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Abstract: Due to wood creep characteristics, the failure mode, bearing capacity, stiffness, and defor-
mation of its components are doomed to be impacted by long-term loading. This paper conducted
a comparative test on creep beams, regulated beams, and short-term beams based on the former
long-term loading research. The results demonstrated that the glulam beam experienced tensile
failure of the beam-bottom, while the horizontal joint failure and the local compressive failure of the
beam-end happened in the reinforced glulam beam and the prestressed glulam beam. The bearing
capacity of the creep beams decreased compared with that of the short-term beams; the decline in the
bearing capacity of the ordinary glulam beams, the reinforced glulam beams, and the prestressed
glulam beams ranged from 3.2% to 9.8%, from 1.6% to 13.2%, and from 2.9% to 9.2%, respectively.
However, the bearing capacity of the regulated beam with the deformation restored to the initial
value of the load increased by 4.6–14.1%. The prestressed regulation changed the distribution of the
stress on the beam and thus enhanced its bearing capacity. The findings of this work could be used
as a frame of reference for similar components in engineering applications.

Keywords: reinforced glulam beams; flexural performance; bearing capacity; creep; prestressed control

1. Introduction

In recent years, wood structures have been paid extensive attention to and actively
promoted due to their characteristics of environmental protection and sustainable devel-
opment [1–6]. Glulam is an important material of wooden structures, which has several
advantages such as scattered defects, high strength, and variable shapes of cross-sections
and components, etc. [7–9]. However, glulam beams are prone to brittle tensile failure
under bending, and the creep characteristics of the wood, which with the majority of com-
pressive strength of wood, are not fully utilized. The work proposed a type of composite
member which was slotted at the lower part of the glulam beam to configure a steel bar;
then, the steel bar was tensioned, and the glulam was compressed, that is, a regulated
reinforced glulam beam was produced [10–13]. This form of beam was endowed with the
better compressive strength of glulam; thus, the beam could enjoy the plastic compression
failure of glulam, and its deformation could be reduced by regulating the prestress magni-
tude in service. Therefore, the creep effect was reduced. It is well known that creep is one
of the basic characteristics of wood, which increases the long-term deformation of wood
components and reduces its strength and stiffness to a certain extent. Such characteristics
can take a toll on the safety performance of structures [14–17]. Therefore, studying the
flexural performance of regulated reinforced glulam beams after long-term loading has
important research value and engineering significance.

In recent years, related domestic and foreign research mainly focused on aspects
such as creep characteristics of wood, creep of components and structures [18–20], me-
chanical properties of glulam beams, etc. [21–25]. There were few studies on the flexural
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performance of the glulam beam after long-term loading, and this reinforced glulam beam
was a new type of component proposed by the project team. Therefore, there was no
related research; however, previous research and related results could provide references
for this article.

This paper presented a short-term loading failure test that was performed on the
glulam beam after long-term loading analyzing the failure mode, bearing capacity, and
deformation, etc. To conduct a comparative test on creep beams, regulated beams, and short-
term beams, our research group evaluated the influence of glulam creep and reinforcement
regulation on beam performance.

2. Materials and Methods
2.1. Composition of the Regulated Reinforced Glulam Beam

According to relevant standards [26,27], the test beams in this paper, with a size of
3100 mm × 150 mm × 100 mm, were designed and fabricated, and the regulated reinforced
glulam beams included glulam beams, steel bars, and tension anchorage devices at the
end, as shown in Figure 1. Two grooves with the dimensions 22 mm × 30 mm were set
up at the bottom of the glulam beam 15 mm away from the two sides of the beam. The
reinforcement was placed in the groove, and the end was anchored through an anchor plate
set at the end of the beam. The beam section is displayed in Figure 2. A thread was formed
at the end of the steel bar, and the prestress could be applied by tightening the screw cap
at the end, thereby forming a regulated reinforced glulam beam with a simple structure
and reasonable force. The strain gauge was pasted to the middle of the steel bar, and the
measured strain values of the test process were monitored in real-time; the prestress was
also regulated precisely.

Figure 1. Reinforced glulam beam elevation view.

Figure 2. Reinforced glulam beam sectional view. (a) Sectional view of 1–1; (b) sectional view of 2–2. 1. steel bar; 2. glulam;
3. groove; 4. nut; 5. anchor bearing plate; (c) steel plate processing view.

Regulated reinforced glulam beams were produced, Pinus sylvestris were used as the
raw material of glulam, and HRB400 steel bars were used as the tensile steel bars for the
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glulam beam. The physical and mechanical properties of the glulam and the steel bar are
shown in Tables 1 and 2, respectively.

Table 1. Mechanical properties of glulam.

Material
Average Tensile

Strength
(MPa)

Design Tensile
Strength

MPa)

Average
Compressive

Strength
(MPa)

Design
Compressive

Strength
(MPa)

Elastic modulus
(N/mm2)

Pinus sylvestris 66.5 10.51 36.62 14.68 8515.75

Table 2. Mechanical parameters of steel.

Diameter
(mm)

Yield
Strength Fy (MPa)

Ultimate
Strength Fu (MPa)

Elastic
Modulus Ey (N/mm2)

14 428 573 2.01 × 105

16 434 586 2.01 × 105

18 441 601 2.01 × 105

2.2. Experimental Method

The short-term loading test of glulam beams was conducted after the 90-day long-term
loading test. During the 90-day long-term loading test, the temperature and humidity
of the test beam were regularly monitored. The data obtained showed that, although
the external environment changed significantly, the temperature of the laboratory was
maintained at (20 ± 3) ◦C and the relative humidity was maintained at (70 ± 5)%, and it
generally changed little. The influence of temperature and humidity on the analysis of the
test results could be ignored. When conducting a long-term test, according to beam type,
loading level, reinforcement ratio, and total prestress level, the test pieces were divided
into four groups A, B, C, and D, as shown in Table 3. Inside:

Groups A and B: glulam beams and reinforced glulam beams. The loading level was
the variable;
Group C: reinforced glulam beams to which the same external load was applied, and the
variable was the reinforcement ratio;
Group D: prestressed glulam beams to which the same external load and the reinforcement
ratio were applied, and the variable was the prestress value.

After 90 days of the long-term test, the failure analysis of the beams was carried out
in the shortest time. Out of the two groups C and D, under working conditions, one was
directly loaded to evaluate the influence of creep on the failure mode, bearing capacity, and
deflection of the beam, and the other was prestressed to restore the midspan deflection to
the initial elastic deflection value for the purpose of examining the regulation effect on the
beam. For convenience, the beams directly subjected to short-term loading after long-term
loading were referred to as creep beams, and the beams subjected to short-term loading
after long-term loading were referred and then regulated to become regulated beams.

According to the relevant standards [26,27], the four-point bending test was employed
in this test, and a loading system adopted loading control and displacement control [2].
In the early stage of loading, force control was adopted, and the load of each stage was
taken as 10% of the predicted ultimate load. After reaching 50% of the predicted ultimate
load, the load of each stage was reduced to 5% of the predicted ultimate load; when the
loading value equaled 80% of the predicted ultimate load, the displacement control was
used, the midspan deflection was recorded as ω0, which increased gradually by 0.05ω0
per stage until the test beam was destroyed.
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Table 3. Test matrix.

Group Number of the
Component Loading Level Load Value (kN) Reinforcement

Ratio 2 (%)
Prestress Value

(MPa)

A
(LA)

LA1 20% 4.66 0 0
LA2 30% 6.99 0 0
LA3 40% 9.32 0 0

B
(PLB)

PLB1 20% 6.18 3.39 0
PLB2

1 30% 9.12 3.39 0
PLB3 40% 12.36 3.39 0

C
(PLC)

PLC1-1
1 30% 9.12 3.39 0

PLC1-2 30% 9.12 3.39 0
PLC2-1 30% 9.09 2.68 0
PLC2-2 30% 9.09 2.68 0
PLC3-1 30% 9.00 2.05 0
PLC3-2 30% 9.00 2.05 0

D
(YLD)

YLD1-1 30% 9.18 3.39 30
YLD1-2 30% 9.18 3.39 30
YLD2-1 30% 10.05 3.39 60
YLD2-2 30% 10.05 3.39 60

1 In the table, the PLB2 and PLC1-1 were exactly the same and had different numbers due to different groups; 2 The reinforcement ratio is the
ratio of the area of reinforcement to the area of beam section.

To measure the uneven settlement the of the bracket and the mid-span deflection of
the beams, a displacement meter with a range of 50 mm was attached to the bracket and at
the third point at both ends of the beam, and a displacement meter with a range of 200 mm
was installed at the midspan of the beam.

The strain of glulam and steel bars was measured with strain gauges. Six strain gauges
were uniformly pasted along the side surface at three equal points on both sides of the
glulam beam. Moreover, two strain gauges were attached to the top and bottom surfaces
of the beam mid-span, respectively. As for the reinforced glulam beams, one strain gauge
was attached to the middle position of two steel bars at the groove of the beam-bottom,
as shown in Figure 3. During the loading process, at the end and mid-span of the beam
the deflection changed; bar wire and glulam beam stress changes were all synchronously
collected by the Model JM3813 multifunctional static strain test system.

Figure 3. Loading device.

3. Results

According to the test results, the failure types of glulam beams were classified into
three types of destruction, including the tensile failure of the beam-bottom, the horizontal
joint failure, and the local compressive failure of the beam-end.
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3.1. The Tensile Failure of the Beam-Bottom

This type of failure was chiefly manifested as the formation of cracks at the defects,
such as the beam-bottom joint at the beginning of the loading. With the increase in the load,
the deflection rose correspondingly. The bottom plate of the glulam was then ruptured,
which eventually descended the bearing capacity of the beam; thus, a brittle failure was
induced, as shown in Figure 4.

Figure 4. Status of the tensile failure of the beam-bottom.

3.2. The Horizontal Joint Failure

The failure mode mainly occurred in the loading process: the wood joints in the
middle of the beam height at the third point were first cracked, and a slight horizontal
crack was formed. With the increase in the load, the crack gradually extended to the end
of the beam. Due to the tensile force in the reinforcement, the anchor plate at the end of
the beam was warped, and, finally, the shear failure along the grain occurred. It should be
noted that when the span-to-depth ratio was greater than 10, the glulam beam generally
suffered from bending failure rather than shear failure. However, due to the defects in the
middle of the beam height and the presence of the reinforcement and the anchor plate at
the end of the beam, the longitudinal shear force in the beam increased, so the longitudinal
shear failure happened, which was manifested as the horizontal joint failure, as shown in
Figure 5.

Figure 5. Status of the horizontal joint failure.

3.3. The Local Compressive Failure of the Beam-End

In the third type of failure, the first cracking occurred at the defect in the beam-
bottom, and then the bottom plate was ruptured. As the load enlarged, the fracture surface
continued to grow upward, resulting in wrinkles in the top layer of the glulam. In this
process, the tensile force of the steel bar increased, but the bearing capacity of the end of
the beam was reduced by setting the groove. Finally, a local compressive failure at the end
of the beam occurred, as shown in Figure 6.
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Figure 6. Status of the local compressive failure. (a) At the top of beam is folded; (b) the anchor plate is warped.

3.4. Classification and Analysis of Failure Modes

On performing statistical analysis on the test results of the glulam beams and the creep
beams, the results demonstrated that the ordinary glulam beam experienced the tensile
failure at the bottom of the beam, while the horizontal joint failure and the local compressive
failure of the beam-end happened in the reinforced glulam beam and the prestressed
glulam beam. The reason was the tensile force of the steel bars, which led to the change
of the failure form; however, the failure form depended on the glulam timber parallel-to-
grain shear strength and the beam-end parallel-to-grain and compression strength. If the
parallel-to-grain shear strength was higher than the latter, local compressive failure of the
beam-end occurred, otherwise, horizontal joint failure occurred; in the reinforced glulam
beam and prestressed glulam beam also horizontal joint failure of the beam-end and the
local compressive failure occurred, due to the same reason as above. The specific failure
modes are shown in Table 4, and the distribution of the failure mode is shown in Figure 7.

Table 4. Information of failure modes of glulam beams.

Group Number of the Component Failure Modes

Creep beams

LA1 the tensile failure of the beam-bottom
LA2 the tensile failure of the beam-bottom
LA3 the tensile failure of the beam-bottom

PLB1 the local compressive failure of the beam-end
PLB2 the horizontal joint failure
PLB3 the horizontal joint failure

PLC1-1 the horizontal joint failure
PLC2-1 the local compressive failure of the beam-end
PLC3-1 the local compressive failure of the beam-end

YLD1-1 the local compressive failure of the beam-end
YLD2-1 the local compressive failure of the beam-end

Regulated beams

PLC1-2 the horizontal joint failure
PLC2-2 the local compressive failure of the beam-end
PLC3-2 the horizontal joint failure

YLD1-2 the local compressive failure of the beam-end
YLD2-2 the horizontal joint failure
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Figure 7. The distribution of the failure mode.

4. Discussion
4.1. Analysis of the Ultimate Load of Beams

To evaluate the influence of the creep and prestressed control on the mechanical
properties of glulam beams, the ultimate load of the creep beams and the regulated beams
were compared with that of the glulam beams. The glulam beams were absolutely identical
to those used in former work and were directly subjected to short-term loading (see
Table 5). For convenience, the glulam beam, which was directly under short-term loading,
was named short-term beam below.

Table 5. Comparison of the ultimate load of creep beams and short-term beams.

Number of the Component Ultimate Load (kN) Percentage (%)

L1
1 23.30 —

LA1 27.09 16.3
LA2 22.55 −3.2
LA3 21.01 −9.8

PL1
1 30.40 —

PLB1 29.90 −1.6
PLB2 27.92 −8.2
PLB3 26.38 −13.2

PL1
1 30.40 —

PLC1-1 27.92 −8.2

PL2
1 30.30 —

PLC2-1 26.89 −11.3

PL3
1 30.00 —

PLC3-1 27.14 −9.5

YL1
1 30.60 —

YLD1-1 29.71 −2.9

YL2
1 33.50 —

YLD2-1 30.43 −9.2
1 The beams Li, PLi, and YLi in the table are short-term beams. Their values are the average of the short-term test
results conducted by the research group in the early stage. The percentage of change is also compared with this
standard. A positive value indicates an increase, and a negative value indicates a decrease.

It can be seen from Table 5 that after the long-term loading test, except for LA1, the
ultimate load of the reinforced glulam beam decreased. In the ordinary glulam beam
test group (group of LA), the ultimate load of the beam decreased with the increase in
the long-term loading level. Compared with the short-term beam, the ultimate load of
LA1 increased by 16.3%, while the ultimate load of LA2 and LA3 decreased 3.2% and 9.8%,
respectively. The ultimate load of the LA1 beams was higher than that of the short-term
beams because the bearing capacity of ordinary glulam beams was affected by glulam
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defects, and the dispersion was greater, while LA1 beams had fewer defects and lower
long-term load, so the ultimate load was larger.

In the reinforced glulam beam group, compared with the short-term beam, the ulti-
mate load decreased by 1.6–13.2%, and as the loading level increased, the ultimate load
decreased more.

In the prestressed glulam beam group, compared with the short-term beams, the
ultimate load of the PLC group beams was reduced by 8.2–11.3% and the reinforcement
ratio had little effect on the reduction of the beam ultimate load; the ultimate load of the
YLD group beams was reduced by 2.9–9.2%, as the prestress value of the beam increased,
the limit load decreased more. This was because the greater the prestress applied to the
beam, the greater the creep of the glulam, and therefore, the greater the impact on the
bearing capacity of the beam.

In order to evaluate the influence of the prestress control on the mechanical perfor-
mance of the beam, the ultimate load of the control beam was compared with the short-term
beam under the same working conditions in the early stage of the research group, as shown
in Table 6.

Table 6. Comparison of ultimate load of regulated beams, and short-term beams.

Number of the Component Ultimate Load (kN) Percentage (%)

PL1 30.40 —
PLC1-2 34.68 14.1

PL2 30.30 —
PLC2-2 31.70 4.6

PL3 30.00 —
PLC3-2 33.55 11.8

YL1 30.60 —
YLD1-2 32.61 6.6

YL2 33.50 —
YLD2-2 31.83 −5.0

It can be seen from Table 6 that compared with short-term beams, except for YLD2-2
beam, the load-bearing capacity of control beams improved. The PLC beams increased by
4.6–14.1%; YLD1-2 beam increased by 6.6%.

In the reinforced glulam beam group the ultimate load of the regulated beam was
improved. This was because, under the condition of maintaining the long-term loading
value unchanged, the prestress was used to restore the initial deflection value of the beam
to the loading state, which offset the deflection of the beam due to creep. Meanwhile, the
distribution of the stress on the beam changed, and the height of the cross-section neutral
axis was thus reduced. Since the height of the compression zone was greater, the failure
mode of the beam experiences shifted from tensile failure to compressive failure. Therefore,
the bearing capacity of the beam increased correspondingly.

In the prestressed glulam beam group, the ultimate load of the YLD2-2 was reduced
by 5.0%. This was because a large prestress was applied to the beam before the long-term
loading. In the regulation process, the prestress was continuously applied so that the local
pressure at the end of the beam was too large, resulting in the splitting of the glulam.
In the loading process, the endplate prematurely lost the anchoring effect, reducing the
bearing capacity of the beam. Therefore, in the actual project, the beam-end anchoring
device should be further optimized to make the beam-end local pressure distribution more
uniform. At the same time, the size of the prestress should be controlled to avoid beam-end
local pressure damage.



Sustainability 2021, 13, 5556 9 of 13

4.2. Load-Deflection Curves

When comparing the load-deflection curves of the creep beam and the short-term
beam under the same working conditions performed by the research group in the early
stage, as shown in Figure 8, and stipulating that the initial mid-span deflection value of the
beam was zero, the deflection downward was positive, inverted if negative.

Figure 8. Cont.
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Figure 8. Load-deflection curves of creep beams and short-term beams. (a) The ordinary glulam beam (Group A); (b) the
reinforced glulam beam (Group B); (c) the reinforced glulam beam (Group C); (d) the prestressed glulam beam (Group D).

It can be seen from Figure 8 that the change law of the load-deflection curves of the
LA, the PLB, and the PLC was roughly the same as that of the short-term beams. After the
long-term loading test, the rigidity and ductility of the glulam beams were not affected
too much. However, the bearing capacity and ultimate deflection of the creep beams were
slightly reduced. The load-deflection curves of the YLD group of beams were located below
the short-term beams because the prestressed beams had obvious creeping changes in
glulam, which led to a decrease in stiffness.

The load-deflection curves of the regulated beams and the short-term beams are shown
in Figure 9. After the prestress control was performed, the slope of the load-deflection
curves of the beam was greater than that of the short-term beam, which was more obvious
for the YLD group prestress, indicating that the stiffness of the beam increased after control
and exceeded the short-term beam. The reason was the application of additional prestresses
in the process of regulation. This process increased the tensile stress in the steel bar and the
compressive stress in the glulam, which essentially increased the combined force of the
two. The tension and compression force were coupled with the lever arm, so the stiffness of
the beam was increased, but the excessive tensile stress in the control steel bar in the future
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made the beam-end local compression or horizontal joint failure, so the bearing capacity
and ductility of the control beam were different declines.

Figure 9. Load-deflection curves of regulated beams and short-term beams. (a) The reinforced glulam beam (Group C);
(b) the prestressed glulam beam (Group D).

5. Conclusions

(1) After long-term loading, the glulam beams used in this paper mainly had three
failure modes: the tensile failure of the beam-bottom, the horizontal joint failure, and
the local compressive failure of the beam-end. The probability of the three failures was
18.75%, 37.5%, and 43.75%, the glulam beam experienced the tensile failure of the beam-
bottom, while the horizontal joint failure and the local compressive failure of the beam-end
happened in the reinforced glulam beam and the prestressed glulam beam;
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(2) The creep of glulam had a certain effect on the ultimate load of the adjustable
reinforced glulam beam. The ultimate load of the creep beam and the short-term beam was
compared, the ultimate load of the glulam beam was reduced by 3.2–9.8%; the reinforced
glulam beam dropped by 1.6–13.2%; the prestressed glulam beam dropped by 2.9–9.2%;

(3) By comparing the bearing capacity of the regulated beam and the short-term beam,
it was found that the reinforced glulam beam increased by 4.6–14.1%, and the prestressed
glulam beam increased by 6.6%, except for the reduced bearing capacity of the YLD2-2 beam
due to local compression. Compared with short-term beams, the load-bearing capacity
of creep beams under load failure decreased by 13.2%, while the load-bearing capacity
of control beams was increased, with a maximum increase of 14.1%, indicating that the
prestress control could increase the load-bearing capacity of the beams;

(4) When comparing the load-deflection curve of the creep beam with that of the
short-term beam, it revealed that the ultimate bearing capacity and the ultimate deflection
of the creep beam were reduced. After the prestress regulation, the stiffness of the beam
increased, but its ductility decreased slightly.
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