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Study on the flexural behavior of poplar 
beams externally strengthened by BFRP strips
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Abstract 

Poplar plants with peculiar characteristics grow extensively and naturally in the Northern Hemisphere, and such pop-
lar is the main timber material in Xinjiang, China. However, poplar has defects that affect its ultimate bearing capac-
ity. This study investigates the flexural behavior of the timber members from poplar. Three lengths of basalt fiber-
reinforced polymer (BFRP) strips were used to strengthen timber beams from poplar with rectangular cross-sections. 
From the experimental data, the timber beams strengthened by 1900-mm-long and 50-mm-wide BFRP strips showed 
the best ultimate bearing capacity and maximum deflection of mid-span compared with the other two strengthened 
beams. The increments were 77.8% and 110.1% compared with the control beam. The assumption “plane section 
remains plane” remains practicable in the poplar beams bonded by BFRP strips, and the neutral axis of the strength-
ened beams had a tendency to move toward the tensile zone. Furthermore, the processes of the flexural behavior of 
the specimens were simulated by finite element analysis modeling, but all the analyzed values of ultimate bearing 
capacity and deflection of the beams are higher than those of the experiment. These values can roughly be used as 
reference for experimental results. However, accurate modeling should be developed and modified in subsequent 
research on timber beams from Xinjiang poplar.
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Introduction
The application of wooden structures has a thousand-
year history in China. Many wooden structures, such 
as palaces, dwellings, and temples, which were built in 
different historical periods are found in China, Japan, 
Korea, and Southeast Asian countries [1]. In recent years, 
wooden structures have become attractive and popular 
because of their excellent characteristics, such as being 
lightweight, comfortable, and environmentally friendly. 
Poplar (genus Populus), as an alternative building mate-
rial, has unique features, such as energy efficiency, good 
formability, good  thermal  insulation  and  sound insula-
tion, fast growth and high productivity, and low cost; 
hence, poplar has been widely grown in the Northern 
Hemisphere [2]. Poplar timber has been gradually used 
in wooden structures as bearing bending loads. Although 

wooden structures are important building forms, timber 
has natural defects, such as fine cracks, knots, and cross-
grain that affect bearing capacity. All these features of 
wood result in decreases in the capacity of wooden struc-
tures, especially wood elements such as beams. There-
fore, finding an effective strengthening method to retrofit 
wooden structures for improving capacity is necessary. 
Such a method is of great significance for ancient and 
modern wooden buildings.

Traditional strengthening techniques for timber struc-
tural members normally apply steel and aluminum plates, 
or simply timber patches [3–5]. Nevertheless, these 
strengthening methods may impose additional dead 
load on a structure, and the costs of transportation and 
installation may be increased accordingly. Furthermore, 
due to thermal loads applied on timber structures, steel 
parts and fittings are susceptible to corrosion and alu-
minum plates may deform easily [6]. Therefore, fiber-
reinforced polymer (FRP) is an alternative strengthening 
material used to increase the bearing capacity of timber 
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structures, especially when load-carrying ability and stiff-
ness of timber are required.

Improving the flexural capacity of timber beams with 
externally epoxy-bonded FRP strips on the tensile zone 
is not a new technique. Several research and stud-
ies have been conducted on the application of carbon 
(CFRP), glass (GFRP), and aramid (AFRP), which are 
used to strengthen timber members or concrete struc-
tures [7–9]. For timber specimens subjected to bend-
ing moment, remarkable failure occurs frequently at 
the lower beam side because of tensile stress. FRP with 
excellent mechanical properties is bonded at the bottom 
of a timber beam, increasing tensile strength and stiff-
ness. In pioneering studies [7], timber beams wrapped 
in GFRP were studied, and the results showed that the 
ultimate flexural strength was increased with minimal 
increase in beam thickness. Accordingly, the stiffness of 
the members was increased as one of the most impor-
tant parameters. The failure modes of the timber beams 
strengthened with FRP presented debonding and frac-
ture of FRP sheets, which also were the main phenomena 
investigated in the experiment. Plevris and Triantafillou 
[10] presented an experimental study on timber beams 
bonded by thin FRP sheets applying epoxy resins. The 
results proved that the retrofitted beams wrapped on the 
tension surface were an effective way to improve bearing 
capacity, stiffness, and ductility of elements. Moreover, 
old beams strengthened by three-layer CFRP sheets were 
investigated; their flexural capacity was increased up to 
60.3% compared with the control beam, but less than 30% 
stiffness in the maximum increase was observed [11]. 
Yang et al. [12] conducted experimental research on the 
flexural behavior of timber beams retrofitted with CFRP 
and GFRP sheets; the results showed that the ultimate 
flexural strength of strengthened members improved by 
17.7–77.3% compared with the control ones. The flex-
ural behavior of CFRP-strengthened timber beams was 
studied, and flexural capacity increased from 39 to 61% 
compared with unstrengthened beams [13, 14]. Chun 
and Pan [15] introduced an experimental study on rec-
tangular pine timber beams reinforced with CFRP–AFRP 
hybrid FRP sheets, which enhanced flexural bearing 
strength and stiffness, indicating increases of 18.1–62.0% 
and 13–21%, respectively.

Furthermore, the promising nature, low cost, and effec-
tive characteristics of basalt fiber-reinforced polymer 
(BFRP) make it a reasonable candidate for strengthen-
ing structures. BFRP is an inorganic fiber with excellent 
modulus, high strength, improved strain to failure, high-
temperature and good chemical resistance, prominent 
stability, ability to form easily, and low cost [16]. Owing 
to the extraordinary properties of BFRP composites, 
structural strengthening applications in civil engineering 

that use this material have been considered [17]. Lim-
ited published literature study the improvement of the 
flexural capacity of timber structures bonded by BFRP 
composites. From the extant literature, only Pilar et  al. 
[8, 18] presented an experimental and numerical study 
on the flexural behavior of timber beams strengthened by 
CFRP and BFRP. Beams retrofitted with CFRP or BFRP 
have higher stiffness than beams without strengthen-
ing, implying that such reinforcement enhances flexural 
behavior in limited state service.

In this study, poplar, as an abundant wood in Xinjiang, 
China, was used for building structures, although pop-
lar has poor durability and particular mechanical prop-
erties. BFRP composites have been used to strengthen 
wood structures to improve ultimate bearing capacity 
effectively. Therefore, experimental and analytical stud-
ies were conducted and investigated to understand the 
flexural behavior of BFRP-strengthened timber beams 
from poplar. The objectives were to observe the failure 
modes of the control and strengthened specimens, flex-
ural behavior, ultimate strength, and the relationship of 
load and deflection. In addition, a comparison was con-
ducted between experimental and analytical results to 
verify whether the model can be used to analyze timber 
flexural behavior. The findings will be fundamental refer-
ence and theoretical basis for research on poplar beams 
strengthened by BFRP subjected to bending moment.

Experimental program
Mechanical characteristics of materials
To test the main mechanical characteristics of poplar tim-
ber, 60 samples cut from the same batch of poplar tim-
ber were equally separated into two groups to determine 
the tensile and compressive strength of the timber. Fur-
thermore, another 30 samples revealed the proportional 
limit stress of the timber in compression perpendicular 
to the grain. The tensile strength of the timber with rift 
grain was tested on the samples with dimensions shown 
in Fig.  1, following the Chinese code GB/T 1938–2009 
[19]. Compressive strength was obtained from testing the 
specimens with dimensions 60  mm × 20  mm × 20 mm 
[20]. The failure loads were achieved within 1.5–2.0 min, 
which was based on the samples’ failure. Accordingly, 

Fig. 1 Tensile testing sample with rift grain (unit: mm)
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the tensile and compression strength parallel to the 
grain were calculated as the failure load divided by the 
cross-sectional area of the samples. To test the propor-
tional limit stress in local compression perpendicular to 
the grain, the samples were tested under constant load-
ing speed until failure within 1.5–2.0  min following the 
code of GB/T 1939–2009 [21]. The values of load and dis-
placement were collected during testing. When the curve 
of load and displacement indicated a sharp turndown, 
the testing stopped and the values shown on the equip-
ment were recorded. Proportional limit stress in local 
compression was determined as the proportional limit 
load divided by the cross-sectional area of the samples. 
Table 1 lists the three main properties of the poplar with 
two different moisture contents from testing.

The BFRP with unidirectional fiber illustrated in Fig. 2 
was provided by Zhejiang GBF Basalt Fiber Co., Ltd., 
China. The BFRP composite material had a high tensile 
strength of 2303 MPa, an elastic modulus of 105 GPa, an 
elongation of 2.18%, and a thickness of 0.121  mm. The 
properties of the BFRP were tested and authorized by 
the Chinese Chemical Building Materials Testing Center. 
The primer (YZJ-CD) and saturant (YZJ-CQ) produced 
by Wuhan Changjiang Reinforcing Techniques Co., Ltd. 
were 2-mm-thick all-purpose epoxy resins used to bond 
BFRP sheets to the surface of the wooden beams. The 
primer penetrates the beams of cementitious substrates 

and provides a high-bond base coat for BFRP laminates, 
whereas the saturant encapsulates BFRP sheets and pro-
vides high performance for laminates.

Details of specimens and experimental setup
To achieve the objectives of the study, 10 timber beams 
with rectangular cross-sections, four for control beams, 
and six beams strengthened by BFRP, were cut by plain 
sawing from poplar. Based on the code of standard for 
test methods of timber structures [22], the timber beams 
were 50  mm wide by 100  mm high by 1900  mm long. 
The longitudinal direction of the beams was parallel to 
the grain direction. Six timber beams strengthened by 
BFRP were separated into three batches on the basis of 
three different strengthening configurations, which were 
BFRP strips that were 50 mm wide and 1100, 1700, and 
1900 mm long. The direction of fiber was parallel to the 
beam length. Each batch had two specimens with iden-
tical bonding patterns. Based on research of the flexural 
behavior of timber beams, all the strengthened speci-
mens were bonded with BFRP sheets at the bottom. For 
the comparison of strengthening effectiveness, three 
different strengthening configurations were used in 
the BFRP sheets for four control beams; the labels were 
from DBL-01 to DBL-04. Furthermore, three groups of 
strengthened beams were labeled JGL(B50-1100)-01&02, 
JGL(B50-1700)-01&02, and JGL(B50-1900)-01&02. The 
details of strengthening configurations are shown in 
Fig. 3.

To bond BFRP to the bottom surface of the timber 
specimens, four main procedures were conducted. 
First, a machine was used to smoothen the beam sur-
face and remove sawdust settled on the beam. Second, 
the bottom surface was coated with mixed premier 
epoxy using a roller. The primer was hardened for 

Table 1 Main mechanical characteristics of poplar

Item Moisture 
content 
(%)

Tensile 
strength 
(MPa)

Compressive 
strength (MPa)

Proportionality 
limit stress 
(MPa)

σ9.1 9.1 115.6 36.9 6.1

σ12.0 12.0 110.6 31.6 5.3

Fig. 2 Illustration of BFRP
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30  min, after which a layer of saturant was used to 
cover the primer. Third, the saturated bottom sur-
face of the specimens was covered with BFRP sheets. 
The epoxy resins were squeezed to wet the fiber, and 
the entrapped air was removed using a rigid plastic 
roller. Finally, the fiber was coated with a thin layer of 
saturant. Figure  4 illustrates the main strengthening 
procedure.

The timber specimens were loaded using a hydraulic 
servo system of 200 kN capacity with four-point bend-
ing in the structural laboratory of Xinjiang University, 
China. The loading on the spreader beam was divided 
into two equal loads on the timber beams. The load 
values were loaded automatically by hydraulic actuator 
with 2.1-kN intervals, which were increased continu-
ously and evenly until the beams failed.

To measure the strain distribution and the height of 
the beam, for all the tested beams, 10 were arranged to 
be bonded on the two sides of the surface of mid-span. 
Using three linear variable differential transducers 
(LVDTs), the vertical displacements of the specimens 
were measured at mid-span and at two points, which 
were 300  mm from the mid-span. Two dial indica-
tors with 0.01  mm accuracy were located on top of 
both ends of the beams. Load, deflection, and strain 
gauge data were automatically collected and recorded 
using a static data measurement system (DH3816). 
Figure  5 illustrates in detail the testing setup and 
instrumentation.

Testing results
Summary of testing results
Table 2 presents the ultimate load and mid-span deflec-
tion of control beams and BFRP-strengthened beams. 
The increment of the ultimate load and deflection of 
reinforced specimens compared with the control beams 
were also included. Table  2 indicates that although the 
four control beams had the same dimension and were 

400 1100 400 BFRP strip

1700 100 100BFRP strip 

1900  
BFRP strip

BFRP strip length
1100,1700,1900  

50 

100 a

b

c

d

Fig. 3 Details of strengthening configurations: a JGL(B50-1100)-01&02; b JGL(B50-1700)-01&02; c JGL(B50-1900)-01&02; d cross-sections of all 
strengthened beam (unit: mm)

Fig. 4 Main procedure of strengthening BFRP: a smoothed surface 
of beam, b primer mixed, c primer and saturant painted, and d FRP 
bonded
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subjected to bending at the same loading procedure, the 
ultimate load and the maximum deflections were notice-
ably varied because of the natural characteristics of the 
timber. The ultimate load of DBL-01 and DBL-02 was 
10.5 kN, but that of DBL-03 and DBL-04 was 8.4 kN. Fur-
thermore, the highest deflection of 32.4  mm was in the 
beam of DBL-04. However, for easy comparison with 
BFRP-strengthened beams, the average ultimate load and 
maximum deflection of the four control beams used the 
values of 9.45 kN and 29.72 mm, respectively.

For BFRP-strengthened timber beams, the ulti-
mate load and deflection had increased under differ-
ent strengthening configurations. However, the bending 
resistance of the timber beams externally bonded by 
BFRP was increased, resulting in the enhancement of the 
maximum deflection at the ultimate state. Table 2 clearly 
shows that the deflection of JGL(B50-1900)-01&02 pre-
sented the highest ultimate load of 16.8 kN and a deflec-
tion of 62.44  mm. This result indicates a 77.8% and 
110.1% increase in ultimate load and deflection, respec-
tively, compared with the control ones. The strengthened 
beams of JGL(B50-1100)-01&02 showed the weakest 

strengthening effectiveness, in which the increases were 
33.3% and 20.6% in ultimate load and deflection, respec-
tively. As expected, JGL(B50-1700)-01&02 showed inter-
mediate improvement. Therefore, the full-length BFRP 
sheets bonded on the bottom surface of the beams 
JGL(B50-1900)-01&02 contributed the highest improve-
ment and provided the best strengthening effectiveness. 
This finding explains that BFRP bonding length is a cru-
cial parameter that affects the strengthening contribution 
to retrofitted specimens. Furthermore, bonding BFRP on 
the bottom of the beams decreased the effect of the defi-
ciencies of the beams to improve the capacity of the tim-
ber beams.

Failure modes of tested specimens
During the testing procedures, four control timber beams 
were not investigated for cracking, and the sound of fail-
ure “cracking” was heard at the 0–4.2  kN loads. Here, 
the beams were in an elastic state in the load–deflection 
relationship. At the loads of 4.2–8.4 kN, the deflection of 
the tested specimens were increasing, accompanied by a 
splitting sound inside the timber fiber; here, the beams 
were in the plastic stage. At the ultimate stage, four con-
trol timber beams exhibited different ultimate loads, 
which were 8.4 kN for DBL-03 and DBL-04 and 10.5 kN 
for DBL-01 and DBL-02. From the experimental inves-
tigation, the cracking occurred immediately after loud 
“cracking” sounds were heard from the failure part of 
the beams. Here, we emphasize that the flexural capac-
ity of the timber was lower than that expected because 
of the knots and tiny cracks in timber. Therefore, failure 
investigated from the tested beams almost appeared at 
the knots located in the mid-span. Interestingly, brit-
tle failure occurred from the bottom and immediately 
expanded into the whole cross-section. However, con-
sidering the structural mechanic principle and that 

Fig. 5 Test arrangement (four-point bending) and instrumentation 
(unit: mm)

Table 2 Summary of ultimate load and deflection of tested specimens

Beam Ultimate load 
(kN)

Average of ultimate 
load (kN)

Increase in ultimate 
load (%)

Deflection (mm) Average 
of deflection (mm)

Increase 
in deflection 
(%)

DBL-01 10.5 9.45 – 25.45 29.72 –

DBL-02 10.5 28.77

DBL-03 8.4 32.29

DBL-04 8.4 32.4

JGL(B50-1100)-01 12.8 12.6 33.3 36.55 35.85 20.6

JGL(B50-1100)-02 12.4 35.15

JGL(B50-1700)-01 14.3 14.7 55.6 39.46 39.78 33.8

JGL(B50-1700)-02 15.1 40.1

JGL(B50-1900)-01 16.3 16.8 77.8 60.65 62.44 110.1

JGL(B50-1900)-02 17.3 64.23
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compressive strength is lower than tensile strength, the 
top of the beams should be crushed instead of the ten-
sion fracture. This phenomenon can be explained by the 
timber fiber of the bottom reaching the ultimate strain 
or deficiencies (knots and cracks) in the lower section of 
the beam, resulting in stress concentration and the fail-
ure that occurred at the bottom of the control specimens. 
Figure 6 illustrates the typical failure of the control tim-
ber beams.

In the timber specimens retrofitted with BFRP, two 
beams in each batch exhibited a slight difference in flex-
ural behavior during the test and at the ultimate state. 
Therefore, the following descriptions of the behavior of 
the specimens will be summarized by the overall con-
dition of two beams in each batch. For JGL(B50-1100)-
01&02, no distinct changes occurred when the load 
ranged from 0 to 10.5 kN, but the deflection was found 
to increase and the sound of timber fiber breaking was 
heard when the load reached 10.5 kN. At ultimate load-
ing, the specimens underwent brittle rupture with a loud 
sound of a broken beam. Here, the two beams almost had 
the same failure modes, in which the timber beam was 
broken from the timber knots with the BFRP strip still 
bonded to the bottom of the beams, which is shown in 
Fig.  7a and b. The “cracking” sound of JGL(B50-1700)-
01&02 was heard when the loading reached 10.5 to 
12.6  kN, and deflection was increasing obviously. Fur-
thermore, the beam JGL(B50-1700)-01 was broken at the 
ultimate loading of 14.3  kN which resulted in the frac-
ture of BFRP sheet fracture. However, JGL(B50-1700)-02 
was loaded to become two parts, with BFRP debonding 
from the bottom surface of the beam at a load of 15.1 kN. 
These two beams exhibited two different failure condi-
tions, which are shown in Fig. 7c and d. However, both 
specimens of JGL(B50-1900)-01&02 indicated the same 
flexural behavior during testing and at the ultimate state. 
The deflection of the beams was growing as the loading 

was increased, and it was accompanied by the “cracking” 
sound of the timber fiber. When the load reached 16.8 
kN, the specimen was broken and the BFRP sheet rup-
tured and debonded from the beam, as shown in Fig. 7e. 
From the testing of the strengthened timber beams, 
although BFRP sheets helped improve the strength of the 
timber beams, these specimens were broken because of 
the deficiencies (such as knots) and mechanical charac-
teristics of poplar timber.

Flexural performance of tested specimens
1. Verification of the “plane section remains plane” 
assumption

As previously mentioned, 10 strain gauges were bonded 
to two sides of the tested beams along with the cross-sec-
tion height. The collected results implied that the strain 
was basically linear over the height of the cross-section 
for the control and BFRP-strengthened beams. Dur-
ing the loading, the neutral axis of the control shifted to 
the upper half of the cross-section shown in Fig. 8a, but 
the neutral axis of the strengthened beams shifted to the 
lower half of the cross-section shown in Fig. 8b. A com-
parison of the strain distribution of the control beam and 
JGL(B50-1900) at ultimate stage revealed that the tensile 
and compressive strain of JGL(B50-1900) was greater that 
of the control beam. However, at the same loading level 
such as 10 kN, the strain 3800 με of JGL(B50-1900) was 
lower than 4600 με of the control beam. This result veri-
fied that BFRP strengthened the timber beam to improve 
the capacity of the strengthened specimen.

In addition, the strengthened beams in the other two 
batches exhibited the same phenomenon of the neutral 
axis, and the relationship of the strain and the cross-sec-
tion height with the beam of JGL(B50-1900), illustrated 
in Fig. 8b.

Therefore, testing verification indicates that the 
assumption “plane section remains plane” satisfied 

Fig. 6 Typical failure of the control timber beams
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bending theory of the normal section. Each test showed 
that the strain across the cross-section of the control and 
strengthened timber beams was linear in the entire load-
ing process.

2. Load–deflection response
Figure  9 reveals the load–deflection relationship 

at the mid-span of the control and strengthened tim-
ber beams. Table  2 shows the load-bearing capacity 
and corresponding deflection of all timber specimens. 
From the overall trend of load–deflection curves, 
in the same loading value, such as 6.3 kN, the deflec-
tions of the control beam, JGL(B50-1100), JGL(B50-
1700), and JGL(B50-1900) were 18.9, 13.55, 13.75, and 

13.2  mm, respectively. Therefore, compared with the 
control beams, the stiffness of strengthened beams was 
relatively improved, and the deflection was decreased 
accordingly at the same loading state. Besides, the 
strengthened beams almost had the same load–deflec-
tion trend when the loading ranged from 0–8.4  kN. 
After this stage, the beams with different BFRP bonding 
lengths began to express different conditions. JGL(B50-
1900), with the longest bonding length, presented the 
highest deflection with the value of 62.44 mm and the 
greatest bearing capacity at the ultimate state. Fur-
thermore, the loading and deflection of JGL(B50-1700) 
were higher than those of JGL(B50-1100). Based on 

Fig. 7 Typical failure of tested beams: a for JGL(B50-1100)-01; b for JGL(B50-1100)-02; c for JGL(B50-1700)-01; d for JGL(B50-1700)-02; e for 
JGL(B50-1900)-01&02
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the different strengthening configurations, bonding 
length was a crucial parameter that affected flexural 
strengthening effectiveness. At the initial stage of load-
ing, BFRP provided stiffness to the timber beams, and 
no debonding occurred. As the loading increased until 
the ultimate load, BFRP strips of JGL(B50-1100)-01&02 
showed two different failure patterns of debonding 
and rupture, but the beams failed at the ultimate state. 
Therefore, although BFRP strips can improve a certain 
capacity of timber beam, they cannot prevent the beams 
from rupturing. The same phenomenon occurred in 
JGL(B50-1700)-01&02. However, at the ultimate state, 
the load and deflection increased with the increase in 
BFRP strip length. The beam of JGL(B50-1900) had 
a different failure mode, in which the BFRP strip was 
fractured without any debonding at the ultimate state. 
This result may be attributed to the beam support that 
suppressed the BFRP strip to avoid debonding. There-
fore, the beam had the highest bearing capacity and 
deflection at the mid-span, because the BFRP strip gave 

full play to the strain applied in improving the stiffness 
of the strengthened beam.

Finite element analysis (FEA) simulation
To understand further the behavior of timber beams 
bonded with BFRP composite, the general  FEA  soft-
ware ANSYS was used to build a 3D analytical model to 
predict the bending behavior of timber beams retrofit-
ted with BFRP sheets, in contrast with the experimental 
results. The following section summarizes the detailed 
modeling approaches.

Owing to the orthotropic characteristics of timber [23], 
3D solid elements (SOLID45) shown in Fig.  10a were 
used to represent timber. SOLID45 is an eight-node ele-
ment with three translational degrees in the nodal x, y, 
and z directions of freedom per node to match the ortho-
tropic properties of timber specimens, which are large 
deflection, plasticity, swelling, creep, stress stiffening, 
and large strain capabilities [24]. Furthermore, the unidi-
rectional BFRP sheets were modeled with 3D membrane 
elements (SHELL41) in Fig. 10b. The element consists of 
three degrees of freedom at each node: translations in the 
nodal x, y, and z directions. Thus, no constraint equations 
were applied to couple the timber elements and BFRP 
elements, meaning that the two elements had compatibil-
ity of in degrees of freedom. Other testing programs also 
recorded “perfect bond” properties in FRP-strengthened 
timber beams [6, 23]. SOLID45 also was used for the 
steel plates as support and at the points of loading appli-
cation in the timber beam modes.

For the timber material, the surfaces are categorized 
into three geometric planes of reference that indicate 
the type of surface uncovered after a cut has been made. 
The three reference axes are longitudinal, radial, and tan-
gential, as shown in Fig. 11a. For simplified modeling of 
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wood, three orthogonal axes of L(X1), T(X2), and R(X3) 
were adopted to present 3D fiber of the timber, as shown 
in Fig.  11b. Therefore, as an orthotropic material, three 
directions of the timber have different elastic character-
istics, which are represented by the elastic modulus Ei , 
Poisson’s ratio µij , and shear  modulus Gij , as shown in 
Table  3. An elastic orthotropic constitutive relationship 
for timber elements may be developed [23] as

where the stress vector {σ } = in which σi is the normal 
stress in the radial (R), longitudinal (L), and tangential 

(1){σ } = [D]{ε},

(2){ε} = {εRεLεTγLRγLTγRT}
T,

(T) directions, and τij is the shear stress in the ij direc-
tion; [D] is the orthotropic stiffness matrix [D] =

[

Cij

]

 in 
which C is the elastic constant and {ε} is the correspond-
ing strain vector. To ensure the positive definition of the 
stiffness matrix, the determinant of all submatrices of the 
orthotropic stiffness matrix must be positive [24]. The 
orthotropic stiffness matrix was built with the mechani-
cal properties of the timber members shown in Table 3. 
The BFRP composite was assumed to exhibit a linear 
elastic response. The tensile modulus of the BFRP studied 
at present is 105 GPa. A Poisson’s ratio of 0.3 was applied 
for the BFRP composites. Apart from the above param-
eters considered for non-linear elastic–plastic analysis, 
an appropriate multilinear kinematic of yield criterion 
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Fig. 11 Orthotropic property of wood [27]: a three-dimensional orientation of wood; b orthogonal Cartesian axes

Table 3 Elastic constant parameters of poplar [28]

ER EL ET µRL µLT µRT GRL GLT GRT

MPa MPa MPa MPa MPa MPa

800 9431 610 0.2 0.47 0.43 915 732 219.6
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had to be used with the plastic strain developing instan-
taneously. Flow rule can be ascertained with the multilin-
ear kinematic selected. In particular, the generalized Hill 
yield criterion [25] is an anisotropic model that accounts 
for different yield strength in 3D coordinates of the mate-
rials, as well as the different yield strengths in tensile 
and compressive states [26], which is close to the timber 
properties. Therefore, the generalized Hill yield criterion 
was adopted in the present modeling. Furthermore, two 
essential assumptions have been considered in FEA for 
simulating timber beam accurately. Timber is homogene-
ous and continuous without knots, cross-grain, and tiny 
cracks. Furthermore, environmental factors, such as tem-
perature and moisture that affect the behavior of timber 
specimens were not considered.

Figure  12 gives the FEA model of the timber beam. 
The solid elements of SOLID45 were used to repre-
sent the wood specimens. The 3D elements with eight 
nodes include a translational degree of freedom (DOF), 
which was suitable for the orthotropic properties of the 
timber members that were described in the previous 
part. Furthermore, the SHELL41 of the 3D membrane 
elements was preferred to simulate BFRP sheets with 
unidirectional characteristics. Boundary and loading 
conditions were applied to the tested timber beam model 
by restraining the essential nodes to stand for the simply 
supported situation. No slippage and interface elements 
were considered between timber beam and BFRP and 
between timber and supporting plates. Other experimen-
tal programs also reported “perfect bond” characteristics 
in FRP-strengthened timber beams [6, 29]. In addition, 
the nodes’ deformation compatibility of DOF occurred 
between the elements. Mesh density normally affects the 
convergence and accuracy of the modeling results; thus, 
the optimum mesh size of 25 mm of hexahedral mapping 
was verified [30] and adopted for the numerical study of 
the specimens.

Results of FEA simulation
Load–deflection response
Figure 13a describes the relationship of load displacement 
of unstrengthened beam DBL at the mid-span. From the 
curves of experimental and analytical values, the results 
of the predicted load–deflection of the specimen are in 
considerable agreement with experimental ones. In the 
load range of 0–4.2  kN, the curves illustrate identical 
trends with the same slope of the straight lines, which 
can be considered the stage of elasticity. After this state, 
the timber beam shifts to the plastic deformation stage 
within the load of 4.2–7.5 kN, in which the predicted dis-
placement is slightly lower than that of the testing results 
at the same load condition. In the last stage close to fail-
ure, the maximum displacement of the numerical value is 
38.07  mm, which is slightly higher than the experimen-
tal value of 36.8 mm. From the comparison of the entire 
procedure of analysis and experiment, the load–displace-
ment trends are highly identical, demonstrating that the 

Fig. 12 FEA model of timber beam
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FEA model can closely simulate the flexural behavior 
of timber beams. Moreover, the parameters adopted in 
the modeling are suitable to predict the overall testing 
process. In addition to investigating the control speci-
men, Fig.  13b presents the curves of load–displace-
ment of JGL(B50-1900) strengthened by BFRP strips 
that measure 50 mm wide and 1900 mm long. The pre-
dicted ultimate load is 18.9 kN, which is higher than the 
experimental value of 16.8 kN. Accordingly, the displace-
ment is also greater than the results of testing. Under the 
same condition of the control beam, the trend of tested 
load–displacement of the strengthened beam indicates 
close agreement with analytical results at the load range 
of 0–8.4 kN in the elastic stage. In the loading from 8.4 
to 13.5  kN, plasticity appears in the specimen, and the 
predicted displacement is slightly higher than that of 
the experimental results. However, the numerical trend 
of displacement changes from higher to lower than that 
of the testing results after the loading of 13.5 kN. In the 
ultimate stage, the highest displacements of predicted 
and testing values are 78.34 and 68.68 mm, respectively. 
Although a nonsignificant deviation of deflection occurs 
between analytical and experimental results, the trans-
formation  law of curves has a relatively similar trend in 
the overall procedure.

Ultimate load and deflection of mid‑span
On the basis of extracting the numerical simulation 
data from modeling, the ultimate load, the deflection of 
mid-span, and the increment of bearing capacity of each 
group were achieved and shown in Table 4.

Beam DBL-01, which was unstrengthened, presented 
the lowest load and deflection. However, all the strength-
ened beams increased the ultimate load and deflection. 
Interestingly, the increments of the beam strengthened 
by full-length BFRP strips show the best improvement 
either in ultimate capacity or mid-span deflection, such 
that the increments are 80 and 106% compared with 
the non-strengthened beam. The beams with 1100- and 
1700-mm-long BFRP strips indicate increases of 40 and 
60% in ultimate load and 67 and 74% in mid-span deflec-
tion, respectively. The same strengthening effectiveness 
and improvement tendency of capacity and deflection of 
the beams were investigated from experiments and anal-
ysis, indicating that the best strengthening configuration 
is the full-length BFRP strips.

Furthermore, Table 5 shows the comparison of the ulti-
mate load and deflection of all the specimens between 
experimental and FEA results. The ratios of testing and 
analytical values of strengthened timber beams in ulti-
mate load and deflection of mid-span are greater than 
1, clearly demonstrating that the results from FEA were 
overestimated compared with the values from the test-
ing. The highest ratios of ultimate load and deflection 
from JGB50-1100 are 1.167 and 1.410, respectively, show-
ing a certain error similar to the other two strengthened 
beams. The analytical values from the specimen with-
out strengthening are in agreement with the ones from 
the experiment. Therefore, the properties of timber and 
related parameters considered in the FEA modeling 
were relatively reasonable and feasible. However, dis-
tinct errors appeared in all the strengthened specimens. 
One possible reason for this result is that the reasonable 
strain–stress relationship of BFRP and the slippage rela-
tionship between timber and BFRP were not involved in 
the modeling, thereby consolidating the bonding of the 
timber and BFRP fiber. Therefore, all the analytical values 
of ultimate load are higher than those of testing. The FEA 
modeling of this study can roughly simulate the flexural 
behavior of strengthened beams, and the results can be 
used as reference. However, the precise modeling needs 
to be modified and developed on the basis of reasonable 
parameters of BFRP and contact elements with the accu-
rate relationship between BFRP and timber.

Table 4 Ultimate bearing capacity and  deflection of  mid-
span by FEA

Pu is ultimate load; fu is deflection of mid-span

Beam Pu−FEA (kN) Fu−FEA (mm) Increment 
of Pu (%)

Increment 
of fu (%)

DBL-01 10.5 38.07 / /

JGLB50-1100 14.7 63.54 40 67

JGLB50-1700 16.8 66.12 60 74

JGLB50-1900 18.9 78.34 80 106

Table 5 Comparison of experimental and FEA results

Pu is ultimate load; fu is deflection of mid-span

Beam Pu‑FEA (kN) Pu‑EX (kN) fu‑FEA (mm) fu‑EX (mm) Pu‑FEA/Pu‑EX fu‑FEA/fu‑EX

DBL-01 10.5 10.5 38.07 36.8 1.000 1.035

JGLB50-1100 14.7 12.6 63.54 45.06 1.167 1.410

JGLB50-1700 16.8 14.7 66.12 49.78 1.143 1.328

JGLB50-1900 18.9 16.8 78.34 64.06 1.125 1.223
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Neutral axis
Figure 14 discloses the comparison of strain versus cross-
section height for the control beam DBL under the 8.4-
kN load and for the strengthened beams with different 
strengthening configurations under the 10.5-kN load. For 
the control beam, the neutral axis, based on the numeri-
cal analysis and testing results, all moved toward the 
compression zone with minimal movement. The strain 
was not completely distributed in a straight line along the 
section, which can be judged to be in the elastic–plastic 
stage. In the test under the 10.5 kN load, the neutral axis 
of all BFRP-strengthened beams shifted downward to the 
tensile zone, in which the phenomenon is opposite to the 
control beam. Therefore, BFRP strips can improve a cer-
tain stiffness to timber beams during loading. The strain 
was not completely distributed in a straight line along 
the section, which also can be considered in the elas-
tic–plastic stage. Under the same load, the strain value 
decreased with the increase of the BFRP bonding length. 
The numerical analysis results were close to the experi-
mental results to a great extent, and the simulated values 

were slightly less than the experimental ones. The reason 
for these findings is that the assumptions of FEA were 
mostly ideal, but the entire experimental process indi-
cates discreteness.

Conclusion
In this study, the failure characteristics, ultimate load, 
deflection and strain of control beams and BFRP-
strengthened beams were explored and analyzed with 
reference to poplars. The following main conclusions 
were drawn.

The average failure load of the unreinforced timber 
beam was 9.45  kN, and the average maximum deflec-
tion of the beam at the bottom span was 29.72 mm. The 
unstrengthened beams eventually underwent brittle fail-
ure at the ultimate state owing to excessive deflection.

The assumption “plane section remains plane” remains 
reasonable and rational to the poplar beam retrofitted 
with BFRP. Moreover, the neutral axis of the beam whose 
bottom was reinforced had a tendency to move toward 
the tensile zone, with minimal movement. This result 
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indicates that the compressive yield point of the wood 
was substantially lower than the tensile yield point, which 
was consistent with the practical situation.

In the bending test of poplar timber beams strength-
ened by BFRP strips of three different lengths on the bot-
tom, the ultimate flexural capacity and deflection of the 
beam with 1900-mm-long and 50-mm-wide BFRP strips 
were higher than those of the other two strengthened 
beams, whose increments were 77.8 and 110.1% com-
pared with the control beam. Therefore, among three 
different strengthening configurations, full-length BFRP 
strip bonded to timber beam can effectively and consid-
erably improve flexural performance.

From the comparison of FEA and experimental values, 
the ultimate load and deflection of mid-span achieved 
from FEA are greater than those from testing. These find-
ings can be used as reference for timber beams strength-
ened by BFRP. However, modifying and developing 
precise modeling with a reasonable relationship between 
BFRP composites and timber beams from Xinjiang pop-
lar should be a focus of subsequent research.
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