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Abstract

Traditional glulam beam connection mode has a weak ability to transfer bending moment, leading to insufficient
joint stiffness and mostly in the form of simply supported beams. To make full use of material strength, a novel
prestressed glulam continuous beam was proposed. On this basis, this paper put forward a new method to further
improve the mechanical performance of the beams by controlling prestress. According to the estimated ultimate
loads of the beams, six different control range values were formulated, and 12 continuous beams were tested for
flexural performance. The effects of prestressing control on the failure modes, ultimate load capacity, and load versus
deformation relationships of the glulam continuous beams were analyzed. The test results indicated that the flexural
performance of the beams with prestressed control was significantly improved compared to the uncontrolled beams,
the ultimate load was enhanced by 13.60%-45.11%, and the average steel wire stress at failure was increased from
70% of the designed tensile strength to 94%. Combined with the finite element analysis (FEA), the reasonable control
range of the prestressed control continuous beams was18%-30% of the estimated ultimate load. The research in this

paper can provide references for the theoretical analysis and engineering application of similar structures.
Keywords: Prestressed glulam continuous beams, Flexural performance, Experimental study, FEA, Control ranges

Introduction

Timber has significant advantages such as pollution-free,
low energy consumption, and recyclability. Glulam is
the most common engineering wood product in timber
structure, reduces the impact of natural timber defects by
processing natural timber, which can improve its strength
and stiffness [1-9]. As one of the prominent flexural
members in timber structure buildings, the glulam beam
is of great significance to the safety of the whole struc-
ture. However, when the glulam beam was flexural, the
tensile zone of the beam would be prone to brittle failure,
and its compressive strength to be not fully used [10-15].
Furthermore, the length of the glulam beam does not
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meet the requirements of the continuous beam due to the
limit of raw material size and processing technology. And
the current bolt connection has a weak ability to transfer
bending moment, resulting in insufficient joint stiffness.
Thus glulam beams are mostly simply supported beams
[16-19]. To take full advantage of material properties and
enrich structural forms, the author of this paper based on
the previously proposed prestressed glulam simply sup-
ported beams, and then exploited the prestressed glu-
lam continuous beam through a new set of connection
apparatuses, as shown in Fig. 1a [20, 21]. The continuous
beam combined two glulam beams through the new con-
nection apparatus. In this case, the prestress can enhance
the connection tightness between the two beams so this
study regarded this connection method as a rigid con-
nection realized by the apparatus and prestress. This
paper aims to solve the problem that the application of
prestressing is limited by the tensile strength of the top
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Fig. 1 Prestressed glulam continuous beam. a Details of connection apparatus; b details of the specimen; ¢ photo of the specimen

of glulam beams. Thus, a new concept of prestressing
control is proposed, namely, the beam is applied a cer-
tain range of load before prestressing, and then adjust
the deflection of the beam to the state of the load is not
applied. That is of great academic value and engineering
significance to study the influence of the control range on
the flexural performance of the prestressed glulam con-
tinuous beams.

More recently, some researchers have studied the com-
bination of different materials and glulam to improve its
strength. Uzel et al. [22] studied the flexural behaviors
of glulam beams retrofitted with aluminum, fiberglass,
and steel wire nets at the lamination surfaces. It was
found that steel wire reinforcement nets can significantly
increase the ultimate load-bearing capacity. Ribeiro et al.
[23] proposed a concept of laminated wood composite
with fiberglass and demonstrated the beneficial effect of
the proposed strengthening solutions in terms of resist-
ance and ductility. Zuo et al. [24] compared experi-
ments on glulam beams reinforced by tapping screws.
The results confirmed the importance of the reinforce-
ments in enhancing ultimate load and stiffness. Yang
et al. [25] proposed the reinforcement method of pasting
steel plates or adding screws at the bottom of the glulam

beam. Results showed that the bending performance of
glulam beams was improved.

To effectively enhance the flexural behavior of glu-
lam beams and use the advantages of various materi-
als, researchers applied the methods for strengthening
glulam beams with prestressed materials. Anshari et al.
[26] tested glulam beams were strengthened by insert-
ing compressed wood blocks into the pre-cut rectangular
holes from the top of the beam. Based on the moisture-
dependent swelling nature of the compressed wood, a
pre-camber was produced in the mid-span of the beam.
A comparison with the beam without prestressing indi-
cated that the initial stiffness and load-carrying capacity
of the pre-stressed beam were increased significantly.
Yang et al. [27] examined the reinforcing in flexure of
glulam beams using bonded-in carbon fiber reinforced
polymer bars. They found that the flexural capacity of
prestressed and reinforced (bottom prestressed and top
reinforced) beams increased up to 131%. McConnell et al.
[28] conducted a series of four-point bending tests under
post-tensioned glulam beams and indicated the flexural
strength and stiffness increased for post-tensioned tim-
bers. Previous studies have provided references for this
paper from the use of different materials, prestressing
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methods, and key factors affecting the mechanical per-
formance of prestressed glulam beams.

This paper will examine the flexural behavior of 12
prestressed glulam continuous beams by considering
the effect of control ranges. Failure modes, ultimate load
capacity, and load versus deformation relationships will
be investigated. And finite element analysis (FEA) will be
conducted to obtain the optimally control range.

Materials and methods

Specimens and materials

In this paper, the prestressed glulam continuous beam
was composed of glulam, high-strength steel wires, and
steel components (Fig. 1). The steel components were
comprised of connection apparatuses, prestressed con-
trol devices, steel plates, and anchors. The glulam with
dimensions 3070 mm (length, L) x80 mm (breadth,
b) x 100 mm (height, /1) was glued by five layers of 20 mm
thick spruce planks. All specimens were set with four
low-relaxation prestressed steel wires, which 12.9 mm in
diameter.

Based on the previous work [29], the service load of
the beam was about 30% of its ultimate load. Therefore,
according to the previous research results and theoreti-
cal analysis, the ultimate load of the test beam was esti-
mated during the research. Then, five control values
were selected near 30% of the estimated ultimate load
to explore the influence of different prestressed control

Table 1 Groups and information of specimens

Group Beam code Control
range
(%)*

1 L01, L02 0

2 L11,L12 18

3 L21,122 24

4 131,132 30

5 L41,142 36

6 L51,L52 42

2The percentage of the initial load to the estimated ultimate load of the beam

Table 2 Material properties
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ranges on the flexural performance of the beams. Over-
all, six groups and 12 specimens were manufactured and
tested. The groups and information of specimens are rep-
resented in Table 1.

All material properties were tested following the Chi-
nese Standard GB/T50329-2012 [30] and GBT228.1-2010
[31]. The detailed mechanical properties of specimens as
shown in Table 2.

Assembly procedure

As shown in Fig. 2, the assembly process of specimens
included five steps: (1) the positioning lines of steel com-
ponents and joints were drawn on the glulam beams; (2)
prestressed control devices were attached to the cor-
responding positioning lines by adhesives, which were
set for a while until the adhesive was completely solidi-
fied; (3) steel wires were cut and prepared in the length
of design requirements, passed through anchors, and
the ends of the steel wires anchoring by a machine; (4)
after the glulam beams were jointed by connection appa-
ratuses, the anchors at the ends of the steel wires were
put into the slot of steel plates at the beam ends, and the
steel wires were put into the prestressed control devices;
(5) the initial load was applied to the beams by jacks, nuts
in the prestressed control devices were tightened. Mean-
while, the jacks were unloaded to control the initial load
within 1kN, and the deflection change was measured by
the linear variable differential transformers (LVDTs) in
the mid-span. When the reading values of LVDTs were
not zero, which indicated that the length of the steel
wires did not reach the required standard, it was neces-
sary to add the plates between the anchors and the steel
plates or cut the steel wires again.

Measurement layout

To measure the strain state of the glulam and the steel
wires, the 100 mm x 3 mm strain gauges were pasted at
the beam top, bottom and side of the mid-span. Since
ribbed steel wires were used in this test, the steel wire
surfaces at L/4 distance from the beams’ support points
were polished by an angle grinder, so it was convenient

Material Category Average (N/mm?) CoV (%)?

Spruce Compression strength parallel to grain 38.67 6.151
Modulus of elasticity in compression compression 8301 x 10° 4.630
Tensile strength parallel to grain 81.32 6.184
Modulus of elasticity in tensile 9.750 x 10° 6.420

Steel wire Tensile strength 1640 x 10° 0.3541
Modulus of elasticity 1920% 10° 1710

2 Coefficient of variation
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Loading mechanism

1. Preliminary load. According to the previous test
results and theoretical analysis, the estimated ulti-
mate load of the specimens was determined to be 30
kN. The pre-loading with 6%—12%—-6% of the esti-
mated ultimate load as a loading cycle, there were
five cycles in total, and finally was restored to 0%. The
experimental data did not include the above work
results. The purpose of pre-loading is to eliminate
the initial gaps between the components of the pre-

: stressed continuous beams.

Fig. 4 Static strain acquisition system 2. Control of prestressing. The initial load (F) to be

applied is 0%, 18%, 24%, 30%, 36% and 42% of the

estimated ultimate load. The specimens generated
deflection after the initial load was applied. After

to paste the 2 mm x 3 mm strain gauges. To monitor that, some researchers adjusted the deflection of the
the deflection of the beams, three LVDTs with a range beam by twisting the prestressed control devices at
of 50 mm were placed at its support, and an LVDT with the beam bottom and generated upward forces (F)
a range of 150 mm was set in the mid-span (Fig. 3). to increase the pressure at the top of the beam. And
JM3813 static strain acquisition systems (Yangzhou Jin- then other researchers needed to unload the jacks
gming Technology Co., Ltd, China) were applied to col- simultaneously. In this process, the pressure sensor
lect the strain and deflection measurements, as shown and DH3818 static strain acquisition system (Yang-

in Fig. 4. zhou Jingming Technology Co., Ltd, China) were
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used to monitor the internal force changes, and the
changes were controlled within 1kN. The prestressed
control process is shown in Fig. 5.

3. Failure loading. The loading process started from
the control range value, and the load increment of
each level was 6% of the estimated ultimate load.
When the loading reached 72% of the estimated
ultimate load, the displacement control loading was
used. In the stage of displacement control loading,
the average value of the beam deflection increment
under four levels of load between 48 and 72% of
the estimated ultimate load was calculated. And
this average value was taken as the displacement
increment of each level of this stage until the beam
failed.

Principles for determining failure and ultimate loads
According to the failure determination of wood
components based on the Chinese Standard GB/
T50329-2012 [30], as well as the failure determina-
tion of the reinforced concrete elements based on
the Chinese Standard GB/T50152-2012 [32], and
combined with the actual situation of this test, the
failure signs of the glulam beams can be summa-
rized as the following three situations. When one of
them appears in the trial, it can be determined that
the beam failed:

1. The tensile strain of the prestressed steel wire reaches
0.01.

2. Apparent cracks appear in the tension zone of the
glulam beam, or significant wrinkles occur in the
compression zone of the glulam beam. Also, the
load—deflection curve decreases with loading.

3. The prestressed steel wire is broken, or the anchor
device at the beam-end fails.
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In the step loading test, the measured values of the
ultimate load are determined according to the following
principles:

1. When a failure sign appears during the loading pro-
cess, the load value of the previous grade is taken as
the measured value of the ultimate load in the test.

2. When the failure sign appears during the sustained
loading process, the average value of the load of this
grade and the load of the previous stage are taken as
the measured value of the ultimate load in the test.

3. When the failure sign appears after the sustained
loading is completed, the load value of this grade is
taken as the measured value of the ultimate load in
the test.

4. When the load—deflection curve decreases with load-
ing, the peak point of the curve is used as the meas-
ured value of the ultimate load in the test.

Experimental results and discussion

Failure modes

For all the specimens, the experimental phenomena can
be classified into three main failure modes: compression
failure at the beam top, tension failure of the weak areas
between laminates, and instability failure. The specific
contents are shown as follows:

1. Compression failure at the beam top

As the load increased, the deflection of the specimens
increased gradually. When the load reached 90%-95% of
the beams’ ultimate load, wood knots or weak areas on
the top of the beams appeared wrinkles because the glu-
lam reached the compressive strength. With the continu-
ous application of the load, the load no longer increased
and showed a downward trend, each wrinkle began to
extend and developed gradually. Finally, the beams were
snapped off due to the tearing of the laminate at the
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Fig. 5 Prestressed control process. a Before the initial load applied; b after the initial load applied; ¢ control completed
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wrinkles, and the beams were damaged. The typical fail-
ure modes of the specimens are shown in Fig. 6.

2. Tension failure of the weak areas between laminates

At the initial stage of loading, the deflection raised with
the increase of load, and there was no apparent damage
to the specimens. When the loading value reached 83%-—
89% of the peak load of the beams, the laminates were
subjected to compression parallel to grain, which product
tensile stress perpendicular to grain, and finally the ten-
sile strength was insufficient. The longitudinal cracks first
appeared at the weak areas of the laminates. They con-
tinued to extend to the beam ends, which significantly
increased the deflection of the beams and reduced the
load, and finally led to the decrease of the bearing capac-
ity of the beams or the failure to continue loading, as
shown in Fig. 7.

3. Instability failure

At the initial stage of loading, the deflection continued
to increase, and there was no apparent damage to the
beams. When the load was close to the peak load of the
beams, bolt bars in the prestressed control devices gradu-
ally deflected out of the plane, which was due to the error
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in the cutting length of the steel wires, resulting in force
distribution on the steel wires unevenly. Or because of
the defects in the contact part of the glulam and steel
plates along the beam width direction, it was not enough
to uniformly resist the pressure exerted on the glulam
by the bolt bars. When the glulam was damaged by local
compression, the bolt bars would be deflected out of the
plane. With the continuous loading, the load showed a
downward trend, the fracture occurred at the weak areas
of the laminate, and longitudinal tear occurred. Then
the beams were broken at the loading position, and the
beams were overturned as a whole, as shown in Fig. 8.

When the continuous beam was damaged, only one
span was fully damaged, and the other span was not com-
pletely damaged or had no sign of fail. The incomplete
damaged span was not representative, so only the failure
mode of the completely damaged span was counted, as
shown in Table 3.

Figure 9 presents the distribution of failure modes for
all specimens. When the control range was small, the
tensile stress of the steel wires was low. Compared with
the stress produced by the compression at the beam end,
the stress caused by the bending moment was more obvi-
ous in the glulam, so the compression failure at the top

Fig. 6 Compression failure of the beam top

Fig. 7 Tension failure of the weak areas between laminates
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Fig. 8 Instability failure

Table 3 Failure modes of specimens

Table 4 Ultimate load of specimens

Control range Beam code Failure mode
0 LO1 Compression
L02 Compression
18% LN Compression
L12 Compression
24% L21 Instability
L22 Compression
30% L31 Compression
132 Tension
36% L41 Tension
L42 Compression
42% L51 Tension
L52 Instability

= Compression failure Tension failure

= Instability failure

Fig. 9 Distribution of failure modes

of the glulam was more likely to occur. When the control
range was large, the tensile stress of the steel wires and
the compressive stress of the corresponding glulam part
was also enormous. At this point, in the part of the glu-
lam, the pressure generated by the beam end compressed
was more significantly higher than the stress caused by

Control Beam code Ultimate Average (kN) Increased
range (%) load (kN) ratio (%)
0 LO1 29.15 30.08 -
L02 31.01
18 L1 33.02 34.17 13.60
L12 3532
24 L21 40.44 40.77 35.54
122 41.10
30 L31 4542 44.04 46.41
132 42.66
36 141 4423 43.19 4358
L42 4215
42 L51 44.70 43.65 4511
52 42.60

the bending moment, so its failure mode was character-
ized by eccentric compression members with the minor
bending moment, such as out-of-plane instability, lami-
nate tearing (similar to compression splitting), etc.

Ultimate load

As shown in Table 4 and Fig. 10, compared with the
beams without prestressed control, the ultimate load of
the prestressed beams increased betweenl3.60% and
45.11%. Before the control range value reached 30%, the
ultimate load of the beams rose linearly with the increase
of the control range. After reaching 30%, the peak load
basically remained stable due to the compressive strength
of the glulam part had been fully used when the control
range value was 30%. On this basis, if the control range
continues to increase, the glulam part may occur out-
of-plane instability or laminate tearing failure due to
the excessive compressive stress, which limits the fur-
ther improvement of bearing capacity. Overall, it dem-
onstrates that there is a reasonable range of prestressed
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Fig. 10 Tendency graph of ultimate load

control, not the higher the control range, the better the
effect.

Load-deflection relationships

Among the two beams of each group under the same
working conditions, a representative one was chosen to
show the load—deflection behavior, as shown in Fig. 11.
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decreased. Even so, the ultimate deflection of the beams
after control was still more than 1/50 of the span. By
referring to the management of other structures on the
ultimate deflection of the beams, the prestressed glulam
continuous beam after control can still meet the design
requirements.

Stress at the failure of prestressed steel wires

To study the prestressed steel wire stress under the ulti-
mate load, experimental results are tabulated in Table 5
and plotted in Fig. 12. It can be found that the stress of
the prestressed steel wires raised as the control range
increased when the specimens failed. When the control
range value increased to 42%, the average value of steel
wires’ failure stress reached 94% of the design value of
tensile strength f, , indicating that the steel wire strength
had been effectively used.

Table 5 Failure stress of steel wires

From the results plotted in Fig. 11, it can be observed co°“"°' range  Beam code Stress (N/mm?)
that the curves of the left and right spans of the pre- (%) Test value Average
stressed control beams were slightly different, but the
general trend was the same. On the one hand, from 0 01 798.2 7726
the initial stage of loading to the final failure, with the L2 7470
increase of the control range, the slope of the curve and 18 L o118 o084
the ultimate load showed a rising trend, namely, enhanc- L12 904.9
ing the control range value can effectively improve stiff- 24 L2 8979 8724
ness and the peak load of the beams. On the other hand, L22 846.9
the ultimate deflection decreased as the control range 30 L3 o744 9640
increased, which due to the deformation capacity of the L32 937
prestressed glulam beams mainly depended on the com- 6 Lt 9534 9762
pression yield of the glulam. When the control range was L42 999.0
large, the beams often occurred out-of-plane instability 42 Lo 1063 1031
and laminate tearing failure, so the ultimate deflection L52 9994
504 504
40+ 40 Z T
2 301 " 301 /e
= = L2 = —=—L02
gZO~ —e—L11 EZOA —e—L11
- L21 ~ L21
—~—L31 ——1L31
10+ 141 104 L4l
f —<—L51 ——1L51
0 T T T T T T ) 0 T T T T T T )
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
a Deflection (mm ) b Deflection (mm )
Fig. 11 Load-deflection curves of all the specimens. a Left span of specimens; b Right span of specimens
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Fig. 12 Tendency graph of steel wire stress

Besides, compared with other specimens, when the
control range value was 24%, the stress value of the steel
wires was abnormal and relatively low. The reason is that
L21 occurred the instability failure at the loading position
of the right span beam and L22 had the large wood knot
at the laminate, which led to the unconventional mate-
rial failure, and the material strength was not fully used.
Therefore, the stress of the steel wires was abnormal
when the control range value was 24%.

Load-strain relationships

Typical load—strain curves are illustrated in Fig. 13, in
which 1-5 represents laminates numbers (see Fig. 14).
And the negative X-axis indicates that the material is
under compression; the positive X-axis demonstrates
that the material is under tension; the Y-axis represents
the load; the different curves show the mechanical behav-
ior of the laminate and wire.

As the prestress control range grew, the tensile stress of
the steel wires was raised, the neutral axis of the glulam
section moved down, and the compressive zone enlarged.
Moreover, due to the compressive part of the glulam
increased gradually, its strain development of the glulam
tended to be slow with the increase of the load, and the
strain distribution was more uniform. It is evident that
the prestress control can make the internal force redis-
tribution of the glulam (Fig. 15), thus achieved make full
use of the material properties and improve the bearing
capacity of the beams.

Finite element analysis

To further study the mechanical performance of the
beams with more control range values and give a reason-
able range of prestressing control, a 3D finite element
(FE) model was established using ABAQUS (engineer-
ing analysis software, version 6.14) to simulate the
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prestressed glulam continuous beams with different con-
trol range values.

Finite element model

The prestressed glulam continuous beam was composed
of glulam, steel wires, and steel components. To avoid the
influence of irregular mesh generation on the analysis,
thus the regular simplified model was used for each ele-
ment. The prestressed steel wires were defined as lines,
and other components were defined as solid elements.
The FE model is shown in Fig. 16.

Three steps were set up in this model, namely the ini-
tial step, prestressed control, and concentrated force. In
the initial step, the constraints and boundary conditions
of each component were created. The specific operation
method is as follows: reference points were set at the top
position of the middle of each span of the continuous
beam, the reference points and the top cushion blocks
of the mid-span beam were constrained by coupling.
Similarly, reference points were set at the beam supports,
constrained coupling with the support cushion blocks.
The steel components and the glulam connecting parts
were constrained by tying. Prestressing control used bolt
load to offset the deflection caused by the initial load.
Applying a downward concentrated force to the middle
of each span of the continuous beam, the magnitude of
the force was the specimens’ peak load of each group. All
the components (except steel wires) were meshed sepa-
rately using C3D8 elements. The steel wires were meshed
by the B31 elements.

Constitutive model of materials

The deformation of the steel components was considered
in the design; as the stiffness of the steel components
met the requirements, the elastic deformation of the
steel components was not considered in the FEA, and its
elastic modulus was 2.0 x 10° N/mm? According to the
material testing, the elastic modulus of the prestressed
steel wires was 1.92 x 10° N/mm? The behavior of glu-
lam as an orthotropic material within the elastic range is
expressed by

o; =Dygj ¥V i,je{l,2,...,6}, (1)

where ¢; is the strain vector, g; the stress vector, and D;;
the stiffness matrix of the orthotropic material, as shown
in Table 6.

Reasonable control range

To validate the model for the prestressed glulam continu-
ous beam, the FE models were compared with the experi-
mental results in this study. Owing to the limited space
of this paper, only the load—deflection curves of some
beams are shown in Fig. 17.
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It can be concluded from Fig. 17 that the maximum
error between the FE models and the experimental results
was 37.6%, which indicates that the models can simulate
and analyze the beams more accurately, so the control
range values can be expanded through the ABAQUS. To
study the reasonable range of prestressed control and
compare with the results of the specimens, 6% and 12% of
the control range value were added in the FEA. The spe-
cific grouping and the FEA results are shown in Table 7.
Because of the limited space of this paper, to present the
stress distribution of the glulam beam clearly, one span

of the continuous beam (control range value is 12%) was
selected in Fig. 18. On the left side of the figure is the end
of the continuous beam, and the right side of the figure is
the part of the glulam beam inserted into the connection
apparatus, and Fig. 18 shows the distribution of compres-
sive stress and tensile stress parallel to grain of the beam.
Due to the support at the connection, an upward support
reaction force was generated. According to the deforma-
tion geometric compatibility equations and the equilib-
rium conditions, the bending moment distribution of the
continuous beam was obtained by theoretical calculation
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beam at the mid-span

Ultimate compressive strain €,

7

Prestress control

Ultimate compressive strain €,
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Ultimate tensile strain &g, Ultimate tensile strain &,

Fig. 15 The strain distribution of the beam at the mid-span

as shown in Fig. 19. It can be seen that the top of the
beam at the connection bore high tensile stress, which
was the same as the simulation result.

Furthermore, the connection apparatus in Fig. 1la was
made of steel, and its elastic modulus is higher than that
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of glulam, which means that the steel connection appa-
ratus had the greater stiffness and can withstand the
higher load. Although the middle support of the continu-
ous beam was subjected to large tensile stress during the
loading process, which was mainly carried by the steel,
and the stress shared to the end of the glulam beam was
relatively small. Meanwhile, according to the experimen-
tal phenomena and results, it can be known that the final
failure of the continuous beam was caused by the mid-
span region. Therefore, it can be proved that the con-
nection joint in this test can bear large tensile stress and
avoid failure from occurring at the joint.

Stress of steel wires

As shown in Table 7, when the prestressed control was
completed and the beam was damaged, the stress of
steel wires of all beams was higher than the test results,
the maximum deviation was about 17.5%. It is caused
by uncontrollable factors in the test process, includ-
ing different defects of glulam and uneven force applied
by researchers during loading. In the FEA, glulam was
an ideal material without defects, the material was fully
used, so the simulation values were higher than the
experimental values (Fig. 20).

Ultimate load

As illustrated in Table 7, the ultimate load of the beams
can be significantly increased by prestressing control.
As the control range value of the beams changed from 6
to 42%, the ultimate bearing capacity of the beam was
increased by 8.86%—45.74%. A comparison between FEA
and test results of the ultimate load is plotted in Fig. 21, the
development trend of the curves was approximately the
same, which indicates that the FEA results were relatively

Fig. 16 Diagrammatic sketch of the FE model

Table 6 Parameters in stiffness matrix of the glulam (Unit: N/mm?)

D11 D22 D33 D44 D55

D66 G12 G13 GZ3

9.118x 10° 3443 x 107 3406 x 10° 4981 x 10?

4981 x 10?

1494 % 10° 1.905 x 10° 2420 % 107 2.006 x 10°
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Fig. 17 Comparison of FEA and test results. a Control 18%; b Control 30%
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Table 7 FEA results

Beam Control  Continuous beam Steel wires
code range
(%) Ultimate Increased Control Failure
load (kN) ratio (%) stress® (N/ stress (N/
mm3) mm?)
SL1 0 28.90 - 0 850.0
SL2 6 3146 8.860 73.00 902.0
SL3 12 34.51 1941 159.0 950.0
SL4 18 37.25 28.89 2510 985.0
SL5 24 40.82 4124 3320 1025
SL6 30 4212 45.74 414.0 1060
SL7 36 40.26 3931 473.0 1085
SL8 42 38.35 32.70 555.0 1105

2The stress of the steel wires when the prestressed control is completed

consistent with the test results. However, when the con-
trol range increased from 36 to 42%, the ultimate load of
the test beams basically remained unchanged, which was

slightly different from the FEA results. That is because the
control range values were high, out-of-plane instability and
laminate tearing occurred in the test beams.

Furthermore, when the control range was small, the
compressive stress of the beam top cannot reach the
compressive strength of the glulam, the stress of steel
wires and glulam increased, thus the ultimate load of the
beams was improved. As the control range expanded to
a certain value, the compressive stress at the top of the
beam arrived at the compressive strength of the mate-
rials, and its bearing capacity was decreased. Combined
with the test results and FEA, when the control range
value was less than 18%, the steel wire strength was not
fully used and the bearing capacity of the beam was lim-
ited. When the control range value was more than 30%,
the bearing capacity of the beam would not be increased.
Therefore, the reasonable control range of the pre-
stressed glulam continuous beam was about 18%-30% of
the ultimate load.

Fig. 18 Diagrammatic sketch of the stress distribution
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Fig. 21 Comparison between FEA and test results of the ultimate
load
Conclusions

1. For the prestressed glulam continuous beams, there
were three main failure modes, which were compres-
sion failure at the top of the beam, tension failure
of the weak areas between laminates, and instabil-
ity failure. The probability of three kinds of failure
was 58%, 25% and 17%, respectively. When the con-
trol range was small, the glulam continuous beams

mainly occurred compression failure. Increasing the
control range, the possibility of instability failure and
laminate tearing failure increased.

2. Before the control range value reached 30%, the ulti-
mate load of the beam increased linearly as the con-
trol range increased. After that reached 30%, the ulti-
mate load basically remained unchanged.

3. The stress of prestressed steel wires was raised with
the increase of the control range. The control range
value grown up from 0 to 42%, stress at the failure of
the prestressed steel wires reached 94% of the design
value of tensile strength f,, which demonstrates that
the strength of steel wire had been fully used.

4. Based on the test and FEA results, the control range
value was low than 18%, the bearing capacity of the
beam was limited, and the steel wire strength was not
fully used. When the control range value was more
than 30%, the bearing capacity of the beam would
not be increased. Therefore, the reasonable control
range of the prestressed glulam continuous beams
was about 18%-30% of its estimated ultimate load.
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