened by FRP, and studies on the FRP-reinforced wood
column subjected to eccentric compression are relatively
few [28, 30—33]. Eccentric compression is the main force
mode for wooden columns in practical engineering. The
possibility that the column is under true axial compres-
sion is considerably small. A certain eccentricity in the
column with theoretical axial compression may be due
to some factors, such as uneven material, oftf-axis load,
and construction errors. Therefore, most columns in the
structure are also eccentric compression members. Simi-
larly, the columns on the edge of the building, especially
the corner columns, are often subjected to the combined
action of axial force and bending moment, thus produc-
ing an equivalent eccentric effect [24, 26, 34—40]. Hence,
the Xinjiang poplar column was taken as the research
object in this study. Experimental and analytical stud-
ies on columns subjected to eccentric compression were
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also conducted and investigated to understand the axial
and eccentric compressive behaviors of BFRP-reinforced
columns. The present study aims to observe the failure
modes of the control and reinforced specimens, flex-
ural behavior, ultimate strength, and the relationship of
load and deflection. In addition, experimental and FEA
analytical results were compared to verify whether the
modeling could be used to analyze the eccentric com-
pression behavior of the poplar column. Through rel-
evant mechanical performance analysis, this finding
will be a technical reference and theoretical basis for
the repair and reinforcement of poplar columns in the
ancient, village, and town buildings.

Experimental program

Mechanical characteristics of materials

BFRP

BERP purchased from Xinjiang Tuoxin Basalt Fiber Prod-
ucts Co., Ltd. had a high tensile strength of 3200 MPa, an
elastic modulus of 105 GPa, an elongation of 2.71%, and a
thickness of 0.132 mm. The most commonly used adhe-
sives for fiber composite materials in timbers are the one-
and two-component epoxy resins. The two-component
epoxy resins provided by the manufacturer (WCRCL)
and mixed by weight with the ratio of 3:1 were used in this
study. This resin had a high elastic modulus of 2885.1 MPa,
a tensile strength of 53.9 MPa, axial compression strength
of 101.7 MPa, and an elongation of 3.0%. The properties

Table 1 Material mechanical properties

Item Tensile Modulus Axial Elongation
strength/ of elasticity/ compression at break/%
MPa GPa strength/MPa

BFRP 3200 110 - 271

Epoxy resin 53.9 2.8851 101.7 3.0
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of the BFRP and reinforcement adhesive were tested and
authorized by the Chinese Chemical Building Materials
Testing Center. The main performance parameters of the
material are shown in Table 1.

Timber

Measurement of moisture content A total of 27 samples
were cut from poplar following the code of GB/T1931-
2009 [41] and GB/T1928-2009 to test its moisture content
[42]. The size of the sample was 20 mm x 20 mm X 20 mm.
First, the samples were numbered and weighed with an
electronic scale before the test. Then, the moisture con-
tent of the wood was measured in a drying oven (model:
101-3A). The temperature in the oven during the test was
controlled at 103+2 °C, and the sample was continuously
dried for eight hours. Samples were then taken out of the
oven with tweezers and placed in a weighing bottle with
desiccant, cooled to room temperature, and taken out for
weighing. Last, the moisture content of the sample was cal-
culated following Eq. 1. The measurement process is shown
in Fig. 1, and the test result of poplar average moisture con-
tent is 9.24% (Table 2).

1— Mo

m
W = x 100%, 1)

mo

where W is the moisture content, m1g is the moisture con-
tent before the test, and 17 is the moisture content after
drying.

Table 2 Moisture content of poplar timber

Specimen size Sample Dry sample Average
quality quality /g  water
during test/g content

1%

20 mm x 20 mm x 20 mm  34.930 31.992 9.24

a Drying oven (Model: 101-3A)
Fig.1 Sample drying and weighing process

b Test block

¢ Weighing test block




Zhou et al. J Wood Sci (2021) 67:2

Mechanical characteristics of timber Sixty samples
uniformly cut from the same poplar were divided into
two groups to determine their tensile and compres-
sive strengths along the grain and horizontal grains,
respectively, following the code of GB/T1938-2009 [43].
Detailed information is shown in Fig. 2a. Notably, the
tensile specimen was embedded between the upper and
lower fixtures, and strain gauges were attached to the
15 mm width direction of the 4 mm thick specimen dur-
ing the experiment. Continuous and uniform loadings
were used to control the specimen to break within 1.5
and 2.0 min, respectively. The tensile strength along the
grain of the sample with moisture content was calculated
following Eq. 2:

__ Pmax

Ow = bt (2)

where pmax is the failure load, and b, ¢ are the width and
thickness of the sample, respectively. The basic mechani-
cal properties of compression were tested in the follow-
ing two parts: the compression along the grain and that
against the transverse grain. The same kind of sample
with a size of 30 mm x 20 mm x 20 mm was used to
obtain the compressive strength in both tests as shown in
Fig. 2b. The load and displacement values for each speci-
men were also collected during testing. The proportional
limit load was then determined from the drawn load—
deformation diagram. Finally, the proportional limit
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stress of the wood in transverse grain compression was
calculated following Eq. 3 [44]:

p
Oyw = 47 (3)

where o, is the proportional limit stress of the wood in
transverse grain compression, p is the proportional ulti-
mate load, and b,/ are the width and length of the speci-
men, respectively. Table 3 lists the three main properties
of the poplar with 9.24% moisture content from testing.

Details of test specimens and procedures

The manufacturing process of this component is shown
in Fig. 3. A total of 33 columns with rectangular cross
sections were produced in this experiment to study
the effect of different bonding methods and eccen-
tricities on the mechanical properties of long columns
from poplar. Table 4 shows 9 control columns and 24
reinforced with BFRP. In JBu-i-j-m/MBnu-i-j-m, ] is the
column reinforced by BFRP strips with spacing; M
is fully reinforced by BFRP; # is the number of layers

Table 3 Main mechanical characteristics of poplar

Item Moisture Tensile Compressive Proportionality
content (%)  strength strength limit stress
(MPa) (MPa) (MPa)
0924 924 11891 38.60 6.43
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Fig.2 Details of tensile and compression testing sample: a tensile with rift grain, b tensile with radial, and ¢ compression with rift grain (unit: mm)
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Fig.3 Main procedure of columns with strengthening BFRP: a processed wood, b underline, ¢ primer and saturant painted, and d FRP bonded

Table 4 The basic parameters of the specimen

Specimen number Reinforcement method Details Reinforced with BFRP Initial Specimen dimension pBerr(%) Number

eccentricity (mm)
layers Spacing (mm) Width (mm) (mm)

DBZ-0-1200 Unreinforced 0 / 0 100 x 100x1200 0 3
DBZ-50-1200 50 3
DBZ-100-1200 100 3
JB1-0-1200 BFRP strips with spacing 1 100 50 0 100 x 200x1200 4583 3
JB1-100-1200 100 3
JB2-0-1200 2 0 100 x 200x1200 91.66 3
JB2-100-1200 100 3
MB1-0-1200 Fully reinforced by BFRP 1 / 1200 0 100 x 200x1200 100 3
MB1-100-1200 100 3
MB2-0-1200 2 0 100 x 200x1200 200 3
MB2-100-1200 100 3
consideri'ng BERP; i is eccentricity; j is the lengFt} of col- Vi ntgipbugphigy

umn; m is the number of the column. In addition, the Pbfrp = Vymz = AH ’ (4)

distribution rate of BFRP is calculated following Eq. 4:
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where V), is the Poplar volume, V5, is the basalt fiber
cloth volume, # is the number of basalt fiber cloth pasting
layers, fpf,, is the basalt fiber cloth thickness, by, is the
length of basalt fiber cloth, /), is the width of the basalt
fiber cloth. A is the cross-sectional area of poplar, and H
is the Poplar height [45].

The standard code
testing method [46] indicates that the dimen-
sion of the column under axial compression
was 100 mmx 100 mmx 1200 mm. The size
of the eccentrically compressed column was
100 mm x 200 mm x 1200 mm. The longitudinal direc-
tion of the column was all along the grain direction. The
tested columns were marked as DBZ, JB1, JB2, MBI,
and MB2, where DBZ means unreinforced column, JBi
is a BERP space-reinforced column, MBi is a BERP fully
reinforced column, and i is the number of adhesive lay-
ers. Details are shown in Fig. 4.

The following four procedures were performed to
ensure the effective bonding of the interface between
the BERP cloth and column. First, the surface of the col-
umn was smoothed with a machine, and the sawdust and

of the wooden structure

Page 6 of 17

dust on the surface were cleaned by a blower. Second, the
mixed epoxy resin was uniformly applied on the surface
with the roller following GB 50,608-2010 [46]. Third,
the BERP cloth was pasted flatly on the column surface
after curing the primer for 24 h. Simultaneously, the air
and the impregnated glue were squeezed out by the rigid
plastic roller to prevent the generation of bubbles at the
bonding interface. Finally, a thin layer of a saturating
agent was applied to the fibers to facilitate full contact.
The test was conducted by a long column test machine
with 5000 KN capacity in the structural laboratory of
Xinjiang University. According to the “Standard for Test
Methods for Wooden Structures” (GB / T50329-2012)
[47], the top and bottom of the column and the loading
plate of the test machine were marked with cross lines to
ensure the stability of the test component before the test.
The static loading method was adopted in the specimen
pressure test. Graded loading was adopted when the load
was between 10 and 80% of the ultimate load, with each
load level of 10 kN and load holding time of 3 min; 4 kN
was applied for each stage of the load in 80% of the ulti-
mate load, and the load holding time was 3 min. When
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the load limit was reached, the loading method with dis-
placement control was adopted in the test. The running
speed of the indenter of the testing machine was con-
trolled at 1.00 mm/s.

Four displacement gauges were arranged in the mid-
dle of the column and two were arranged on the top to
determine the displacement of the column for eccentric.
In addition, the members of eccentric compression were
vertically attached with strain gauges on the tension side,
the compression side, and the middle of the side surface
to measure the specimen strain. A protective fixture was
provided at the loading end to prevent splitting damage
at the loading end of the column.

Experimental results and discussions

Results of tested specimens

1) Summary of testing results of DBZ under different
eccentricities.

Failure modes of DBZ

Figure 5 shows the failure mode of the unreinforced col-
umns under different eccentricities. DBZ-0-1200 was
damaged due to compression, while DBZ-50-1200 and
DBZ-100-1200 were both bent and damaged due to the
broken tensile side wood fiber. However, their damage
positions were different. In the early stage of loading, no
changes were observed in all specimen groups for the
DBZ-0-1200, DBZ-50-1200, and DBZ-100-1200. As the
load increased, the compression side was wrinkled, the

C
Fig.5 The failure form of DBZ with different initial eccentricities with
a0mm, b 50 mm,and ¢ 100 mm
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fracture sound was produced from wood fiber, and then
the crack extended slowly upward. When the eccentricity
is large, the tearing sound from the wood was early, the
crack rapidly extended from the middle of the columns,
and the lateral flexural displacement rapidly increased
with the tearing sound from the tensile fiber. When the
ultimate bearing capacity was reached, the damaged posi-
tion of the wooden columns was 260, 50, and 150 mm
below, above, and in the middle, respectively. The results
showed that an increase in the initial eccentricity would
lead to a decrease in the bearing capacity considering the
positive section of the eccentric column, and the peak
deflection corresponding to the peak load would gradu-
ally increase. A large eccentricity resulted in the overall
bending of the specimen during the loading process. The
wood fibers on the compression side were eventually
crushed, and the poplar column was destroyed.

Load-strain response

As previously mentioned, 10 strain gauges were bonded
to four sides of the tested columns along the middle of
the column. The collected results implied that a large
eccentricity leads to a large strain and a small ultimate
bearing capacity. Figure 6 shows the load—strain dia-
gram of DBZ under different eccentricities. DBZ-0-1200,
DBZ-50-1200, and DBZ-100-1200 demonstrated the fast-
est growth of the compression strain on the compres-
sion side, while that on the tension side was relatively
slow. This finding was due to the simultaneous existence
and cancelation of tensile and compressive strains. The
columns entered the plastic stage in the later stage of
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Fig.6 Load-strain diagram of DBZ under different eccentricities
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loading, and the strain growth accelerated. The fiber on
the compression side of the column first reached the ulti-
mate compressive strain, and the wood fiber on the com-
pression side of the column demonstrated buckling and
wrinkling. Interestingly, the load growth rate during this
time slowed down, and the yield surface gradually moved
toward the tension side. Afterward, the column with a
large eccentricity would fail earlier than that with a small
eccentricity due to the rapid increase in the additional
bending moment of columns with large initial eccentric-
ity. Comparing the strain distributions of the DBZ-0-
1200, DBZ-50-1200, and DBZ-100-1200 at the ultimate
stage, the tensile and compressive strains of DBZ-100-
1200 were larger than those of DBZ-0-1200 and DBZ-
50-1200. This condition could be attributed to the large
column deformation and the fast strain growth due to
large eccentricity. Thus, eccentricity decreased the unre-
inforced timber column for their capacity.

Load-deflection response

Figure 7 shows that the load—displacement curves of
the specimens with an initial eccentricity of 0, 50, and
100 mm have the same trend. The mid-span (hori-
zontal) and top column displacements, respectively,
increased non-linearly and linearly when the load
ranged from 0 KN to 20.00 KN. This finding indicates
that all the specimens were in the elastic stage. As
the loading increased until the ultimate load, its mid-
span and top (longitudinal) displacements increased
substantially non-linearly. Thus, the specimen was in
the elastoplastic stage. The overall trend of the load—
deflection curves revealed that in the same loading
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Fig.7 Load-displacement curve of DBZ under different eccentricities
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values, such as 40 kN, the mid-span deflections of the
columns with different eccentricities, namely DBZ-0-
1200, DBZ-50-1200, and DBZ-100-1200, were 19.64,
46.51, and 70.29 mm, respectively. Therefore, the
mid-span deflection was accordingly magnified with
increased eccentricity at the same loading state. Based
on the comparison of DBZ-0-1200, DBZ-50-1200,
and DBZ-100-1200, Fig. 7 shows that the bending
moment acting on the end of the specimen increases
with the initial eccentricity, the bearing capacity of the
specimen decreases, and the mid-span and top dis-
placements increase with the initial eccentricity. Spe-
cifically, the increase in the mid-span displacement of
the specimen was larger than that in the top displace-
ment. Wood, as an anisotropic material, has a modulus
of elasticity along grains larger than that of transverse
grains, and its mechanical properties are consider-
ably affected by factors, such as knots and humidity.
The specimen is prone to mid-span deflection under
vertical load. Thus, some of the data in the test results
inevitably have a certain degree of dispersion.

2) Summary of testing results of reinforced column
under different eccentricities.

Failure modes of tested specimens

A total of 12 reinforced columns with an eccentricity
of 100 were investigated during the testing procedures
using the pasting method. The experimental investiga-
tion revealed that the two failure modes of reinforced
columns were broken in the shear plane and bending fail-
ure (Table 5). This result demonstrated that the stiffness
and ductility of the columns were effectively enhanced by
BERP. Interestingly, the pasting method and the number
of layers had a certain effect on deformation under the
same load. The following descriptions of the specimen
behaviors will be summarized by the overall condition of
columns in each batch.

Figure 8 shows that the failure location of JB1-100-
1200 occurred in the unreinforced section, the bending
failure was caused by the development of the wood fiber
compression, and the failure was accompanied by a “pop”
sound. The failure of JB2-100-1200 was caused by the
longitudinal wood fiber of approximately 100 mm in the
middle of the tension side being pulled off, and the failure
had a certain abruptness. MB1-100-1200 was broken due
to the extrusion of the tensioned surface. Simultaneously,
the longitudinal BFRP on the tensile side of the specimen
partially slipped. The longitudinal flexural deformation
of MB2-100-1200 slowly developed during the compres-
sion process, and BFRP was cut due to the shear failure of
the wood fibers in the compressed section (Table 5). This
finding indicates that the reinforcement method with full
sticking is better than that with interval sticking.
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Table 5 Failure mode of the tested specimens
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Specimen number Reinforcement method Details reinforced with BFRP Initial Failure mode
eccentricity of the tested
layers Spacing (mm) Width (mm) (mm) specimens
JB1-0-1200 BFRP strips with spacing 1 100 50 0 Bending failure
JB1-100-1200 100 Bending failure
JB2-0-1200 2 0 Bending failure
JB2-100-1200 100 Bending failure
MB1-0-1200 fully reinforced by BFRP 1 / 1200 0 Shear failure
MB1-100-1200 100 Bending failure
MB2-0-1200 2 0 Shear failure
MB2-100-1200 100 Shear failure

Load-deflection and load-strain responses

Figure 9 reveals the load—deflection and load-strain
relationships considering reinforced columns with
BEFRP sheets. The overall trend of load—deflection
curves shows the following results: considering longi-
tudinal displacement and strain, the longitudinal dis-
placement of the specimen within 0—40 KN was in the
elastic stage, and the curve changed approximately lin-
early. As the loading increased until the ultimate load,
the longitudinal displacement suddenly increased, and
the column failed due to rupture. Compared with the
unreinforced column, the longitudinal deformation
of the BFRP-reinforced column increased by 12.61%,
18.54%, 27.17%, and 40.51%; the increase in the longitu-
dinal strain of reinforced wooden columns was 25.41%,
35.20%, 39.52%, and 41.85%, respectively. BFRP is a
unidirectional tensile material. Thus, pasting BFRP in
the longitudinal direction of the column cannot effec-
tively restrain the lateral deformation of the wood fiber
in the compression zone. The cross-sectional area of
the compression zone expands with the increase in
fiber distribution rate. Therefore, the ultimate failure
is due to the cracked wood fibers in the compression
zone. Considering lateral deflection and strain, com-
pared with the unreinforced column, the increase in
the lateral displacement of the reinforced column was
214.76%, 243.15%, 260.98%, and 264.58%; the increase
in lateral strain was 130.77%, 166.77%, 192.57%, and
230.86%, respectively. Notably, longitudinal pasting was
more effective in suppressing the longitudinal bending
deformation of the wooden columns than horizontally
pasted BERP. The fiber strips demonstrated circumfer-
ential hoop effects on the lateral displacement for wood
columns. Therefore, the columns had the highest bear-
ing capacity and deflection at the mid-span because the
BERP strip emphasized the applied strain in improving
the stiffness of the reinforced column.

Finite element analysis (FEA) simulation

The finite element model of composite materials with
simply supported ends was established using the general
FEA software from ANSYS [48] to further understand
the compressive properties of BFRP-reinforced wooden
columns, and the results were compared with the test
results. The next section summarized the detailed mod-
eling approach.

Basic assumption of a finite element model of poplar column

Wood is a complex anisotropic material [49]. Thus, the fol-
lowing assumptions are made when establishing a finite
element model of BFRP-reinforced wooden columns. (1)
In the elastic phase, the elastic modulus of the material
at the interface is equal to that of the material under ten-
sion when the wood is tensioned. (2) BRFP is only under
tension when the stress—strain relationship indicates lin-
ear elasticity. (3) The cross section of the poplar column
remains flat after the wood is loaded, and subsequent cal-
culation of the bearing capacity can be analyzed following
the plane cross-section assumption. Therefore, the BFRP
will produce a hysteresis strain when the poplar wood is
reinforced. The result is the actual strain of BFRP as long
as the calculated BERP is subtracted from the hysteresis
strain. (4) The BFRP sheets and the wood at the same posi-
tion only cause y-direction slip, the x and z directions are
well bonded, and the strain is coordinated.

Model characterization

Wood is a typical orthotropic material. Thus, the
SOLID45 element suitable for anisotropic materi-
als in ANSYS is used for the wood column as shown
in Fig. 10. The element is defined by eight nodes and
anisotropic material parameters. The direction of the
anisotropic material corresponds to the element coor-
dinate system direction. Each node has three degrees of
freedom for translation in the xyz directions to match
the orthotropic properties of the wood material.
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MBI ¢ MB2 d

Fig. 8 Failure mode of reinforced column with an eccentricity of 0 mm and 100 mm under compression

The BFRP, which has the characteristics of iso- stiffening. Each node of the element has six degrees
tropic and elastic materials, can be modeled with the of freedom: the degrees of freedom of translation and
SHELL63 element with large deformation and stress rotation along the X, Y, and Z directions of the nodal
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Fig.9 Load—strain curve (a) and load—displacement curve (b) of reinforced column with an eccentricity of 100 mm under compression

coordinate system. The geometry, position, and coordi-
nate system of Shell63 are shown in Fig. 11.

Two methods are available to deal with the interface
problem in finite element simulation. The first method is
to couple the node with the wood directly, thus ignoring
the role of the interface. The second method is to set the
interface element COMBIN39 between FRP and wood.
This paper uses the latter. COMBIN39 is employed to

simulate the adhesive layer between the BFRP and the
column. COMBIN39 is referred to as a non-linear spring
element, which is a unidirectional element with a non-
linear generalized force—deformation curve (referred to
as the F-D curve, Fig. 12). Axial spring is the uniaxial
tension and compression; each node has three transla-
tional degrees of freedom and no bending or torsion. In
the finite element simulation, three spring elements are
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often set in a pair of nodes corresponding to the wooden
column and BFRP to simulate the normal, longitudinal,
and transverse tangential slips of the bonding interface
[51] (details are shown in Fig. 13).

In this analysis, BFRP-reinforced columns are mainly
considered to generate slippage in the y direction (longi-
tudinal). Therefore, COMBIN39 is set in the correspond-
ing nodes in the y direction between the wooden column
and the BRFP to simulate the longitudinal slip occur-
rence. In particular, the length of the spring element is
equal to the thickness of the bond layer [57, 58].

The geometric model was meshed with a length of
25 mm. The solution was converged when the displace-
ment increment of the two adjacent load steps was less
than two norm precisions.

X
Fig.12 F-D curves of COMBIN39 [50]
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Fig.13 Direction setting diagram of Spring elements COMBIN39 of

the adhesive [52]

Fig. 14 Schematic diagram of wood orthogonal symmetry

Uniaxial stress-strain model of poplar

Considering the orthotropic nature of wood, the L direc-
tion is set to longitudinal, the R direction is set to radial,
and the T direction is set to tangential (Fig. 14). The elas-
tic characteristics of wood are usually expressed by elas-
tic constants, including elastic modulus Ej, Poisson’s ratio
wij and shear modulus Gj;.

Therefore, the constitutive relation of poplar in the
elastic stage can be expressed by using the tensor
method, that is, 0y = cjen (i, j, k (=1, 2, 3), and the
elastic parameters are shown in Table 6. The parameter
ciji is the coefficient of elasticity. The generalized Hill
yield criterion, which is a further extension of the Hill
yield criterion, was used in the plastic stage due to the
following reasons [53—55]: This criterion not only consid-
ers the difference in yield strength in the three orthogo-
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criterion in the plastic stage. The plastic parameters are
shown in Table 7.

Figure 15 shows the FEA model of the FRP-rein-
forced column. The column, which is hinged at both
ends, was 100 mm x 100 mm x 1200 mm and simu-
lated under eccentric compression. Thin steel flat plates
(100 mm x 100 mm x 20 mm) attached with a column
at each end were considered, thereby preventing local
timber crushing. SOLID65, SHELL41, and COMBIN39
spring units were, respectively, used for the wood col-
umn, BFRP, and bonding layer to analyze the mechani-
cal characteristics of the wrapped column with BFRP. The
geometric model was meshed with a length of 25 mm.
The solution was converged when the displacement
increment of two adjacent load steps was less than two
norm precisions.

Results of FEA simulation

Figure 16 shows a comparison of the load—displace-
ment for the FEA and test results of JG1-100-1200,
JG2-100-1200, MB1-100-1200, and MB2-100-1200.
Among the curves, the finite element results are 52, 57,
56, and 62 kN, and the test results are 50, 55, 57, and 60
kN. This figure reveals that the error between the FEA
and the test bearing capacity is approximately 8%, and
the numerical simulation results agree well with the
test curve results. Notably, the curve trend of JG1-100-
1200 and JG2-100-1200 shown in Fig. 16 can be divided
into the following two stages: the load 0—27 kN is in the
elastic stage, and the displacement linearly increases
with the load. The JG1-100-1200 and JG2-100-1200
enter the plastic stage when the load reaches 27 kN. In
addition, each curve has an inflection point, the slope of
the curves instantaneously decreases, and the displace-
ment rapidly increases until their load limit. Thus, the

Table 7 Plastic constitutive parameters of poplar

Direction R L T
Tensile yield stress (MPa) 462 32956 44
Tangent modulus under tension (MPa) 0 3800 0

. ; : 3 & Compressive yield stress (MPa) 4631 16.324 5.079
nal dlrectl.ons of the. material but also the dlﬂferer‘lt yield Tangent modulus of compression (MPa) 0 3800 0
strengt}}s in the .tensﬂe and comprgssed states. This char- ear yield stress (MPa) 5 5 5
acterlst.lc is similar Fo the.prc?perFles of wood. Thus, the Tangent modulus under shear (MPa) 0 0 0
generalized HILL yield criterion is used as the strength
Table 6 Elastic constitutive parameters of poplar

Er(MPa) E(MPa) Er(MPa) RRL mr MRT GgL(MPa) Grr(MPa) Ggr(MPa)

Value 910 8431 910 0.2 047 043 915 732 2196
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Fig.15 FEA model of column
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specimen is damaged at this time. Similarly, for speci-
mens MB1-100-1200 and MB2-100-1200, the wooden
columns are in the elastic stage when the load is 0-36
kN, and the displacement of the specimen increases
uniformly with the load; both specimens enter the plas-
tic stage when the load exceeds 36 kN, the curve has an
inflection point, the slope of the curve decreases, and
the displacement rapidly increases until the limit load is
56 kN. Thus, the specimen is damaged at this time. The
analysis result of the finite element model for the test
piece is larger than the test result due to the following
factors. (1) Wood is porous capillary colloid and its var-
iability of material property is inherently relatively large
[56, 57]. By contrast, poplar is completely in an ideal
state in modeling without the influence of some ini-
tial defects, such as knots. In addition, the compaction
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stage of the tubular cell fibers at the initial loading was
not considered in the finite element analysis. (2) Envi-
ronmental interference factors during the test, such
as temperature and humidity, will also have a certain
impact on the test. (3) Dimensional error of specimen.
Something included in human error also might be due
to movement of the loading stamp, eccentricity of the
test machine, initial axial loading, etc.

Long columns from poplar with BFRP reinforcements
are subjected to eccentric compressive load based on the
long column bearing capacity formula. The “Wood Struc-
ture Test Method Standard” (GB50005-2017) indicates
that the eccentric compressive bearing capacity should be
calculated as follows [58]:

N

(p(pon SfBC: (5)
om =1 —k)7>, (6)
Neo

k=

W (14 /) ?

where N is the design value of eccentric compression
bearing capacity of long column (N); ¢ is the stability fac-
tor of the axial compression of the long column; ¢, is the
reduction coefficient of long column combined with axial
force and initial bending moment; A is the calculated
area of the long wooden column (mm?); ey is the initial
eccentricity (mm); fp. is the straight grain compressive
strength (N/mm?); f,, is the flexural strength (N/mm?);
and W is the cross-section resistance moment of a long
column (mm?).

Based on the test data and the results of the finite ele-
ment simulation, the bearing capacity of the long column
under eccentric is calculated in accordance with Formulas
(5)=(7). The calculation results are shown in Table 8. The
comparison of the calculation result with the test value
and the finite element simulation value revealed that both
values are relatively close, the error from the test value
is maintained at approximately 5%, and the error from
the finite element simulation value is approximately 1%.
These findings indicate that the calculation formula has
certain feasibility. Compared with unreinforced columns,
the bearing capacity of BFRP-reinforced wooden columns
demonstrated an increase of 9.1%—25.8%.

Conclusion

Poplar is a major feature in Xinjiang and has consider-
able importance in the application and development
of wood structures in Xinjiang, China. The mechanical
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Table 8 Comparison of test and theoretical and FEA results about ultimate bearing capacity

Column f,-TEST (kN) P,-FEA (kN) Theoretical value P, (kN) Increment of f, and P, Increment
(%) of P, and P,

(%)

DBZ 46 49 4832 50 14

JB1 50 52 52.73 55 14

B2 55 57 56.72 3.1 05

MB1 57 56 55.36 29 1.2

MB2 60 62 60.80 13 13

P, is ultimate load of FEA; f, is ultimate load of test

properties of long columns were studied in this paper
based on a test. The ultimate load, deflection, and strain
of reinforced columns under different eccentricities were
also analyzed by the finite element method. The following
conclusions were drawn.

The failure form of the wooden columns indicates that
the specimens were prone to lateral deflection under ver-
tical load. Deformation was dominated by typical longi-
tudinal bending failure. Columns with BFRP fiber cloth
spaced apart and wooden columns covered with BFRP
fiber were susceptible to damage in the unreinforced and
defective sections (such as wood knots), respectively.

Long wooden columns from poplar in Xinjiang were
typical of longitudinal bending failure under stress. The
failure of the wooden pillars was mostly the buckling of
wood fibers along the grain direction of the wood in the
compression zone. This phenomenon produced fiber
failure in the tension zone. Compared with the unre-
inforced rectangular long column from poplar, the ulti-
mate bearing capacity of the wooden column with axial
compression was remarkably increased when the wooden
column was reinforced with BFRP strips. The BFRP strips
with one layer spaced apart, two layers spaced apart, one
layer fully filled, and two layers fully reinforced wooden
columns demonstrated increased bearing capacities of
3.13%, 30.00%, 40.63%, and 65.00%, respectively. The
longitudinal strain increased by 7.54%, 19.65%, 22.06%,
and 30.69%, and the lateral strain decreased by 26.53%,
29.80%, 41.30%, and 66.64%, respectively.

For the wooden column subjected to eccentric com-
pression, the ultimate bearing capacity of the wooden
column was significantly improved compared with
unreinforced wooden pillars when the wooden column
was reinforced with BFRP strips. The BFRP strips with
one layer apart, two layers apart, one layer full, and two
layers fully reinforced wooden columns demonstrated
increased bearing capacities of 8.70%, 19.56%, 23.91%,
and 30.43%, respectively. The increase in the longitudi-
nal strain of the wooden column was 25.41%, 35.20%,
39.52%, and 41.85%, and the increase in transverse

strain was 130.77%, 166.77%, 192.57%, and 230.86%,
respectively. The longitudinal deformation increased
by 12.61%, 18.54%, 27.17%, and 40.51%, and the lateral
deformation increased by 214.76%, 243.15%, 260.98%,
and 264.58%, respectively. The bearing capacity of
spaced and fully affixed wood pillars with BFRP, respec-
tively, increased by 14.13% and 27.17% considering the
unreinforced wood columns. This finding indicates that
the longitudinal bonding of BFRP strips can effectively
improve the bending capacity of the wooden columns.
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