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Abstract: The study of the long-term behavior of the prestressed continuous beam is vital for the
design and the appliance of wood structures in engineering. In this study, long-term experiments
were first conducted to determine the long-term creep behavior. Afterward, the prestress of the
long-term beam was regulated to the initial state, and we carried out short-term flexural experiments
to explore the effect of prestressing regulation. The influences of prestressed value and the number of
prestressed steel wires on the mechanical properties of the continuous beam were investigated and
discussed. The experimental results demonstrate that the creep reduced the stress in the steel wires,
weakened the effect of prestressing, and increased the tensile stress at the bottom of the beam, which
led to a reduction in the bearing capacity of the beam. The prestressing regulation could increase the
moment arm, so the bearing capacity of the beam was improved.

Keywords: glulam continuous beam; creep; prestressed regulation; bending performance; experi-
mental study

1. Introduction

At present, the green economy has become a trend of human development, and the
consensus on reducing carbon emissions is accelerating worldwide. Wood, as a renewable
natural resource, can release oxygen during its growth; thus, it can benefit the environment.
Moreover, it has many other advantages, including no pollution, low energy consumption,
and degradability, thus meeting the green and sustainable development requirements.
Therefore, wood structure buildings are widely used worldwide due to their advantages of
low-carbon environmental protection, prefabrication, safety, and durability. The modern
wood buildings can be classified into (1) Lightweight wood structures; (2) heavy glulam
structures; and (3) hybrid structures [1,2]. As more attention has been paid to the application
and development of wood structure buildings, wood is no longer limited to low-rise
buildings below three stories. Regions in North America and Europe have begun to focus
on developing multi-story and high-rise buildings made of wood or wood mixed with
other materials in recent years [3,4]. Glulam beams, as an essential structural member, have
been widely used and studied, but the traditional glulam beam is prone to brittle failure
in the tensile zone when they are subject to bending, restricting its excellent compressive
strength from being used. At present, the simply supported beam is the most common
type of glulam beam. However, simply supported glulam beams have two obvious defects;
the one is that the ability of the glulam beam transfer bending moment at the joint is
limited. The other one is that the length of the glulam beam cannot meet the large-span
requirement [5-7]. Due to the above problems, the bearing capacity of the beam cannot
be applied fully. Therefore, many scholars proposed different methods to strengthen
the glulam beams, such as applying metal materials, fiber reinforcement polymer (FRP),
and prestress [8-18]. Lindyberg et al. [10] studied 90 FRP reinforced glulam beams, and
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the reinforced laminated (ReLAM) model was established based on the experimental
data to analyze the effects of different reinforcing materials and reinforcing levels on
the reinforced glulam beam; the model is a nonlinear probabilistic computer model for
reinforced glulam. Ivan et al. [11] researched the flexural performance of glulam beams
strengthened with CFRP plate, and the reinforcement effect was analyzed by comparing
the load—displacement curve, flexural bearing capacity, and stiffness. Subsequently, Yang
et al. [13] carried out experimental research on CFRP reinforced glulam beams. The failure
mode and stress—strain curves of unreinforced and reinforced glulam beams were compared
and analyzed. Moreover, a theoretical model for predicting unreinforced and reinforced
glulam beams was proposed, which could also predict the influence of both the prestressing
and the increased area of reinforcement. Anshari et al. [15] conducted the glulam beams
that were embedded at the top of the pre-holed glulam beams with compressed wood,
which can show a pre-camber, and the results showed that compared with the test beams
without prestressing, the initial stiffness and bearing capacity of the prestressed beams were
significantly improved. In addition, Mcconnell et al. [16] carried out a series of four-point
bending tests on unreinforced, reinforced, and post-tensioned glulam timber beams. By
post-tensioning, the timber increased in both ultimate capacity and stiffness were evident,
with the additional benefit of an induced pre-camber. A ductile failure mode was observed
in reinforced timbers, which was considerably more desirable than the typical brittle failure
of the unreinforced material. Combined with the current research can be seen that external
prestressing is also a good way to strengthen the glulam beam.

Creep, as one significant property of wood, refers to the gradual increase in strain and
displacement of wood with time under certain loads. Creep can reduce the ultimate load
and stiffness of glulam members by 13-39.34% and 39.47-55.76% [19], thus affecting the
normal use of wood in the field of construction engineering. Based on the studies of the
short-term performance of strengthened glulam beams, the creep properties have been in-
vestigated [20-28]. Yahyaei-Moayyed et al. [20] proposed one finite element method which
could be used to predict the creep behavior of aramid-fiber-reinforced polymer(AFRP)
reinforced wood and examine the short- and long-term performance of the glulam beams
reinforced by prestressed FRP-wood composite laminate (PWCL) system. The results
demonstrated that incorporating PWCL into glulam beams would significantly improve
the load carrying capacity of the glulam beams in comparison to glulam beams strength-
ened by using a conventional reinforcing method (i.e., the use of non-prestressed FRP).
Lu et al. [21] analyzed the creep laws of ordinary glulam beams, and FRP plate reinforced
glulam beams with different stress ratios; the creep model of glulam is established and
fitted with the experimental data. O’Ceallaigh et al. [23] conducted the unreinforced and
reinforced glued laminated beams under long-term creep in a variable climate condition.
The creep experiments confirmed that reinforcing timber with FRP has a positive effect on
the mean displacement, and longitudinal strain results in a variable climate. Moreover, a
coupled hygro-mechanical finite element model was developed to predict the behavior of
FRP reinforced timber elements when stressed under long-term load and simultaneously
subjected to changes in relative humidity. Compared with the simply supported beam,
the continuous beam could be much longer and meet large span building requirements;
more importantly, the continuous beam could have a small cross-section under the same
load, which could reduce the cost and enlarge the living space. Moreover, the studies
mentioned above are all about simply supported beams, while the existing studies have
not yet dealt with the flexural capacity of prestressed continuous beams under long-term
loading. Therefore, it is worth investigating the glulam continuous beam.

Previous studies have focused on the prestressed glulam beam [29,30]; for further
improvement, then, a new connection system that can transfer bending moment and
connect two glulam beams has been developed [12], as shown in Figure 1. It is worth
noting that this connection device can achieve a damage-free connection between beams by
meeting the practical application of engineering and avoiding the mechanical performance
degradation caused by the slotting of node connections.
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Figure 1. The connection device diagram.

This paper investigates the effect of prestressing regulation on the flexural performance
of the continuous beam after long-term loading. The long-term experiments were first
conducted to determine the long-term creep behavior. Subsequently, the prestress of the
long-term beam was regulated to the initial state, and then flexural experiments were
carried out to explore the effect of prestressing regulation on the prestress continuous
glulam beam experiencing long-term loading and the beam with the short-term test (short-
term beam), the beam with the long-term test (long-term beam), and the beam with
prestressing regulation after the long-term test (regulated beam) were compared. Finally,
the regulation effect of the prestressed continuous beams was evaluated.

2. Materials and Methods
2.1. Prestressing System

The prestressed continuous glulam beams were composed of glulam beams and
the prestressed application system, and the system contained anchorage, prestressed
installation, the connection device, and prestressed steel wires, as shown in Figure 1. Firstly,
the single-span glulam beam was placed in the groove formed by the middle bearing
connection device, and then steel wires were put into the groove of the screw steering block
and the steering bearing member. Lastly, the anchor was put into the groove of the beam
end, respectively, and the prestressed glulam continuous beam was assembled, as shown
in Figure 2a. Before applying the external load, stress could be applied by adjusting the
length of the bottom screw, as shown in Figure 2b.

Force sensor F LVDT F Force sensor
LVDT ) X LVDT.
Q/ Jack Strain gauge ‘.‘__——-—‘[ H Strain gauge ack \ﬂ
Strain gauge LVDT Strain gauge LVDT Strain gauge
[130] 1500 | 1500 1500 | 1500 [130]
1 i 1 1 i 1 1
(a)
Glulam

Steel plate

3
Ay

Deviation block—— Steel bar

(b)

Figure 2. Schematic diagram of specimen. (a) Schematic diagram of glulam continuous beam;

(b) Schematic diagram of prestressed apparatus.
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As shown in Figure 3a, the arrangement of the steel wire is consistent with the trend
of the bending moment diagram. Therefore, the prestressed glulam continuous beam has a
better force effect. As shown in Figure 3b, intercept part of the whole continuous beam and
the dashed line represents the position of the neutral axis. Moreover, the length from the
center of the deviation to the neutral axis represents the corresponding distance from the
unstressed neutral axis.

Mo

PRt 11—

Ml Ml
(a)

F— =

% 4/L

(b)

Figure 3. Moment distribution diagram. (a) Moment diagram of glulam continuous beam; (b) The
corresponding distances from the unstressed neutral axis.

2.2. Specimen Design

In this experiment, the two-span prestressed continuous glulam beam with a geometric
scale ratio of 2:1 was selected. The specimen size was 6260 mm x 80 mm x 100 mm (length
x width x height), and the mid-span position of the beams was 1500 mm from the center
axis of the bearing. The bottom of the beam was the centerline of the screw steering block,
and the center side of the beam was the vertical centerline of the strain gauge. The glulam
was composed of five layers of 20 mm thick SPF plates, and the prestressed steel wire
of grade code 1860 low relaxation prestressed thread steel wire with a diameter of 7 mm
was used. Two single-span glulam beams were connected by the connection device and
assembled into the prestressed continuous glulam beam, as shown in Figure 4.

Figure 4. Prestressed glulam continuous beam.
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2.3. Test Group

In order to investigate the influence of the prestressed value and the number of
prestressed steel wires on the bending performance of the prestressed glulam continuous
beam after long-term loading, a total of 10 prestressed glulam continuous beams were
tested divided into five working conditions, as shown in Table 1.

Table 1. Grouping information of test components.

Group A Group B
Number of Number of
Beam Prestressed Prestressed Beam Prestressed Prestressed
Steel Wires Value (kN) Steel Wires Value (kN)
(Roots) (Roots)
La1a Lp11
2 0
Lai2 L1
Lz ™ 4 7 Lpp1 * 4 7
Laoo* Lpyo *
La31 Lps1
6 14
Laza Lps2

* Note: In the table, the test parameters and variables of the beams L1 and Lpy.1, La2» and Lpy.; were the same,
so the beam was shared.

For convenience, the beam with the long-term test is named long-term beam, and
the beam with prestressing regulation after the long-term test is named regulated beam.
There were two beams in the same working condition, the first one represented long-term
beam, and regulated beam was represented by the other one. For instance, Laj.; means
this beam concluded two prestressed steel wires under prestressed value of 7 kN, and La1.»
means this beam with prestressing regulation after the long-term test; in other words, the
difference between these two beams is whether with prestressing regulation.

2.4. Loading Scheme and Loading System

Based on the relevant standard [31] and previous research [32], the beams experienced
180 days long-term loading test. Figure 5 shows the long-term loading system. Afterward,
those beams experienced the bending experiment, and jacks were used to simultaneously
load the left and right two spans of the beam [33-35]. The loading schematic diagram of
the prestressed glulam continuous beam is shown in Figure 2a. By adopting the loading
methods of force control and displacement control, the predicted ultimate load of short-
term prestressed glulam continuous beam was 50 kN, and the loading value increased
gradually by 10% of 50 kN per stage. After reaching 50% of the predicted ultimate load,
5% of 50 kN per stage was taken as the added value. After loading to 75% of the predicted
ultimate load, the loading method was transferred from force control to displacement
control. The loading mechanism is shown in Figure 6. The loading value of each stage
minus the weight of the jack and force sensor on the test beam.

, VDT LVDI Prestressed glulam continuous beam

Girder steel

Suspended load

) = 0 4h = )

Steel column

Figure 5. Long-term loading schematic.
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Displacement
control stage

FIkN b Medium-term
force control
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loading
10%-20%-10% 109 estimated 5% estimated ~ Average t/s
estimated ultimate load  ultimate load displacement
ultimate load

Figure 6. Diagram of the loading mechanism.

In order to measure the deformation of test beams, Linear variable differential trans-
formers (LVDTs) were placed at the supports at both ends of the continuous beam and
at the midpoint of each beam, and the type of the LVDT was resistive LVDT. In order to
monitor the mid-span displacement of the beam and the stress change of the prestressed
steel wire during the loading test, five strain gauges were pasted along the height direction
at the mid-span position on one side of each beam, as shown in Figure 7. Because the
glulam continuous beam was glued by five layers, strain gauges were arranged in the
middle of each layer. Moreover, two strain gauges were pasted at the bottom and top of the
beam at the same position, respectively. At the same time, strain gauges were adhered after
grinding at the corresponding reinforcement of 1/4 beam span. In order to obtain accurate
data from the strain gauges during the experimental process, the adhesive tape was used to
fix the conductor wire of the strain gauge on the surface of the steel wire. Positions of strain
gauges are shown in Figure 8a,b. During the loading process, the displacement changes
of the end and mid-span of the beams and the stress value of the prestressed steel wires
and the glulam beams were synchronously collected by JM3813 multi-functional static
resistance strain measurement system. The acquisition device is shown in Figure 8c.

(=1
B
—— o e
(=3
N B
— e
S
N
g e =
&
I e g Sy
(=3
N
—B et s ke i
i =

Figure 8. Strain Gauge Layout and Data Acquisition Device. (a) The strain gauge layout of glulam;
(b) Layout diagram of steel strain gauge; (c) JM3813 Static Strain Testing and Analysis System.
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3. Results and Discussions

To evaluate the effect of creep on the bending performance of the prestress continuous
glulam beam, the failure modes of the beams experienced long-term loading and the beams
with long-term loading.

3.1. Failure Modes of Long-Term Beams

After the test, the failure modes of the beams that experienced long-term loading
were classified, which can be mainly divided into four types: tensile failure at the beam
bottom, compression failure at the beam top, overall instability failure, and tensile failure
of steel wire.

3.1.1. Tensile Failure at the Beam Bottom

The failure at the beam bottom was mainly manifested as: with the increase in load,
the mid-span displacement of the continuous beam gradually increased, the top of the
beam folded, as shown in Figure 9a, and it continued to extend with the increase in load.
Subsequently, slight cracks appeared at the beam bottom. With the increase in the load, the
cracks at the beam bottom continued to extend. Finally, tensile failure occurred at the beam
bottom at the mid-span or 1/4 beam span near the middle support, as shown in Figure 9b.
Meanwhile, loading was stopped.

(a) (b)
Figure 9. Tensile failure at the beam bottom. (a) Fold extension; (b) Fracture of the bottom plate.

3.1.2. Compressive Failure at the Beam Top

The compressive failure at the beam top was mainly manifested as: with the increase in
the load, the displacement of the middle span of the beam increased continuously. Because
the top of the beam cannot continue to bear the pressure of the external load, the fold
extended in the weak area of the top plate or near the wooden joint. Ultimately, the top
of the beam happened to the compressive failure at the middle span or 1/4 span near the
middle support, as shown in Figure 10.

(b)

Figure 10. Compressive failure at the beam top. (a) the fold at midspan; (b) the fold at 1/4 beam.



Buildings 2022, 12, 895

8 of 16

3.1.3. Overall Instability Failure

The overall instability failure is mainly manifested as the mid-span displacement of
the beam grew with the increase in load; at the same time, due to the length error of the
steel wire, the steel wires bore unequal stress, resulting in screw steering block shift to the
side of the prestressed steel wire that produced large stress, and finally, the beam occurred
overall instability failure, as shown in Figure 11.

@) (b)
Figure 11. Overall instability failure. (a) Overall instability; (b) Instability position.

3.1.4. Steel Wire Fracture

The steel wire failure is mainly manifested as: with the increase in load, the displace-
ment of beam span increased; the steel wire could not bear the external load, so it broke at
the position of the middle-span screw steering block, as shown in Figure 12a. The glulam
part was pulled and damaged at the bottom of the beam after the steel wire broke, as shown
in Figure 12b. The reason is that, on the one hand, the steel wire was in a high-stress state
due to long-term loading, which reduced its strength; on the other hand, there was a certain
stress concentration in the position of the steering block, which leads to the tensile failure
of the steel wire. The damage pattern is shown in Figure 12.

(@) (b)

Figure 12. Fracture of steel wire. (a) Wire breaking; (b) Beam bottom tearing.

3.2. Short-Term Beam Failure Modes

In order to evaluate the effect of creep on the mechanical properties of the continuous
beams after long-term loading, the previous results of short-term tests were used for
comparative analysis [30]. Based on the previous tests, several representative failure
patterns were obtained, as shown in Figures 13-17, including tensile failure, compressive
failure, and overall stability failure.
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(@) (b)

Figure 13. Failure mode of La;. (a) Tensile failure of left span; (b) Tensile failure of right span.

(@ (b)

Figure 14. Failure mode of Lp;. (a) Overall instability of left span; (b) Compressive failure of right span.

(a) (b)

Figure 15. Failure mode of L. (a) Overall instability of left span; (b) Compressive failure of right span.

. bt

(@) (b)

Figure 16. Failure mode of La3. (a) Tensile failure of left span; (b) Tensile failure of right span.



Buildings 2022, 12, 895 10 of 16

(a) (b)

Figure 17. Failure mode of Lg;3. (a) Initial fracture of right span; (b) Tensile failure of right span.

3.3. Classification and Analysis of Beam Failure Modes

The failure modes of long-term beams, regulated beams, and short-term beams were
analyzed, as shown in Table 2. Figure 18 shows the probability of occurrence of various
failure modes more clearly.

Table 2. Failure mode of glulam continuous beam.

Grouping Beam Left Span Right Span

Lap I I

L1 I i

Short-term beam La2/Lpy I I
Las I I

Lgs Q] I

Laia v )

Lp1-1 ) 11

Long-term beam Las.1/Lpog I )
Lasa ) I

Lps-1 ) I

LALo v I

Lpi2 ¢) i

Regulated beam La22/Lpoo ) I
Las2 I I

Lgso I I

Note: Failure mode I is the tensile failure at the beam bottom; failure mode II is the compressive failure at the
beam top; failure mode III is the overall instability; failure mode IV is the steel wire fracture.

Tensile fa?lure _ Tensile failure Tensile failure
Compressive failure Compressive Compressive failure
Overall instability Overall instability Overall instability
No failure Steel wire fracture Steel wire fracture

22% 17% 16.7%  16.7% 16.7%
- 16.6% 50% 16.6%

50% 50% 16.7%

(a) (b) (c)

Figure 18. The failure mode of continuous beam. (a) short-term beams; (b) long-term beams;
(c) regulated beams.

The comparison results in the pie chart show that: on the one hand, there is no
phenomenon of steel wire breaking in the failure modes of short-term beams, but it is
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found in long-term beams and regulated beams, respectively. The reason is that the glulam
continuous beams composed of steel wires made the steel wire be in a high-stress state
after long-term loading, so its strength is reduced, and the tensile fracture occurs. On the
other hand, compared with the long-term beam and short-term beam, the regulated beam
appears to have more compression failure. The reason is that the secondary regulation of
the regulatory beam after long-term loading increases the tensile zone at the bottom of the
beam and moves the neutral axis upward, which is more likely to fold in the compression
zone and cause compression failure at the beam top.

4. Analysis and Discuss
4.1. Ultimate Load

To further explore the effects of creep and prestress on the bearing capacity of the
test beams under the long-term and the short-term loading, the regulated beam and the
short-term beam are compared and analyzed, respectively. The specific information is
shown in Tables 3 and 4 below.

Table 3. The comparison information of ultimate load between long-term beam and short-term beam.

Grouping Beam Prestressed Number of Steel ~ Ultimate Load  Change in Carrying

Value (kN) Wire (Root) (kN) Capacity (%)
Y 2 755 376
Group A LLAj; 7 4 o ~19.9
- N
ET s
Group B Lf;; 7 4 g?;ﬁ —19.9
W 2

Note: (1) The beam La1, La, Las, Lp1, Lpp, Lps are short-term beams. The test results were obtained from the
short-term test of prestressed glulam continuous beam. The test parameters of beam L, and beam Lg; are the
same, which is a kind of working condition. Therefore, a beam is shared. (2) The change of carrying capacity
is defined as the percentage of bearing capacity reduction between long-term beam and short-term beam =
(long-term beam bearing capacity-short-term bearing capacity under the same conditions)/short-term beam
bearing capacity x 100%.

Table 4. The comparison information of ultimate load between regulated beam and short-term beam.

Number of . Change in
Grouping Beam Prestress Steel Wire Ultimate Carrying
Value (kN) (Root) Load (kN) Capacity (%)
La12 74.76
Lt 2 6755 107
Laso 109.35
Group A Lao 7 4 81.26 346
Lasa 127.65
Las 6 88.16 48
Lpi2 100.69
Lg; 0 79.36 269
Lpoo 109.35
Group B L 7 4 81.26 346
Lgso 123.73
Lon 14 8451 46.4

Note: (1) The change of carrying capacity (%) is defined as the percentage of the increase in the bearing capacity of the
regulated beam compared with the short-term beam = (the bearing capacity of the regulated beam-the bearing capacity
of the short-term beam under the same working condition)/the bearing capacity of the short-term beam x 100%.
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As shown in Table 3, the ultimate load of the prestressed glulam continuous beam
after long-term loading decreases compared with that under short-term loading; one reason
is that the creep of wood would occur after long-term loading, resulting in long-term
deformation of glulam; the other reason is that the creep of wood would result in stress
relaxation, which reduces the positive effect of prestressing applied to the beam in the
early stage, and increases the tensile stress at the beam bottom, making it more prone to
tensile failure. From the results of group A, it can be found that the number of prestressed
steel wires increases from two to six under the condition of constant prestressed value, and
the ultimate load of long-term beams decreases by 13.5-37.6% compared with short-term
beams. It can be found from the results of group B that when the number of prestressed steel
wires remains unchanged, the prestressed value increases from 0 to 14 kN, and the ultimate
load of long-term beams decreases by 19.9-29.0% compared with short-term beams.

Based on the comparison in Table 4, it can be found that compared with the short-term
beam, the ultimate load of the regulating beam is significantly improved. This is because
in the regulation process, in order to restore the initial displacement of the beam under
load, it is necessary to increase the height of the string to apply greater prestress so as to
increase the mid-span internal moment arm of the test beam, thereby greatly improving the
bearing capacity of the beam. It can be found from the results of group A that compared
with the short-term beam, the number of prestressed steel wires increases from two to six
under the same prestressed value, and the ultimate load of the regulated beam increases by
10.7—44.8%. It can be found from the results of group B that compared with the ultimate
load of the short-term beam, the prestressed value increases from 0 to 14 kN under the same
number of prestressed steel wires, and the ultimate load of the regulated beam increases by
26.9-46.4%.

4.2. Load-Displacement Relationships

In order to compare and analyze the load and displacement changes of three kinds of
test beams when they are damaged, the load—displacement curves of long-term beams and
short-term beams are plotted, as shown in Figures 19 and 20. The load—displacement curve
of the regulated beams should have an inverted arch section, but for the convenience of
comparison with other beams, the curve also started from zero. Therefore, it is stipulated
that the mid-span displacement of the test beam before loading is zero, the displacement is
positive downward, and the displacement is negative upward.

—m— Ly, left = Ly, left —u— Ly, left
igh * Ly right o Lyy,, right
100+ ®— Ly, right 100 A2-1: M9 100- Az MY
A Ly, left A= Ly, left A Ly, left
. - .
v Ly, right v Ly, right L Ty ¥ Ly, right
80 80 80 'A
¥ =
S0 B i S 604 Z 60|
3
=< x"“ =7 El
K = K] 8
S 40 N S 20 = 40 &I};/‘
20 20 04 4
0 : - - - - r ) 0 - - - - r - , 0 - - - - - - ,
Y 20 40 60 80 00 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 00 120 140
Deflection(mm) Deflection(mm) Deflection(mm)
(a) (b) (c)

Figure 19. Load-displacement curve of group A (long-term beam). (a) 7 kN, 2 steel wires; (b) 7 kN,
4 steel wires; (c¢) 7 kN, 6 steel wires.

As shown in Figure 19, there is no obvious difference between load—displacement
curves of the group A test beam and the short-term beam. When the prestressed value is
constant, the ultimate deformation of the group A test beam increases with the increase in
steel wires, but the stiffness of the beam does not increase significantly.
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Figure 20. Load-displacement curve of group B (long-term beam). (a) 0 kN, 4 steel wires; (b) 7 kN,
4 steel wires; (c) 14 kN, 4 steel wires.

As shown in Figure 20, when the number of steel wires is constant, with the increase in
prestressed value, the load-displacement curve of the group B test beam gradually close to
the curve of the short-term beam, indicating the prestressed value can effectively improve
the stiffness of the beam. However, the load—displacement curves of group A test beams
are below that of short-term beams, indicating that after long-term loading, the test beams
reach a high-stress state, and the overall stiffness of the beams decreases. Figures 21 and 22
show the load—displacement curves of the regulated beam and the short-term beam.
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Figure 21. Load-displacement curve of group A (regulated beam). (a) 7 kN, 2 steel wires; (b) 7 kN,
4 steel wires; (c) 7 kN, 6 steel wires.
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Figure 22. Load-displacement curve of group B (regulated beam). (a) 0 kN, 4 steel wires; (b) 7 kN,
4 steel wires; (c) 14 kN, 4 steel wires.

As shown in Figure 21, the curve slope of the regulated beam is above the curve of

the short-term beam, indicating the prestressed regulation can improve the stiffness of the
beam, and the curve slope of the regulating beam increases with the increase in steel wires.
By comparing the ultimate deformation of the regulated beam and the short-term beam,
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the deformation capacity of the regulated beam is slightly weakened, but it can still meet
the requirements.

As shown in Figure 22, the curve slope of the regulating beam is larger than that of
the short-term beam, indicating the prestressed regulation can improve the stiffness of
the beam, and the curve slope of the regulated beam increases with the increase in the
prestressed value. By comparing the ultimate deformation of the regulated beam and the
short-term beam, the deformation capacity of the regulated beam is slightly weakened, but
it can still meet the requirements.

4.3. Cross-Section Strain Distribution

The stress and strain of the mid-span section of the prestressed glulam continuous
beam under different working conditions varied under different loading processes. In
order to express this change more clearly, a typical span of the continuous beam under
different working conditions is selected, and the strain curves of different section heights
are shown in Figure 23. Further, 20%, 40%, 60%, 80%, and 100% of the ultimate load of the
test beam are selected as the sampling characteristic value. Taking the bottom of the beam
as the starting point, the section height of the Y axis is 10 mm, 30 mm, 50 mm, 70 mm, and
90 mm, according to the bonding position of the strain gauge. The intersection point of
each curve and the Y axis represents the position of the neutral axis, the negative value of
the X axis represents the compression of the glulam, and the positive value represents the
tension of the glulam.
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Figure 23. Strain curves of single-span section of beams under various working conditions. (a) beam
LA1; (b) beam LA2/LB2; (c) beam LA3; (d) beam LB1; (e) beam LB3.

As shown in Figure 16, it is obvious to find that the neutral axis moves up; this is
because the prestress reduces the compression zone. Moreover, in the process of loading
system at all levels, some of the curves have the trend of data reduction because the top
plate of glulam produces fold, or the bottom plate cracks, which lead to the decrease in the
bearing capacity of the beam and the change of the test data. This phenomenon occurs in
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the test beams when the load is large, so it can be considered that the height strain curve
of the mid-span section of the prestressed glulam continuous beam in this test is basically
linear distribution.

5. Conclusions

Glulam, as a promising sustainable material, is used in the construction industry more
and more extensively. In this paper, the prestress regulation of the continuous beam after
long-term loading was conducted. The conclusions can be obtained as:

(1) The failure modes of the prestressed glulam continuous beam after long-term load
could be divided into four types, including the tensile failure, the compression failure, the
overall instability failure, and the steel wire fracture.

(2) Compared with the short-term beam, when the prestressed value was constant,
the ultimate load of the long-term beam decreased by 3.51-37.65% with the increase in
the number of prestressed steel wires; when the number of prestressed steel wires was
constant, the ultimate load of long-term beam decreased by 19.86-28.98% with the increase
in the prestressed value.

(3) The prestressing regulation can effectively solve the problem of decreasing load
capacity due to creep. Compared with the short-term beam, the ultimate load of the
regulated beam increased by 10.67-46.41%. Therefore, it can be used in the actual process
of prestressing to compensate for tension.

(4) The above contents can be used for reference for the research of prestressed glu-
lam continuous beam. Future research will further explore the influence of creep on the
prestressed glulam continuous beam. One of the directions may be to derive the formula.
Moreover, it is important to improve the prestressed installation based on existing research.
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