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ABSTRACT

Due to creep characteristics of wood, long-term loading can cause a significant stress loss of steel bars in rein-
forced glulam beams and high long-term deflection of the beam midspan. In this study, 15 glulam beams were
subjected to a 90-day long-term loading test, and the effects of long-term loading value, reinforcement ratio
and prestress level on the stress of steel bars, midspan long-term deflection, and other parameters were compared
and analyzed. The main conclusions drawn from this study were that the long-term deflection of the reinforced
glulam beams accounted for 22.5%, 20.6%, and 18.2% of the total deflection respectively when the loading value
was 20%, 30%, and 40% of the estimated ultimate load under the long-term loading. The higher the loading level
was, the smaller the proportion of the long-term deflection in the total deflection was. Compared with ordinary
glulam beams, the long-term deflection of the reinforced glulam beam was even smaller. Under the condition of
the constant loading level, the total stress value of the steel bars decreased by 17.5%, 13.6%, and 9.1%, and the
proportion of the long-term deflection of the beam midspan in the total deflection was 26.9%, 24.2%, and
20.6% respectively when the reinforcement ratio was 2.05%, 2.68 %, and 3.39%. With the increase of the reinfor-
cement ratio, the stress loss of the steel bars decreased, and the proportion of the long-term deflection decreased
as well. When other conditions remained constant and the prestress level of the steel bars was 0 MPa, 30 MPa, and
60 MPa, the total stress value of the steel bars decreased by 9.1%, 9.4%, and 10.2%, respectively, and the propor-
tion of the long-term deflection in the total deflection was 20.6%, 26.1%, and 64.9%, respectively. With the
increase of the prestress value, the stress loss of the steel bars increased, and the proportion of the long-term
deflection increased as well.
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1 Introduction

Wooden houses have always been a popular architectural form with the characteristics of safety and
habitability. In the context that green buildings are being vigorously promoted around the globe, wooden
structures have ushered in new development opportunities due to their merits of low carbon footprint,
environmentally-friendly, and sustainable development [1–5]. Glulam is an important material for wooden
structures, which has several advantages such as scattered defects, high strength, and variable shapes of
cross-sections and components, etc. However, glulam beams are prone to brittle tensile failure under

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.32604/jrm.2021.015756

ARTICLE

echT PressScience

mailto:liling0048hit@163.com
http://dx.doi.org/10.32604/jrm.2021.015756


bending with the majority of compressive strength of wood not fully utilized. Moreover, due to the lower
elastic modulus and the creep characteristics of the wood [6–8], the deformation of the glulam beam is
relatively large. Therefore, the design of the glulam beams is often controlled by deformation so that the
strength of the wood is not fully utilized. To take advantage of this reserve wood strength, a steel-wood
composite component structure “the reinforced glulam beam” [9–13] is proposed, which could bear
tensile force with its prestressed steel bars and bear the compressive force with the glulam. This kind of
beam can make full use of the compressive strength of glulam, meanwhile, applying prestress can reduce
the deformation of the beam, making it an efficient composite component. Under the long-term load,
wood will undergo viscoelastic creep, which requires a constant load that changes with time. When the
load applied on the reinforced glulam beam changes with time, both the strength and stiffness of the
beam will degrade. After the prestress is applied, the degradation will become even more significant.
Therefore, it is of significant theoretical and engineering importance to understand the long-term
mechanical performance of the reinforced glulam beams and clarify the impact of creep.

In recent years, various researchers mainly focused on aspects such as the creep characteristics of wood
[14], the creep of components and structures, mechanical properties of glulam beams [15,16], and relaxation
of prestressed steel bars [17–20], etc. Since the reinforced glulam beam is a novel component structure
proposed by the authors, no study on its long-term mechanical performance has been reported yet.
However, the research results of previous scholars have provided very important reference significance
for the research work of this paper, which has also proved the research value and the feasibility of this study.

In this study, a 90-day long-term loading test was conducted on 15 beams that were divided into 4 groups
to explore the impact of loading level, reinforcement ratio, and prestress on the long-term bending
performance of the reinforced glulam beams from two perspectives of the total stress variation of the steel
bars and the maximum deflection of the beam midspan. Based on the test results, several points that
should be paid attention to when designing the reinforced glulam beam are proposed, which also provides
the insights for future research.

2 Test Overviews

2.1 Test-Piece Design and Grouping
According to the relevant standards [21,22] and the purpose of experiment, 15 beams of glulam with a

geometric scale ratio of 1:2 were designed and fabricated, the span-height ratio was 20, and the size of the
beams was 3100 mm × 150 mm × 100 mm. The specimens included 3 unreinforced glulam beams,
8 reinforced glulam beams, and 4 prestressed glulam beams. Reinforcements were placed in groove of the
glulam beams, and then passed through the anchor plates set at the end of the beam and anchored at the
end with two nuts to form the reinforced glulam beam. In order to place the reinforcements at the bottom
of the beam, the reinforced glulam beam was designed with two grooves of 22 mm in width and 30 mm
in height at the bottom of the beam, and the center distance between the two grooves was 48 mm. A
diagram of the fabricated reinforced glulam beam piece was shown in Fig. 1. The wood in the glulam
beams was Pinus sylvestris, and the steel bar grade was HRB400 (360 MPa nominal tensile strength).

According to beam type, loading level, reinforcement ratio, and total prestress level, the specimens were
divided into A, B, C, and D groups respectively. Loading level was the percentage of long-term loading value
to estimated ultimate load obtained by the finished short-term loading experiment [6]. According to the
relationship between the bearing capacity R and the loading effect S (R ≥ γ0S, γ0 was the Partial factor
calculated by the reliability design method), it was determined that the service load was 30% of the
ultimate bearing capacity. Group A was the unreinforced glulam beam (LA) group with different loading
level, which was considered as a reference group; Group B studied the impact of the long-term loading
value on the mechanical performance of the reinforced glulam beam (PLB); Group C studied the
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influence of the reinforcement ratio on the long-term mechanical performance, and the Group D studied the
impact of the prestress level, more details were shown in Tab. 1.

Figure 1: Diagrams of the beam. (a) Elevation view. (b) Sectional view 1—steel; 2—glulam; 3—groove;
4—nut; 5—anchor bearing plate

Table 1: Information of specimens

Group Number of
the

component

Loading
level

Steel bar
diameter
/mm

Reinforcement
ratio
/%

Prestress
value /MPa

Long-term
loading value
/kN

Service
load
/kN

A LA1 20% - 0 0 4.66 6.99

LA2 30% - 0 0 6.99 6.99

LA3 40% - 0 0 9.32 6.99

B PLB1 20% 18 3.39 0 6.18 9.12

PLB2 30% 18 3.39 0 9.12 9.12

PLB3 40% 18 3.39 0 12.36 9.12

C PLC1-1 30% 18 3.39 0 9.12 9.12

PLC1-2 30% 18 3.39 0 9.12 9.12

PLC2-1 30% 16 2.68 0 9.09 9.09

PLC2-2 30% 16 2.68 0 9.09 9.09

PLC3-1 30% 14 2.05 0 9.00 9.00

PLC3-2 30% 14 2.05 0 9.00 9.00

D YLD1-1 30% 18 3.39 30 9.18 9.18

YLD1-2 30% 18 3.39 30 9.18 9.18

YLD2-1 30% 18 3.39 60 10.05 10.05

YLD2-2 30% 18 3.39 60 10.05 10.05
Note: PLB2 and PLC1-1 in the table are the same beams, but since they are in different groups, they are labeled differently. Subscript C1-1 and C1-
2 mean identical components; C1-1, C2-1, and C3-1 represent components with different reinforcement ratio, respectively. Subscript D1-1 and D1-
2 mean identical components; D1-1 and D2-1 represent components with different prestress value, respectively.
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2.2 Loading Device and Measuring Point Layout
Due to the large size and the large number of beams for the long-term experiment, a set of long-term

loading devices was designed by the research team for the experiment, as shown in Fig. 2. The device
consisted of eight steel columns, four short steel beams, and two long steel beams. A steel plate was
designed on the upper part of the steel column, as shown in Fig. 2b, and the side of the steel column was
shown in Fig. 2c. A short steel beam had eight bolt holes so that the two steel columns could be
connected to it to form a foundation support, as shown in Fig. 2d. However, a long steel beam needed to
be built on two foundation supports to form a loading support, as shown in Figs. 2e, 2f. The plane layout
of the loading device and the beams were shown in Fig. 2a. The device could be used to carry out the
long-term bending test on 5 beams at a time with high efficiency. The bearing capacity and rigidity of the
device were relatively large, it was for this reason that the device would have little influence on the test
results. In addition, the device had preferable compatibility for the reason that the spacing between the
two loading supports could be adjusted according to the length of the beams.
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Figure 2: Long-term loading test device. (a) The plane layout of the device 1—steel column; 2—short steel
beam; 3—long steel beam; 4—glulam beams. (b) Front elevation of the steel column. (c) Side elevation of
the steel column. (d) Detail of the short steel beam. (e) Material object of the steel beam and the steel column.
(f) Loading support
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A two-point symmetrical loading method was adopted in the test. According to the relevant standards
[21,22] and the tests performed by previous researchers [23,24], the loading time was set to 90 days. In order
to ensure the constant loading value during the loading period, the dead load was applied by heavy weights.
To prevent the local compression failure at loading points, steel plates were placed on the upper surface of the
beam at the three equal points and a wooden block was placed on each steel plate, as shown in Fig. 3.

The measurement in this test included the displacement value of the midspan and the support brackets of
the beam, strain of the glulam beams, and strain of the steel bars. To collect the displacement value at the
midspan and both ends of the beam, three displacement meters were arranged on these three positions. To
collect the strain value of the wood, six strain gauges were uniformly pasted along the side surface at the
three equal points on both sides of the glulam part of the test beam. It was worth noting that the defect
would be inside the glulam beam. For defective parts, such as microcracks, the strain measured by the
strain gauges would be too large under the same deformation. The length of the strain gauges was
100 mm so that the measured strain could be within a certain range, which could largely eliminate the
influence of the internal defects on strain measurement results. Moreover, two strain gauges were attached
to the top and bottom surfaces of the beam midspan, respectively. As for the reinforced glulam beam, one
strain gauge was attached to the middle position of two steel bars at the groove of the beam bottom, as
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Figure 3: Test plan and measuring point layout of the long-term loading test. (a) Side elevation. 1—
displacement sensor; 2—strain gauge; 3—weight (b) suspension point. (c) displacement meter
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shown in Fig. 4. The strain data were collected by the Model JM3813 multifunctional static strain test system.
After the program was run and configured in the computer, dead load was applied to the beams. During the
test, the load and the displacement were monitored in real-time, the failure mode was observed and recorded
by taking photos.

The prestress was applied by tightening the end nuts (pointed by the arrow) and transferred to the glulam
beam through the anchor plates, and then the prestressed glulam beam was formed with compression at the
bottom and tension at the top, as shown in Fig. 5a. In the process of tightening the end nuts, the spanner
would give the glulam beam a lateral force, which would make the glulam beam incline to one side and
hinder the application of prestress. Therefore, a set of the auxiliary prestressing device (pointed by the
arrow) was designed to ensure the lateral stability of the prestressed glulam beams in the process of
prestressing, as shown in Fig. 5b.

3 Test Results and Analysis

3.1 Observations of Test
3.1.1 Change of Temperature and Relative Humidity

According to the previous research results [25], the external environment (temperature and relative
humidity) was an important factor on affecting the creep of wood. With the increase of the temperature
and relative humidity, the creep deformation of wood would increase. In the long-term test of the beams,
the temperature and humidity of each batch of the test beams should be relatively constant. The test

Figure 4: Arrangement of strain gauges. (a) Strain gauges at the three equal points. (b) Strain gauge at the
beam top. (c) Strain gauge at the beam bottom. (d) Strain gauge pasted on the steel bar
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should be carried out in the normal indoor environment (temperature: 20�C; relative humidity: 70%), which
was also to simulate the stress state of the beams under the circumstance of normal use. During this period,
measures such as sprinkling water in summer and heating in winter were taken, and the temperature and
humidity of each batch of the beams were regularly monitored so that the relative stability of the indoor
environment could be ensured. By observing the obtained data, it was found that the temperature and
humidity had little change in general, so the influence of the change of the temperature and humidity on
the analysis of the test results could be ignored.

3.1.2 Long-Term Change Phenomenon of Test Beams
For subsequent analysis, the glulam beams were observed and photographed every 30 days, and the

phenomenon in the whole creep process were recorded from the beginning to the end of the experiment.
A state diagram of the glulam beams at different times in the long-term experiment was shown in Fig. 6.

As could be seen from Fig. 6, compared with the first day of the experiment, the beams showed cracks
(pointed by arrows) slightly extending at the position of the wood knot of the beams on the 30th day of the
experiment, and the cracks of the 60th and 90th day did not extend obviously. Since the purpose of the long-
term test was to provide a basis for the limit state design of serviceability, and the applied long-term load was
service load that was quite different from the failure load of beam. Therefore, obvious cracks, wrinkle and
other damage phenomena were not observed except obvious changes of deflection in the process of loading.

3.2 Stress Variation of Steel Bars
In the long-term loading test, the stress level of the steel bars was an important indicator for the

mechanical performance of the reinforced glulam beam. In this test, the stress variation of the steel bars
was caused by two factors, one was the relaxation of the steel bars, and the other was the creep
characteristic of the glulam. Previous studies showed that the relaxation of the steel bars was not
significant anymore when the initial stress of the prestressed steel bars was less than 0.5 times value of
the ultimate tensile strength Ry [26–33]. Since the maximum prestress applied in this study was 60 MPa <
0.5fu = 270 MPa, the stress variation caused by the relaxation of the steel bars was ignored, and it was
considered that the stress variation of the steel bars was mainly caused by the creep of the glulam.

For the beams in group B, C, and D, the variation of the total stress of the steel bars (namely the stress
sum of all the steel bars in a beam, as for the reinforced glulam beams in group C and D, the total stress means
the average value of the total stress of two identical beams) with time in the whole process from the initial
loading to the end of loading was shown in Fig. 7.

Figure 5: Application of the prestress. (a) Screw nut. (b) Auxiliary device
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It was known from Fig. 7 that the total stress value of the PLB1, PLB2, and the PLB3 decreased by 10.7%,
9.1%, and 16.9% respectively from the beginning to the end of the test. Under the condition of the constant
reinforcement ratio, the total stress value of the steel bars gradually decreased and stabilized, and the decrease
range had little difference when the loading level was less than 30% (equivalent to the service load). With the
increase of the loading level, the decrease of the stress of the steel bars accelerated, but did not stabilize
within 90 days when the loading level was more than 30%. This was because in the case of the same
reinforcement ratio, the greater the external load applied, the greater the bending moment generated in the
beam, and the greater the compressive stress presence in the top of the glulam was. For the reinforced
glulam beam, the glulam part was mainly subject to compressive force, and the compressive stress value
of the high-stress area at the beam top was the key factor affecting the magnitude of the creep of the
entire beam, which would lead to the greater creep of the glulam and therefore significantly decrease the
stress of the steel bars. For the PLC1, PLC2, and the PLC3, this value decreased by 9.1%, 13.6%, and
17.5%, respectively. Fig. 7 illustrated that the decrease of the steel bar stress was higher with the decrease
of the reinforcement ratio under the condition of the same loading level. This was because the smaller the
reinforcement ratio of the beam was, the greater the initial stress value of the steel bars was, and the
stress value of the steel bars would decrease more when the loading level was constant. The total stress
of the PLC1, YLD1, and the YLD2 decreased by 9.1%, 9.4%, and 10.2%, respectively. As could be seen
from Fig. 7 that the stress loss of the steel bars increased as well with the increase of the prestress level
in the case of the same loading level and reinforcement ratio. This was because the greater the prestress
value was, the greater the compressive stress presence in the beam top was, and the greater the creep
developed.

Figure 6: Status of the test beams. (a) On the 1st day of the test. (b) On the 30th day of the test. (c) On the
60th day of the test. (d) On the 90th day of the test
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To clarify the change rate of the steel bars stress value, the initial stress of the steel bar was set to 0, The
variation of steel bar stress value during the experiment was called relative stress value and the time-varying
curve of the relative stress of the steel bar was shown in Fig. 8.

Fig. 8 illustrated that the steel bar stress decreased faster with the increase of the loading level. With the
passage of time, the decrement of the steel bar stress showed a trend of continuous acceleration when the
reinforcement ratio remained constant, which indicated that the higher the loading level was, the faster
the creep developed. With the decrease of the reinforcement ratio, the steel bar stress decreased faster,
and with the passage of time, the decrement of the steel bar stress also showed a trend of continuous
acceleration when the loading level was the same, which indicated that the creep development speed of
the glulam was faster when the reinforcement ratio was relatively small. With the increase of the prestress
level, the steel bar stress decreased faster when other conditions remained constant, which indicated that
the greater the prestress was, the faster the creep of glulam developed. Compared with the un-prestressed
glulam beams, the creep development of the prestressed glulam beams was faster.
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Figure 7: Time-varying curve of total stress of the steel bars (a) Test group B (different loading level).
(b) Test group C (different reinforcement ratio). (c) Test group D (different prestress value)
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3.3 Deflection of Beam Midspan
In the long-term loading test, observing and recording the development of midspan deflection had great

significance in studying the creep performance of the glulam beam. For each batch of the beams, the data
were sorted to obtain the long-term deflection development rule of the glulam beams, and the time-
midspan deflection relationship curve was drawn as shown in Fig. 9.

To facilitate comparison, the downward deflection was specified as positive, and the upward deflection
was specified as negative. For prestressed beams, anti-arch would appear, so the inverted arch value of
midspan was negative. The midspan deflection which generated instantaneously after the applying of the
external load was identified as short-term deflection. After the 90-day long-term loading, the extra beam
deflection caused by the creep of glulam was long-term deflection, and the sum of the short-term deflection
and the long-term deflection was the total deflection. The inverted arch value, the short-term deflection, the
long-term deflection, and the total deflection of the beams of A, B, C, and D test groups were shown in Tab. 2.
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Figure 9: Time-varying curve of midspan deflection. (a) Group A (Control group). (b) Group B (different
loading levels). (c) Group C (different reinforcement ratios). (d) Group D (different prestress values)

Table 2: Midspan deflection value of glulam beams

Beam number Inverted arch
value (mm)

Short-term
deflection (mm)

Long-term
deflection (mm)

Total
deflection (mm)

LA1 - 5.64 2.41 8.05

LA2 - 8.07 3.19 11.26

LA3 - 15.44 5.47 20.91

PLB1 - 6.24 1.81 8.05

PLB2 - 9.64 2.50 12.14

PLB3 - 18.87 4.19 23.06

PLC1 - 9.64 2.50 12.14

PLC2 - 10.84 3.47 14.31

PLC3 - 11.77 4.34 16.11

YLD1 −5.50 6.47 2.28 8.75

YLD2 −9.79 2.15 3.97 6.12
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As could be seen from Fig. 9 that for beams without reinforced steel bars, the midspan deflection was
2.41 mm, 3.19 mm, and 5.47 mm, respectively, and accounted for 29.9%, 28.3%, and 26.2% of the total
deflection; in the case of the same reinforcement ratio, the long-term deflection of the beam midspan was
1.81 mm, 2.50 mm, and 4.19 mm, respectively, and accounted for 22.5 %, 20.6%, and 18.2% of the total
deflection when the loading level was 20%, 30%, and 40%. In the case of the 30% loading level, the
long-term deflection of the beam midspan was 2.50 mm, 3.47 mm, and 4.34 mm, respectively, and
accounted for 26.9%, 24.2%, and 20.6% of the total deflection when the reinforcement ratio of the steel
bars was 2.05%, 2.68%, and 3.39%. In the case of the same loading level and the same reinforcement
ratio, the long-term deflection of the beam midspan was 2.50 mm, 2.28 mm, and 3.97 mm, respectively,
and accounted for 20.6%, 26.1%, and 64.9% of the total deflection when the prestress value was 0 MPa,
30 MPa, and 60 MPa. Compared with the un-prestressed beams, when the prestress value was 30 and
60 MPa, the proportion of midspan long-term deflection in total deflection increased by 5.5% and 44.3%,
respectively. Based on the above analysis, the proportion of the long-term deflection in total deflection
would decrease with the increase of the loading level, steel bar diameter, and the decrease of prestressing.
This was because although the above-mentioned reasons had made the glulam bear more stress and made
the beam creep deformation be greater, with the increase of the reinforcement ratio, the prestress value,
and the loading level, the initial deflection of the beam increased as well. However, although both values
had increased, the increase of the initial deflection had a greater impact on the long-term deflection of the
beam midspan, and the proportion of the long-term deflection in total deflection decreased.

In order to analyze the long-term creep rate of the beam more intuitively, the short-term deflection was
ignored, and then the time-varying curve of the long-term deflection in the glulam beam was shown in Fig. 10.

Fig. 10 illustrated that the midspan long-term deflection of the beams in the four groups had completed
61% to 76% of the total deflection on the 30th day. By the 60th day, the deflection had completed 83% to
92%. The beam midspan deflection changed faster in the early stage of the test, and then it decreased
gradually in later stages and stabilized, which was consistent with the characteristic of the creep
development of glulam.

As shown in Fig. 10, the increase rate of the long-term deflection grew gradually with the increase of the
loading level, and the increment was not linear for test beams in Group A. Once the loading level exceeded
30% of the estimated ultimate load, namely the service load, and then the deflection increased very rapidly.
For test beams in Group B, the growth rate of the long-term deflection was slower than that of Group A.
Therefore, the adding of the reinforced steel bars could effectively control the long-term deflection of
beam midspan. For test beams in Group C, the increase rate of long-term deflection gradually slowed
down with the increase of the reinforcement ratio. Therefore, increasing the reinforcement ratio could
reduce the increase rate of long-term deflection. For test beams in Group D, with the increase of the
prestress level, the long-term deflection of the beam increased quickly. This phenomenon was not
obvious when the prestress level was relatively low, but when the prestress was higher, the creep
deformation of the wood became more significant, and the long-term deflection developed more quickly.

3.4 Time-Strain Curve
For further study of the creep behavior of the reinforced glulam beam, this paper took the average value

of the strain gauges at the loading point on both sides of the glulam beam, the strain gauge layout was shown
in Fig. 11, and then the time-varying curve of strain (uε) in the glulam beam was shown in Fig. 12. The
Fig. 12 illustrated that the strain of the ordinary glulam beams increased slowly not only in the
compression zone but also in the tension zone with time varying, and for the reason that the stress
distribution of the reinforced glulam beams was more uniform, the increased amplitude of strain of the
reinforced glulam beams and the prestressed glulam beams decreased in turn when they were compared
with the ordinary glulam beams.
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3.5 Theoretical Analysis
3.5.1 Establishment of Creep Model

The long-term test in this paper lasted for 90 days. However, the design service life of the general
structure was 50 years in the building structure. Combined with the previous research experience [34], the
existing test data was applied to establish creep model for fitting and estimating the long-term
deformation of 50 years in this paper.

A power-law model for the fitting of experimental data and the prediction of the creep deformation of the
glulam beams in the long-term experiment was used in this test. The time-midspan deflection formula could
be derived from the power-law model expressed by Eq. (1):

fðtÞ ¼ atb þ c (1)

In the formula:

f(t)—the final midspan deflection value of the glulam beam (mm);

t—the time of creep deformation of the glulam beam (d);

a, b, c—experiment parameters, derived from the fitting curve;
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loading levels). (c) Group C (different reinforcement ratios). (d) Group D (different prestress values)
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Through the custom function of the origin software, the power-law model formula was used for the
fitting analysis of the creep data of the glulam beams in the long-term experiment. In order to control the
length of the article, the creep fitting curve of the LA1 beam was shown in Fig. 13, and the beam fitting
results of other working conditions were shown in Tab. 3.

Tab. 3 illustrated that the correlation coefficients of the sets of the fitting curves were greater than 0.98,
which indicated that the fitting accuracy between the results of experimental data and the results in the fitting
formula was high. The above mentioned excellently proved that the power-law model formula could well
reflect the long-term creep characteristics of glulam.

In this paper, the creep deformation coefficient θ was defined as the ratio of the additional deflection
produced by creep and the elastic deflection produced by loading. It could be expressed by Eq. (2).

h¼ fC
fS

¼ fL � fS
fS

(2)

In this formula:

fc-the additional deflection value produced by the creep of the glulam beam;

fL-the long-term deflection value of the glulam beam;

fs- the elastic deflection value produced by the load.
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Figure 13: Creep fitting curve of LA1 beam

Table 3: Result of fitting parameters

Beam number Parameters R2

a b c

LA 7.87 0.82 0.32 0.99

PLB 8.75 0.86 0.31 0.98

PLC 11.70 1.07 0.32 0.99

YLD 1.91 1.11 0.30 0.98
Note: LA represents the ordinary glulam beam; PLB, PLC represents the reinforced glulam beam with reinforcement ratio of 3.39 and
2.68, respectively; YLD represents prestressed glulam beam.
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The specific value of the creep deformation coefficient calculated by Eq. (2) was shown in Tab. 4.

According to the research content in this paper, Tab. 4, and the above analysis results, it was suggested
that the creep deformation coefficient could be 2.34 for the theoretical calculation of the glulam beams; as for
the reinforced glulam beam, the higher the reinforcement ratio was, the greater the creep deformation
coefficient was. When the reinforcement ratio was between 2.05% and 3.39%, the creep deformation
coefficient was between 1.73 and 2.09; as for the prestressed glulam beam, it was suggested that the
creep deformation coefficient could be 1.78.

3.5.2 Calculation of Long-Term Deflection
The long-term deflection of flexural members under normal service conditions included the elastic

deflection caused by loading, and the creep deflection caused by the creep of wood under continuous
load. The elastic deflection fs of the flexural members could be calculated according to the knowledge of
structural mechanics, while the creep deflection could be calculated by multiplying the deformation fQ by
the creep deformation coefficient θ. The calculation formula was shown in Eq. (3).

fL ¼ fs þ hfQ (3)

In the formula:

fQ—Deformation due to quasi-permanent combination of loads;

For the prestressed beams, the application of prestress would make the beams produce a corresponding
reverse arch. The deflection change of the prestressed beams during the application of prestress and the whole
loading process was shown in Fig. 14.

Table 4: Creep deformation coefficient for 50 years

Beam
number

Long-term
deformation of
50 years/mm

Short-term
deflection/mm

Elastic
deflection/mm

Creep deformation
coefficient
θ

LA 26.99 8.07 8.07 2.34

PLB 26.35 9.64 9.64 1.73

PLC 36.32 11.77 11.77 2.09

YLD 23.43 2.15 11.94 1.78

l

fZ
fS

fC

fA

fL

Figure 14: Deformation diagram of the prestressed beam during loading
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The calculation of long-term deflection of the prestressed beam was shown in Eq. (4).

fL ¼ fs � fA þ hfQ (4)

In the formula:

fA— height of anti-arch;

4 Conclusions

1. When the loading level was 20%, 30%, and 40% of the estimated ultimate load, for the beammidspan
of ordinary glulam, the proportion of the long-term deflection in total deflection was 29.9%, 28.3%,
and 26.2%, respectively; while for the beam midspan of glulam with reinforced steel bars, this
proportion was 22.5%, 20.6%, and 18.2%, respectively. With the loading level increased, the
proportion of the long-term deflection due to wood creep effects in the total deflection decreased.

2. In the case of unchanged loading level, the total stress value of the steel bars in the reinforced glulam
beams decreased by 17.5%, 13.6%, and 9.1%, respectively when the reinforcement ratio was 2.05%,
2.68%, and 3.39%. The higher the reinforcement ratio was, the less the stress loss of the steel bars
was. For the reinforced glulam beams, the proportion of the long-term deflection in the total
deflection was 26.9%, 24.2%, and 20.6% respectively. With the increase of the reinforcement
ratio, the proportion of the long-term deflection due to wood creep effects in the total deflection
decreased.

3. In the case of the same loading level and same reinforcement ratio, after subjected to long-term
loading, the total stress value of the steel bars decreased by 9.1%, 9.4%, and 10.2%, respectively,
and the proportion of the long-term deflection in the total deflection was 20.6%, 26.1%, and
64.9% respectively when the prestress of the steel bars was 0 MPa, 30 MPa, and 60 MPa. With
the increase of the prestress value, the stress loss of the steel bars increased, and the proportion of
the long-term deflection in the total deflection increased as well.
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