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Abstract: Laminated bamboo (LB) is considered a promising environmentally friendly material
due to its notable strength and advantageous lightweight properties, making it suitable for use in
construction applications. LB I-beams are a prevalent component in bamboo structures due to their
ability to fully utilize their material properties and enhance efficiency when compared to beams with
rectangular solid sections, while the characteristics of connections should be further studied. This
paper presents an experimental investigation of the flexural behavior of I-shaped LB beams that
are connected using self-tapping screws and LB dowels. Compared with glued beams of the same
size, the findings of the study reveal that the primary failure modes observed in those two types of
components were characterized by the separation of the component and web tensile fracture. The
screw beam and dowel beam exhibited a reduced ultimate capacity of 43.54% and 30.03%, respectively,
compared to the glued beam. Additionally, the ultimate deflections of the screw beam and dowel
beam were 34.38% and 50.36% larger than those of the glued beam, respectively. These variations in
performance can be attributed to the early breakdown of connectors. Based on design codes, it can be
observed that the serviceability limits were in close proximity, whereas the ultimate strains of the top
and bottom flanges were significantly lower than the ultimate stresses experienced under uniaxial
loading conditions. As a result of the slip and early failure of connectors, the effective bending
stiffness estimated by the Gamma method achieved better agreements before elastic proportional
limit. Therefore, in future investigations, it would be beneficial to enhance the connector and fortify
the flange as a means of enhancing the bending characteristics of an I-shaped beam.

Keywords: laminated bamboo; I-shaped beam; flexural behavior; shear connector; Gamma method

1. Introduction

Bamboo, being a renewable resource, has garnered significant attention in low-carbon
economies due to its notable attributes such as rapid growth, effective carbon sequestration,
favorable physical characteristics and commendable mechanical properties [1-6]. The
energy consumption ratio for the same construction is 1:8:50 for bamboo, concrete, and
steel, respectively [7]. However, the utilization of raw bamboo in structural applications
is limited due to its variable mechanical qualities and dimensions, as well as challenges
related to mold and connection [8,9]. Laminated bamboo (LB) is a composite material
that is manufactured through a sequence of procedures, such as splitting, grinding, anti-
septic treatment, and hot-pressing, which could eliminate or minimize inherent flaws and
redistribute bamboo fibers randomly, consequently increasing the overall bamboo fiber
content. As an artificial orientational reinforced material, the ultimate tensile strength and
modulus along the grain could reach 120 MPa and 12 GPa, respectively, exceeding those of
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wood and composite wood products and positioning this material as a promising candidate
for wood-like applications in engineering [10-14].

Currently, there is a significant trend of applying laminated bamboo in the construction
of structures, namely, as components such as beams, columns, slabs, and walls [15-19].
Considering the significant tensile strength, numerous researchers have focused their
attention on investigating the mechanical properties of beams in order to explore the
potential applications of LB. Qiu [17] designed a kind of laminated bamboo arch and
carried out three-point bending experiments to investigate the influence of rise-span ratios
and thickness—span ratios. Finally, they determined the best bending resistance when the
rise-span ratio and thickness—-span ratio were 0.50 and 0.05, respectively. Xu [20] considered
the effect of shear span—depth ratio on the shear response of glubam beams and found the
damage was different when the ratio was 1.0 and 2.0. Chen [21] examined the bending
performance of laminated bamboo-timber beams. The relationships between the number
of layers and the ultimate bearing capacity and the flexural stiffness were investigated.
Li [22] came up with a simple strain-stress relationship that could be used to predict the
ultimate bending capacity and deflection of LBL beams. This theory was in good agreement
with the test results. Penellum [23] examined the correlation between macrostructure and
stiffness with flatwise and edgewise bending experiments. Lei [24] studied the flexural
properties of LB beams with various aspect ratios and span height ratios, then proposed
analytical methods to predict flexural resistance. Despite the fact that LB rectangular beams
exhibit excellent mechanical properties, the issue of inadequate load-carrying efficiency
remains, and most of the mechanical properties are not fully utilized.

To enhance the mechanical properties and create lightweight components, several in-
novative reinforcement methods have been proposed. These involve using concrete [25-29],
FRP composites [30-32] and steel [33-36] within bamboo layers during the manufacturing
process or outside members during construction. Li [37] collected research on bamboo
scrimber beams with different composite and reinforced technologies, and analyzed the
characteristics. Tian [33] introduced a novel type of LB beam with steel bars at specified
locations. With experiments, the failure mode and mechanical properties were investigated,
and it was concluded that this is an effective way to improve capacity. Chen [38] combined
oriented strand board and LB as I-shaped beams and tested the bending performance.
Zhang [39] carried out an examination on the mechanical properties of bamboo-wood
composite beams, and the findings revealed a positive correlation between the number
of bamboo panels and the ultimate load carrying capacity. Zhang [40] proposed a novel
prestress technology to manufacture a new type of beam, which also could be a concept
used in bamboo composite beams. While some beams exhibited good performance, the
connection, which remains an essential issue for composite components, has yet to be
properly solved.

The connectors commonly used in composite beams include dowel-type fasteners,
self-tapping screws and some specific connectors, which were reported in relevant research.
Wang [28,41] examined several steel plate shear connection systems utilized in bamboo-
concrete composite beams, and found the stiffness could be significantly improved by
connections. Otero-Chans [42] assessed discrete perforated steel plates in timber—concrete
composites, and found the connector exhibited both strength and rigidity, and was also
able to be designed so as to exhibit ductile failure behavior. Wang [43] used self-tapping
screws instead of gluing for bonding laminated bamboo—-timber beams, and found there
was no relative slip along the interface at the serviceability limit states and smaller-diameter
screws reduced the cracking of the specimens at the ultimate limit state. Other types of
connectors mixed with screws, meshes and bars [44-48] were also proposed as effective
approaches. While only a limited number of connectors below were employed in the LB
composite beam. Bonding, being a frequently employed method of connection, does have
certain limitations, such as inconsistent adhesive distribution and challenges in on-site
assembly due to the time required for bonding. Meanwhile, specific connections made
for concrete are stronger and more rigid than LB, resulting in the occurrence of regional
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pressure prior to any structural or connector failure, leading to excessive relative slide
and compromising structural integrity. Furthermore, steel connectors in bamboo beams
were found to reduce the bending stiffness, although increasing the ductility and energy
absorption performance [49]. Hence, the finding of suitable connections for LB is crucial
for its implementation. Chen [50] tried to use bamboo pins in bamboo scrimber beams,
and examined the bending performance of the beam and the shear performance of novel
connectors with the changing of the shear-span ratio. However, few studies on non-metallic
connectors have been reported.

Based on the above literature, LB composite beams were tested and investigated by
several researchers, but there is still very limited information about the connectors and
their performances. Bonding is not an efficient approach for composite beams, with the
disadvantages of high pollution and costs. Meanwhile, how to fully utilize the mechan-
ical properties, especially the high tensile strength, is another issue. To fill these gaps,
this investigation sought to study the behavior of LB composite I-beams connected with
metallic screws and LB dowels, and explore their applicability to I-shaped LB composite
beams, which could increase bearing efficiency. The bending tests were conducted on three
distinct groups of beams with bonding, self-tapping screws, and LB dowels separately.
Details, including failure modes, bending properties, strain distributions, load deflection
relationships and bending stiffness, were studied to figure out the mechanical behavior as
well as to provide a point of reference for future research. The research process is shown in
Figure 1.
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Figure 1. Flow diagram of research.

2. Material and Method
2.1. Raw Material

Laminated bamboo (LB) was made of Moso bamboo, aged between 3 and 5 years,
sourced from Fujian Province in China. The manufacturing process encompassed several
steps, including slicing, grinding, anti-septic treatment, resin application, and hot-pressing.
According to ASTM D143 [51], the mechanical properties along the grain direction were
examined, and the primary indexes are presented in Table 1. It is clear to see that the LB
material exhibits different properties in terms of tension and compression than typical
anisotropic materials.
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Table 1. Mechanical properties of LB.
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Note: MV, SD and CV mean value, standard deviation and coefficient of variation, respectively.

2.2. Specimen Assembly

In this study, the components, including webs, top flanges and bottom flanges, were
made with LB. The section sizes of the webs were 40 mm by 100 mm, while the top and
bottom flanges had dimensions of 120 mm by 20 mm, respectively as shown in Figure 2.
As assembling with resin is a normal process, two novel connections of self-screw and LB
dowel were employed to investigate the bending properties of composite beams. According
to the data presented in Table 2, members with resin, self-screw and LB dowel were marked
as B1, B2 and B3 groups, respectively, and for each group, three beams were prepared for
testing. Figure 3 shows the dimensions of webs, flanges and fasteners. In the B1 group,
the resin used was a phenolic adhesive, which is consistent with the glue used in the
manufacturing process, and it was applied to the interface of webs and flanges. The B2
group utilized the ST4.8 mm x 40 mm self-tapping screw, which was implemented with
a spacing of 50 mm. In the B3 group, a cylindrical LB dowel with a diameter of 12 mm
and a length of 40 mm was utilized with a spacing of 50 mm, which was determined by
the embedment and push-out experiments [52]. In the case of groups B2 and B3, it was
seen that no glue was utilized on the interface between the webs and flanges, as well as
between the connections and reserved holes. Since there was no evidence of microcracks or
local delamination in the pertinent literature [53], the drilling procedure was neither used
nor taken into consideration. The beams had dimensions of 120 mm in width, 140 mm in
height, and 3000 mm in length. The loading span was developed with a length of 2700 mm.
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Figure 2. Section view of beams.

(b) B2 beam

Table 2. Design parameters of specimen.

Group

Connection

Number of
Specimens

Diameter of Fasteners
mm

Insertion Depth
mm

Spacing

Types mm

Bl
B2
B3

Resin
Self-tapping

LB dowel

3
3
3

48
12

20
20

50
50

Screw
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Figure 3. Details of test specimens.
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2.3. Test Methods

A four-point bending test was performed using a vertical hydraulic actuator with
a maximum load capacity of 500 kN as shown in Figure 4. The test conducted in this
study followed the guidelines outlined in ASTM D198 [54], which specified the use of a
displacement control mode with a speed of 3 mm/min. There are two situations in which
the test should be stopped right away, indicating ultimate failure: (1) when the specimen
has obvious damage, such as the bottom flange breaking or the top flange being crushed,
when the connectors pull out or shear, or when the component becomes unstable and
cannot take any more load; and (2) when the applied load drops quickly and by a lot—more
than a certain amount. Before starting loading, one must pre-load and unload two cycles
with a force control speed of 2 kN/min within the range of 0.5-2.0 kN to eliminate the gap
between the loading device, equipment and specimen, and check whether the instrument
works normally.

Hydralic actuator

t n | _——Distribution girder

Hinge support ———_ [ ] —— Roller support

; >—Strain Gauge

f

900 L 900 L 900

’ ’
2700 150

Figure 4. Test set-up (unit: mm).

The static data acquisition equipment TML TDS-530 constantly collected load, strain,
and displacement data at a frequency of one measurement per second. Strain gauges
were used to quantify the variation and distribution of strain. Two strain gauges were
assigned to the surfaces of the top and bottom flanges at the mid-span locations in order
to measure the maximum tensile and compressive strains. In the meantime, five gauges
were positioned on the lateral side in order to examine the variations occurring across the
vertical dimension. One Linear Variable Differential Transformer (LVDT) was positioned at
the bottom of the mid-span, while the other two were positioned at two loading sites in
order to verify the presence of eccentric loading.

3. Results and Discussion
3.1. Observations and Failure Modes

The primary mode of failure observed in the B1 group was tensile fracture, occurring in
the lower middle region as shown in Figure 5. This fracture initiation was attributed to the
shearing failure of the webs around the loading areas, ultimately resulting in the cracking
of fibers. During the elastic stage, the components carried the load jointly, and there was
no relative slippage between the web and flange. Once the elastic limit was surpassed, the
deformation became increasingly apparent, accompanied by the emergence of longitudinal
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fractures. These cracks originated in the bamboo matrix and were observed either randomly
across the webs or along the integrated bamboo bonding surface with bridging. Upon
reaching the ultimate load, the beam exhibited the emergence of several horizontal cracks,
resulting in its segmentation into various segments. This phenomenon led to a significant
decrease in both load-bearing capacity and stiffness, eventually resulting in a violent
collapse characterized by instability. In certain sections, the bamboo joints experienced
damage, and the fiber was crushed due to compressive buckling occurring in the top flange.
The entirety of the process and the mode of failure exhibited the attributes associated with
brittle failure. These findings are consistent with those of previous research [21].
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Joint failure

Figure 5. Failure mode of B1 beam.

The main failure mode observed in the B2 group was the occurrence of tensile failure
in the bottom web, coupled with the failure of the self-tapping screw, as shown in Figure 6a.
In the early stages, the utilization of self-tapping screw connections enabled the web and
flange to jointly bear the loading. As the load was increased, the bottom screws exhibited
significant deformation in the bending and shearing regions, resulting in elevated shearing
stress values. Consequently, this increased stress led to shearing damage or pulling out of
the screws, as depicted in Figure 6b,c. The occurrence of cracks in the bottom flange can
be attributed to the shear action of connections and the resulting relative slip. The lack of
a synergistic effect among the different components resulted in a lack of coordination in
deformation, which could be recognized by the lines in Figure 6d. Ultimately, the lower
flange became completely detached from the component, resulting in a transformation of
its original I-shaped configuration into a T-shaped configuration. The failure of the web
can be attributed to the combined effects of shear and bending forces, which generated the
transverse cracks in the middle and vertical cracks in the bottom, as shown in Figure 6e.
These observations are consistent with previous experimental and analytical results for the
I-beam [21,43].
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Figure 6. Failure mode of B2 beam. (a) Typical failure mode; (b) Separation of web and bottom flange;
(c) Screw bending; (d) Relative slip; (e) Tensile fracture in bottom of web.

As illustrated in Figure 7, the failure modes observed in the B3 group exhibited
similarities to those observed in the B2 group, which were mainly caused by the failure of
LB dowels. During the initial stage, no visible damage was detected, although a few sounds
coming from the connections and beams were perceptible. As the load increased, certain
dowels experienced rupture and extraction. However, the beam retained its load-bearing
capacity, resulting in a further increase in load following a brief period of decline. When
more load was applied, further dowels became detached from the component, resulting
in the separation of the bottom flange from the web and uncoordinated deformation. The
integrity of the component subsequently deteriorated, leading to tensile failure in the
lowest section of the web upon reaching the ultimate load. The parts separated as a result
of a shearing failure, rather than a pulling-out failure of dowels, indicating a modest
damage process.
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@ " (b)

(c) (d)

Figure 7. Failure mode of B3 beam. (a) Separation of web and bottom flange; (b) Shearing failure of
LB dowels; (c) Pulling out failure of LB dowels; (d) Relative slip.

3.2. Load—Deflection Curves

The load—deflection curves for each specimen are presented in Figure 8. In the initial
stage, the curves exhibited rapid growth, following a linear trend across all groups. After
that, the load increase pattern slowed down for groups B2 and B3. This was due to the
slip and failure of connections and the separation of webs and flanges, which made the
structure less rigid, and even caused a slight drop for group B3. As the load increased,
failure occurred suddenly, and the curves underwent a sharp descent. The curves of the Bl
group show a near-linear trend before failure, indicating the exceptional structural integrity
achieved by the combination of flange and web components. Based on the B2 group curves,
the screw connection exhibits a satisfactory level of reliability and demonstrates a high
degree of structural integrity. The curve associated with this connection type generally
maintains mostly linear behavior. Moreover, as the point of failure approaches, the curve
exhibits limited ductile characteristics. The B3 group curves exhibit a higher prevalence of
early failure features in comparison to the other two groups. This is mostly attributed to
the relatively lower strength of some LB dowels, which leads to their premature failure.
However, ductility, as defined in a related study [55], can also be evaluated based on
changes in loading and deflection.

A thorough comparison can result in the determination of three sets of data. Group B1
exhibited the highest ultimate bearing capacity, over 30 kNN, while group B3 demonstrated a
somewhat lower ultimate bearing capacity, above 22 kN. Among the several groups, group
B2 exhibited the lowest bearing capacity, surpassing 18 kN, which is almost two-thirds of
the bearing capacity observed in group Bl. As a result, composite beams that are bonded
with adhesive show the highest level of strength, while those connected using LB dowels
demonstrate a slightly lower strength. In comparison to composite components that employ
bonding, composite components utilizing self-tapping screws and LB dowels exhibit less
stiffness and enhanced ductility.
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Figure 8. Load—deflection curves of beams.

3.3. Load-Strain Curves

The strains collected from positions 1 to 5 marked in Figure 4 along the height are
illustrated in Figure 9 as typical load—strain curves on the lateral side. In order to examine
the distribution of strains, a study was conducted using selected moments corresponding
to 10%, 20%, 30%, 50%, 70%, 90%, and 100% of the ultimate loading. It is evident that each
group exhibits a distinct time during which the strains maintained a linear proportional
relationship. Specifically, for beams B1-1, B2-3, and B3-2, this period was characterized by
percentages below 70%, 30%, and 50%, respectively. The B1-1 beam maintained a linear
connection of over 70%, indicating its ability to remain integral until failure. The strains
observed at the interface between the web and flange exhibited a discontinuous pattern
once the B2-3 beam load reached 30%. This observation indicates that the flange gradually
became detached from the web, resulting in a decrease in the overall structural integrity of
the component. Similar observations were made for the B3-2 beam, indicating the need for
improvements in the connection performance of both types of connectors. The position of
the neutral axis exhibited minimal displacement across all three specimens, indicating that
the stress in the tension and compression areas was consistent.
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Figure 10 displays the strains that positions 6 and 7 marked in Figure 4 will experience
under ideal circumstances. The red and blue points represent bottom flange and top flange
ultimate strain, meanwhile two points with same symbol belong to the same beam. The
analysis compares these strains with the ultimate strain of LB when tested with uniaxial
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tension and compression loading. Table 3 presents a comprehensive summary of the
ultimate strain endured by each individual specimen. The average ultimate strains of the
top flange were found to be —6362 pe, —2674 pe, and —949 ue for groups B1, B2, and B3,
respectively. These values are significantly lower than the ultimate compression strain.
The average ultimate strains of the bottom flange were measured to be 5771 ue, 2701 pe,
and 1070 pue for groups B1, B2, and B3, respectively. The observation suggests that before
reaching the point of material failure, individual components separated, and the flanges,
particularly those located at the top, had not been fully utilized. The ultimate failure is
primarily attributed to the failure of a single component without sufficient connections. In
contrast to glued beams, the strains seen in flanges connected with self-tapping screws and
LB dowels were found to be lower. This can be attributed to the premature failure of these
connections, resulting in increased loads on the web.

15,000
10,000 Ultimate tensile strain
5000
‘g 0 » ® ®
z sy & 4
=5000 a A Proportional limit
1 L4 compressive strain
-100004 e R
—15,000
20,000 Ultimate compressive strain
=25,000 -

Bl-1 BI-2 BI-3 B2l B2-2 B23 B31 B32 B33
Figure 10. Ultimate strains on top and bottom flanges.

Table 3. Ultimate strains of flanges.

. . Top Flange Top Flange Mean Bottom Flange Bottom Flange
Specimen Ultimate Load UltinI:ate Stgrain b Valie Ultimate Strz;gin Mean Valug
Number kN
ue pe ue ue

B1-1 39.26 —6543 5952

B1-2 37.13 —7242 —6362 5226 5771

B1-3 34.60 —5300 6135

B2-1 21.30 —3174 2646

B2-2 21.97 —2680 —2674 2877 2701

B2-3 19.41 —2168 2581

B3-1 25.87 —1011 1327

B3-2 23.62 —995 —949 929 1070

B3-3 28.19 —842 953

The load-strain curves for each beam at the mid-span are presented in Figure 11. It is
evident that the upper section of the web and the top flange experienced compressive forces,
while the lower section of the web and the bottom flange experienced tensile forces, during
the whole bending test. The majority of the curves during the initial loading stage exhibit
a linear trend until around 60-70% of the ultimate loading for the B1 group and a lower
threshold for the B2 and B3 groups. As the load increased, there was a slight displacement
of the neutral axis towards the compression area at position 3. The average strains observed
under ultimate loading at position 1 were —5397 pe, —2859 pe, and —3952 e for the Bl,
B2, and B3 groups, respectively. These results indicate that significant uncoordinated
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deformation and separation occurred in the beams with self-tapping screws and LB dowels
instead of resin, as compared to position 2, which could also be reflected in Figure 9. In
a similar vein, the average strains observed at position 5, namely, 5596 pue, 2290 pe, and
3057 ue for the B1, B2, and B3 groups, respectively, suggest a distinct separation between
the web and bottom flange. This means that the web and flange cannot transmit force to

each other effectively through the connector at the ultimate moment.
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Figure 11. Load-strain curves of the test beams.

3.4. Flexural Capacity

As presented in Table 4, the capacity, deflection and stiffness of each specimen in the
elastic and ultimate stages have been summarized. During the elastic stage, the average
proportional limit capacities were 25.99 kN, 13.09 kN and 8.42 kN for groups B1, B2 and
B3, which are 70.24%, 62.66% and 32.52% of the ultimate capacity correspondingly. For
beams with self-tapping screws and LB dowels, namely, groups B2 and B3, the failure
of a few connections affected the rigidity of the beam and prematurely transitioned it
into the non-linear stage. The average proportional limit deflections were 61%, 47%, and
15% of the ultimate deflection, or 47.11 mm, 48.31 mm, and 16.54 mm, respectively. The
short elastic stage for group B3 was due to the premature failure of the connector. The
stiffness values were 0.55 kN/mm, 0.27 kN/mm and 0.52 kN/mm, indicating that before
the dowels broke, the rigidity of the LB dowel beam was comparable to that of the glued
beam. Enhancing the dowel’s strength could be a useful technique to increase bearing
capacity and lessen deflection.
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Table 4. Bending characteristics of the specimens.
Speci Elastic Proportional Limit Ultimate Limit Failure Limit ( )
pecimen DDy
Number F. De. K D./L Fy Dy D./L Ff Df Fe/Fu DelDu Dy
kN mm kN/mm N kN mm v kN mm

B1-1 29.31 50.27 0.58 1/54 39.26 77.12 1/35 39.26 77.12 74.67% 0.65 0.00%
B1-2 25.26 46.01 0.55 1/59 37.13 78.03 1/35 37.13 78.03 68.03% 0.59 0.00%
B1-3 23.39 45.04 0.52 1/60 34.60 76.26 1/35 34.60 76.26 67.60% 0.59 0.00%
MV 25.99 47.11 0.55 — 37.00 77.14 — — — — 0.61 —
SD 3.03 2.78 0.03 — 233 0.89 — — — — 0.04 —
Ccv 11.65% 5.91% 5.79% — 6.30% 1.15% — — — — 5.83% —
B2-1 15.12 55.89 0.27 1/48 21.30 104.00 1/26 19.83 108.60 70.98% 0.54 4.42%
B2-2 11.60 41.32 0.28 1/65 21.97 98.10 1/28 20.69 116.60 52.80% 0.42 18.86%
B2-3 12.55 47.73 0.26 1/57 19.41 108.87 1/25 11.92 125.60 64.66% 0.44 15.37%
MV 13.09 48.31 0.27 — 20.89 103.66 — — — — 0.47 —
SD 1.82 7.30 0.01 — 1.33 5.39 — — — — 0.06 —
Ccv 1391%  15.11% 3.29% — 6.36%  5.20% — — — — 13.47% —
B3-1 9.08 20.07 0.45 1/135 25.87 136.28 1/20 22.84 139.88 35.10% 0.15 2.64%
B3-2 7.58 14.68 0.52 1/184 23.62 125.01 1/22 22.56 136.74 32.09% 0.12 9.38%
B3-3 8.61 14.86 0.58 1/182 28.19 86.67 1/31 26.65 105.47 30.54% 0.17 21.45%
MV 8.42 16.54 0.52 — 25.89 115.99 — — — — 0.15 —
SD 0.77 3.06 0.06 — 2.29 26.01 — — — — 0.03 —
Ccv 9.11% 18.51% 12.30% — 8.83%  22.43% — — — — 18.61% —

Note: MV, SD and CV mean value, standard deviation and coefficient of variation, respectively. Fe and D, are the
capacity and deflection of elastic proportional limit, respectively, F, and Dy, are the capacity and deflection of
ultimate limit, respectively, F; and Dy are the capacity and deflection of failure limit, respectively, K is the stiffness
of the elastic proportional limit, and L is the span of the beam.

The average ultimate bearing capacities for groups B1, B2, and B3 were 37.00 kN,
20.89 kN, and 25.89 kN in the ultimate limit state, respectively. The differences between
the B2 and B3 groups were 43.54% and 30.03%, respectively, as compared to the B1 group.
Because the majority of self-tapping screws and LB dowels failed with shearing or pulling
out, the beams were divided into various components to withstand the force. The average
ultimate deflections were 77.14 mm, 103.66 mm and 115.99 mm for groups B1, B2, and B3,
respectively. In comparison to the B1 group, the B2 and B3 groups increased by 34.38%
and 50.36%, respectively. The failure loads and deflections of glued beams were almost
the same as those of the ultimate stage, while the patterns in self-tapping screw and LB
dowel beams were completely the opposite. After the peak point, there was still a ductile
segment for both self-tapping screw and LB dowel beams, which could also be observed in
Figure 8. The deflections increased from 4.60 mm to 18.50 mm, namely, 4.42% to 18.86%, as
the ration in the B2 group increased after the ultimate stage. Meanwhile, the deflections
increased from 3.60 mm to 18.80 mm, namely, 2.64% to 21.45%, with the increasing ratio
in the B3 group. Thus, group B2 and B3 showed ductility and early warnings of damage.
This is similar to the conclusion obtained in previous studies [49], finding that steel dowels
increase the ductility and reduce the stiffness.

Some standards and codes prescribe a deflection limit value under the serviceability
limit state to maintain safety, which, in GB 50005 [56], is L/250, and in EC5 [57] is L/300,
where L is the span of the beam. Based on this, the results are listed in Table 5, and Fs/Fy
is a reflection of the degree of exertion of the materials. Although the serviceability limits
of groups B2 and B3 were lower than those of group B1, the ratio of F; to F,, was higher,
which could show that the LB dowel and self-tapping screw were still potentially viable
connection approaches.
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Table 5. Serviceability limit state load.
Specimen Number Fsas0 Fsa00 Fy»50/F Fs300/F

KN KN 250/ Fu s300/Fu

B1-1 6.50 5.34 16.56% 13.60%

B1-2 5.93 5.05 15.97% 13.60%

B1-3 5.24 447 15.14% 12.92%

Mean Value 5.89 495 15.89% 13.37%

B2-1 3.60 3.11 16.90% 14.60%

B2-2 3.58 3.19 16.29% 14.52%

B2-3 3.75 3.27 19.32% 16.85%

Mean Value 3.64 3.19 17.51% 15.32%

B3-1 5.15 447 19.91% 17.28%

B3-2 5.64 4.56 23.88% 19.31%

B3-3 5.83 4.87 20.68% 17.28%

Mean Value 5.54 4.63 21.49% 17.95%

3.5. Application of the Gamma Method

According to EC5 part 1-1, the effective bending stiffness calculated by the Gamma
method can be expressed as:

(E)es = ﬁ(Eili +'YiEiAiﬂlz) (1)

3
=1

where E;, I; and A; are the longitudinal elastic modulus, section moment of inertia and
cross-section area, respectively. a; is the distance between the centroids of the flange or
web, determined relative to the neutral axis, and can be calculated as follows:

h h
a = % +a, )
h h
a3:7(2‘; 3)+ﬂ2 (©)
~ 7E1A1(h + hy) — v3E3A3(ho + h3)
az = 3 (4)
2‘21 YiEiAi
=

where h; is the height of the flange or web. «; is the connection efficiency factor and can be
defined as:

Yi = [1 + M EiA;si/ (Kz‘LZ)} - ()

where s;, K; and L are the spacing of the self-tapping screws or LB dowels, the slip modulus
and the loading span, respectively. For group B1, ; equals 1. Since the slip modulus of
self-tapping screws or LB dowels within LB members has not been reported previously, a
method for estimating K; is applied, derived from EC5, which can be expressed as:

K; = py;2d/23 6)

where p,, is the mean density of LB (0.57 g/cm?®) and d is the diameter of the self-tapping
screws or LB dowels.
The experimental effective bending stiffness is calculated with

312 — 442 AP .

(El)ef,exp = 48 T]/

(7)

where 4 is the loading span. Table 6 lists the experimental and model predictions of effective
bending stiffness. Apparently, the effective bending stiffness of group Bl is larger than
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that of the other two groups, since the connection failure of screws and dowels occurred
earlier. The errors calculated with a deformation limit of L/250 are smaller than those of
the other two limits, thus the earlier limit could be adopted to provide higher accuracy. The
results indicate that the Gamma method is still not applicable for LB composite beams, as
too much slip could influence the outcomes and necessitate further research.

Table 6. Effective bending stiffness.

ED L/250 Limit L/300 Limit Elastic Proportional Limit
EI
Group o (ED) (EI) (ED)
. 2 ,exp ,exp ,eXp
kN-mm kN~Z1m2 Error K N~Z1m2 Error kN~z1m2 Error
Bl 1.616 x 108 1.905 x 108 —15.17% 1.923 x 108 —15.96% 1.921 x 108 —15.88%
B2 1.199 x 108 1.178 x 108 1.78% 1.238 x 108 —3.15% 0.943 x 108 27.15%
B3 1.414 x 108 1.792 x 108 —21.09% 1.798 x 108 —21.36% 1.805 x 108 —21.66%

4. Conclusions

Experimental and analytical research using glued, self-tapping screws and innova-
tive LB dowel beams is presented in this paper. Investigations on loading behavior and
bending performance demonstrate the potential of LB dowels. Failure mechanisms, load-
deflection curves, load-strain relationships, and properties including stiffness and capacity
are examined. The following are the key conclusions:

1. The primary failure mode for three groups was the tensile fracture in the bottom of the
web, which resulted from the separation of the flange from the web and the failure of
connections under high stress. Before the elastic proportional limit, groups B2 and B3
showed little indication of relative slip, and the slip gradually increased when close
to the ultimate limit. The load-deflection curves and failure mode showed ductile
behavior, while the beams with self-tapping screws and LB dowels lost their capacity
and stiffness quickly after the connectors broke, which could be reflected by their
lower ultimate capacity and higher deflection, correspondingly;

2. The load-deflection curves of group B2 and B3 demonstrate a nonlinear stage, while
group Bl showed a near-linear trend before the peak point. The premature drop of
the curve means the premature failure of the LB dowel in group B3, which caused
the early end of the elastic stage. After the ultimate limit, group B1 failed rapidly,
meanwhile group B2 and B3 showed some signs and some ductility;

3. The capacity and deflection of group B1 were obviously higher (77.12% and 42.91%
more than group B2 and B3, respectively) and lower (25.58% and 33.49% less than
group B2 and B3) than those of the other two groups, which means gluing is still a
highly efficient connecting method, although there are disadvantage related to sudden
brittle failure. The deflection continued to increase 12.88% and 11.16% on average for
group B2 and B3, respectively, after the peak point, indicating the destruction was a
relatively slow process compared with group B1;

4. At a low stress level, strains distributed linearly along the height, but the strain
distribution became nonlinear at middle to high stress levels, demonstrating the
uncoordinated deformation of the web and flange and the occurrence of separa-
tion. The ultimate strains of the top and bottom flanges were only 3.76-32.33% and
8.52-56.28% of the ultimate strain under uniaxial compression and tension loading,
respectively. This means the failure occurred more because of the connection and
component aspects rather than the material aspects. Thus, strengthening the connec-
tion and components through the utilization of FRP or concrete could make better use
of material;

5. The Gamma method from EC5 was used to estimate the effective bending stiffness.
The calculation achieved good agreement, with the test results were within the L/250
and L/300 limits, but the errors are larger than others within the elastic proportional
limit since there were too many slips.
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The load-deflection curves, strain distributions, capacities and deflections obtained
from experimental and analytical research show the possibility of utilizing LB dowels in
place of gluing. Furthermore, this option was enhanced by the benefits of environmental
sustainability and a decreased chance of embedment failure. However, issues such as shear-
ing and pulling-out failure should be solved first, and research on connector dimensions,
interface slips, nonlinear properties and calculation models should be considered.
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