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Structural Behavior of Beam-to-Column Glued
Laminated Timber Connection Using Double Steel
Plates
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The structural performance of timber buildings is significantly affected by
the behavior of connections. This study investigated the structural
behavior of bolted glulam beam-to-column connections with external
steel plates. Data were obtained for the structural behavior of two types
of connections. The glulam was manufactured from Red Meranti (Shorea
spp.). The load-carrying capacity, moment capacity, rotational stiffness,
initial stiffness, post-elastic stiffness, and ductility ratio of the connections
were evaluated and discussed. The results indicate that the type 1
connection was in the partial ductility capacity category (u = 2.60), while
the type 2 connection was in the limited ductility (4 = 1,27). The average
moment capacities of type 1 and type 2 connections were 4.56 kN.m and
21.2 kN.m, respectively. The moment and rotation relationships models
of the glulam beam-column were approximately bilinear with initial
stiffness 9 times and 2.4 times for type 1 and type 2 connections,
respectively, compared to corresponding post-elastic stiffness. Steel
plates helped improve ductility ratio, as shown by splitting failures near
the column bolt rows. This stiffness model can then be used as input
data for spring properties of similar connections in the analysis of multi-
story building structures.
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INTRODUCTION

Glued laminated timber (glulam) is a widely used engineered wood product
designed for structural applications, particularly in multi-story and long-span
construction.  Its high strength-to-weight ratio, dimensional stability, and design
flexibility make it an ideal choice for modern timber structures. Within such structural
systems, the beam-to-column connection plays a pivotal role, significantly affecting the
overall load transfer and lateral stiffness. The strength and stiffness behavior and
reliability of these connections are therefore critical to ensuring the performance and
integrity of the entire timber structure. Many glulam joints, especially those with dowels,
bolts, or glued-in rods, show brittle failure modes. Enhancing ductility without sacrificing
strength remains a challenge.
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Multi-story glulam timber buildings utilizing moment-resisting frame systems can
exhibit ductile structural behavior, provided that the beam-to-column connections are
capable of ductile performance. Such ductility ratio ensures structural resilience in
regions with moderate to high seismic risk. Several studies have explored mechanical
fasteners and steel plate reinforcements as connection elements, showing the potential to
enhance beam-to-column joints’ stiffness and overall performance in glulam structures.
Furuheim and Nesse (2020) studied the effect of gusset plates and found that they not
only increased moment resistance but also led to more consistent and predictable failure
patterns, enhancing the safety and reliability of timber connections. He et al. (2020)
proposed using knee braces to improve the performance of bolted glulam beam-to-
column connections, which typically have low rotational stiffness. Their results showed
that knee braces significantly increased joint rigidity, load capacity, and rotational
performance, effectively changing the connection from semi-rigid or flexible to a more
rigid and reliable form.

Yang et al. (2021a) examined the static and seismic performance of two glulam
connection types: a basic screw-only setup and an improved version with added steel
brackets. While the screw-only connections offered moderate strength and stiffness, the
steel brackets greatly enhanced the connection’s behavior. They improved load
distribution, delayed brittle failure, and increased energy dissipation during cyclic
loading, making the joint more ductile and resilient. Yang et al. (2021b) conducted
experimental tests to investigate the behavior of beam-to-column glulam connections
with screwed-in threaded rods. The parameters studied are failure modes, moment
resistance, initial rotation stiffness, ductility ratio, and energy dissipation capacity.

Ottenhaus et al. (2021) outlined design strategies for achieving ductility ratio in
timber connections, particularly those using dowel-type fasteners under lateral loads.
They highlighted that, because timber tends to be brittle in tension and shear, the
connections themselves are often the main source of ductility ratio and energy
dissipation. The study supports using performance-based design to ensure ductile
behavior. Guo et al. (2022) studied energy-dissipative connections in timber frames,
showing that steel reinforcement can significantly improve performance. Similarly, Wang
et al. (2023) investigated semi-rigid timber joints with embedded steel parts, finding they
offered better load transfer and deformation capacity than traditional fasteners.

Many studies support the advancement of hybrid or reinforced connection
systems to improve the performance of glulam structures. For example, Li et al. (2021)
investigated two types of beam-to-column connections: one using double external steel
plates and another with a single embedded steel plate. Both setups were tested with bolts
and screws. The results showed that both configurations improved joint performance,
with the double steel plate setup offering higher moment resistance and better energy
dissipation. The embedded plate also reduced slip and provided more consistent
rotational behavior.

Reboucas et al. (2022) reviewed ductile moment-resisting connections for timber
frames and found that reinforced bolted slotted-in steel plates and glued-in steel rods
significantly improved rotational capacity and energy dissipation, making them suitable
for multi-story timber buildings in seismic areas. Ductility ratio classes for connections
are classified into four categories (Reboucas et al. 2022), which are brittle ductility ratio
(1 <2), low or partial ductility ratio (2 < p < 4), moderate ductility ratio (4 < p < 6), and
high ductility ratio (i > 6).
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Hubbard and Salem (2024) examined four types of moment-resisting glulam
beam-to-column connections using fastened steel rods. All types showed ductile behavior
before failure, with gradual strength reduction and good deformation capacity. Amrudin
et al. (2024) conducted an experimental study to assess the bolt-bearing strength and
withdrawal resistance of glulam elements, offering valuable insights into how glulam
connections perform mechanically. This research supports the safe and effective use of
glulam in modern structural applications.

These studies above highlight the need to design timber connections that can
withstand inelastic deformations without losing strength. As glulam is increasingly used
in multi-story and long-span buildings, ductile connection systems are crucial for
enhancing structural resilience and energy dissipation. The use of mechanical connectors
and steel plates improves the strength and stiffness behaviors of the connections.

In Indonesia, the use of glulam has grown significantly due to rising demand for
sustainable building materials and the development of local manufacturing facilities.
However, to support broader use of glulam made from Indonesian tropical timber in
residential and commercial projects, more comprehensive data on mechanical properties
and connection performance are needed. Currently, such data are limited and not yet
adequate for standardized structural design. This study investigates the structural
performance of glulam beam-to-column connections for two-story wooden frame
buildings using glulam manufactured from Indonesian tropical hardwood timber.

The glulam structure consists of beams supported at each end by columns or other
main beams (Swedish Wood 2024a). For small spans, beams of prismatic section are
often preferable. For larger spans, the non-prismatic sectional depth should vary with the
internal forces in the beam (Swedish Wood 2024b). Figure 1 shows the typical
connection types in a framed structure (Swedish Wood 2024b), where 1 is a column-base
connection, 2 is a beam-column connection, 3 is a beam-to-beam connection, 4 is column
top-beam connection, 5 is a beam joint, 6 and 7 are tie fixing. Joints are weak parts in
timber frame buildings, often determining the bearing capacity of the entire structure.
Joints for glulam are often based on steel plates and dowels.
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Fig. 1. Typical connection types in a framed structure (Swedish Wood 2024b)
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EXPERIMENTAL

Preparation of Specimens

The glulam beam specimens used in this study were manufactured from Red
Meranti (Shorea spp.), a tropical hardwood species commonly found in Indonesia. A
local glulam manufacturing facility produced the glulam members using standard
industrial procedures. The adhesive employed in the lamination process was phenol
resorcinol formaldehyde (PRF), a durable, water-resistant adhesive known for its strong
bond performance in structural applications.

() Caping rcs ; (d) Glulam beams

Fig. 2. The glulam manufacturing process

The manufacturing process began with the visual grading of the sawn timber to
ensure consistency in quality and strength. Following grading, the timber pieces were
prepared for finger jointing, where lamella ends were cut into interlocking profiles (Fig.
2a) to be joined together to form finger jointed lamella (Fig. 2b). The next step involved
the application of PRF adhesive to the bonding surfaces of the planed lamella. The
lamella with face gluing was then arranged in layers on a clamping bed and subjected to
uniform pressure using a hydraulic or mechanical clamping system to ensure full contact
and bonding across all layers (Fig. 2¢). The glulam beams were constructed using four (4)
and six (6) laminations, with each lamella having a thickness of 31 mm. After adequate
curing, the laminated timber was removed from the press, cut to the required dimensions,
and conditioned for testing. The prepared glulam beam specimens ready for structural
testing are shown in Fig. 2d.

This study focused on two types of beam-to-column glued laminated timber
connections. The first configuration (Type 1) features a connection between the glulam
beam and column members, with 90 mm X 126 mm cross-sectional dimensions. The
glulam elements are composed of four laminae, each with a thickness of 31 mm. The
second configuration (Type 2) is also a beam-to-column connection, where the beam and
column members have cross-sectional dimensions of 90 mm x 210 mm. This glulam
section consists of six laminae, each 31 mm thick. The specific gravity of glulam is 0.542
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(Pranata et al. 2025a). Type 1 and Type 2 connections were assembled using 12-mm
diameter bolts, with 5-mm-thick steel plates positioned on either side of the joint, as
illustrated in Figs. 3 and 4, respectively. Pranata et al. (2024, 2025b) have tested the
tensile properties of bolts with the results of 355 MPa (Fy) and 388 MPa (Fu). Testing the
flexural yield strength (Fyb) of bolts has also been previously conducted by Pranata et al.
(2011, 2013) with results of 632. MPa. Pranata ef al. (2024, 2025b) have conducted
experimental testing of the tensile properties of steel plates with the results of 318 MPa
(Fy) and 422 MPa (Fu). The number of bolts used for each connection type is detailed in
Table 1. Three replicate specimens were prepared for each type of connection. Murtopo
et al. (2020) have tested the physical and mechanical properties of glulam made of Red
Meranti wood with the results of specific gravity of 0.5 and modulus of elasticity of
10370 MPa.
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(a) Schematic 3D model (b) Detail of specimen

Fig. 3. Glulam beam-to-column connection, Type 1 (all dimensions are in mm)
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Fig. 4. Glulam beam-to-column connection, Type 2 (all dimensions are in mm)
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Table 1. Specification of Type 1 and Type 2 Glulam Beam-to-Column

Connections

bioresources.cnr.ncsu.edu

Specimen Beam Column Number Number Number Number
Cross-section Cross- of of Bolts in of Bolts of
section Laminae | the Beam in Column | Specimens
Type1 90 x 126 mm | 90 x 126 mm 4 2 3 3
Type2 90 x 210 mm | 90 x 210 mm 6 3 3 3

These two types of joints were studied in this research, with the consideration of
studying the behavior of connections included in the brittle ductility ratio category (Type
2) and the low or partial ductility ratio category (Type 1).

Test Methods

The connection tests were conducted using a Universal Testing Machine HT-9501
with a maximum capacity of 1000 kN, operating under displacement control mode. All
testing procedures adhered to the guidelines specified in EN 26891 (1991), with a
constant displacement rate of 3.2 mm/min. The specimens were positioned between the
loading head and platform to apply compressive force to the connection, as illustrated in
Fig. 5.

(a) Type 1 (b) Type 2 (c) Strain gauge installation

Fig. 5. Test setup of glulam beam-to-column connections for Type 1 and Type 2

Figure 5a shows the test setup for the Type 1 beam-to-column connection
specimen, and Fig. 5b illustrates the test setup for the Type 2 beam-to-column connection
specimen. Meanwhile, Fig. 5c, shows strain gauges installed on the column cross-section
for both Type 1 and Type connections, aimed at investigating strain variations caused by
splitting, thereby providing empirical data on the strain history in the column bolt row.
Throughout the testing, load and displacement data were recorded and subsequently
analyzed to obtain the necessary parameters, namely load carrying capacity, moment
capacity, rotational stiffness, initial stiffness, post-elastic stiffness, and ductility ratio.

Pozza et al. (2023) demonstrated that the experimental capacity curve of steel-to-
timber connections generally does not show a well-defined yielding limit, suggesting that
variations in yielding behavior must be considered during design considerations. Hence,
the 5%-offset diameter method identifies the yield point by considering a specific offset
in the load-deformation curve, effectively indicating a material’s transition from elastic to
post-elastic behavior.
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Fig. 6. The method to determine the yield points (ASTM D5764 2018)

For this study, the determination of the joint capacity of the glulam beam-to-
column connection adopted the 5%-offset diameter method (ASTM 2018) as shown in
Fig. 6. From the load—displacement relationship, the yield or proportional point (Py) and
the ultimate point (Pu) can be identified (note: Pu corresponds to the peak load on the
graph). The displacement at Py is referred to as Dy, while Dy represents the displacement
at Pu.

The moments at the yield load (My) and at the ultimate load (M) are calculated by
multiplying the corresponding loads, Py and Pu by the distance from the load application
point to the center of the connection (1). Both Py and My are critical indicators of the
transition from elastic to post-elastic behavior.

The rotation at the yield load (6y) and at the ultimate load (6u) are calculated by
dividing the corresponding displacements, Dy and Du, by the distance from the load
application point to the center of the connection (/).

_ My
e 6‘}? (1)
M,—M
Kp = .9u_3: (2)

The ductility ratio (u) is defined as the ratio of Du to Dy (Eq. 3). Initial rotational
stiffness (Ke¢) and post-elastic rotational stiffness (Kp) can be calculated using Eqs. 2 and
3, based on the fundamental principles of mechanics of materials (Hibbeler 2023):

Dy

n= g (3)

The rotational angle () can be calculated by dividing the displacement (D) by the
distance from the load point to the center of the connection (I). Figure 7 shows the
graphic display of angular deformation.

Pranata et al. (2025). “Glued laminated timber joints,” BioResources 20(4), 8551-8565. 8557



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

/P

Fig. 7. Graphic display of angular deformation

According to CEN (European Committee for Standardisation) the rotational
stiffness is calculated from 10% to 40% of the peak or ultimate load (CEN 2005; Mehra
et al. 2022) using Eq. 4,

M,40_M,10

k= )

3avg.40_ Gavg.lo
where M 101s the moment at the 10% ultimate load, M.4o is the 40% ultimate load, Gavg.101s
the rotational angle at Mo, and favg40 is the rotational angle at Mao. This can be
determined by plotting the graph of moment versus rotation.

RESULTS AND DISCUSSION

Figure 8 shows the load-displacement curves of the glulam beam-to-column
connections Type 1 and Type 2. The curves illustrate how the connections respond to
increasing load, identifying stiffness, yielding, and post-yield behavior. In general, the
load—displacement curves for both Type 1 (Fig. 8a) and Type 2 (Fig. 8b) demonstrate
similar behavioral pattern. Initially, the load increased steadily, reaching a first peak
point, after which a sudden drop in load was observed. This drop likely corresponds to an
initial failure mode, such as splitting in the timber, bolt yielding, or local crushing around
the bolts. These curves also show a second peak or plateau, indicating the connection
could re-engage mechanically (e.g., additional bolts taking load or friction effects).
Despite initial damage, the connections do not fail in a brittle manner and maintain
considerable residual load capacity, which is a positive sign for structural resilience.
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Fig. 8. Load-displacement graphs for beam-to-column connections: (a) Type 1, (b) Type 2, and
(c) comparison between Type and Type 2

Comparing the graphs for Type 1 and Type 2 (Fig. 8c), both exhibited a steep,
nearly linear increase in load at 0 to 6 mm displacement. Type 2 showed a steeper slope
than Type 1, indicating higher initial stiffness and load capacity. Type 1 reached a peak
load of approximately 8,000 N around 10 mm of displacement, and Type 2 reached the
peaks at a much higher load of about 35,000 N around 8 mm of displacement. This
indicates that Type 2 connections can sustain more than four times the load compared to
Type 1. This increase is likely due to larger cross-sectional dimensions, more bolts, or
more laminae (6-lamina glulam) used in Type 2. However, the maximum displacements
for Type 1 connection all surpassed 15 mm, showing good ductility ratio compared to
Type 2 connection.

The joint properties for both types of connections are presented in Table 2 and
Table 3. From Table 2, the proportional load Py and the load-carrying capacity Pu of
Type 1 connections were 7340 N and 8640 N, respectively. At the ultimate condition, the
ductility ratio was 2.60; therefore, Type 1 connections fell into the low or partial ductility
category. Meanwhile, the Type 2 connections exhibited a proportional load (Py) of
33,400 N and a load-carrying capacity (Pu) of 37,200 N (see Table 3). These values
indicate relatively high initial stiffness and strength. However, at the ultimate condition,
the ductility ratio was calculated to be 1.27. Based on this value, Type 2 connections can
be classified within the brittle ductility category, indicating limited deformation capacity
before failure.
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Table 2. The Proportional Limit, Load-carrying Capacity and Ductility Ratio of

Glulam Beam-to-column Connections for Type 1 and Type 2

Type Specimen Py (N) Dy (mm) Pu (N) Dy (mm) u

1 Specimen1 6980.39 5.61 8335.26 15.37 2.74
Specimen2 7288.45 6.82 8489.37 17.90 2.63

Specimen3 7761.94 7.48 9105.97 18.23 2.44

Average 7343.59 6.64 8643.53 17.17 2.60

2 Specimen1 33568.72 6.92 37385.07 8.87 1.28
Specimen2 36325.05 8.33 40356.32 10.92 1.31

Specimen3 30393.68 10.11 33994.50 12.36 1.22

average 33429.15 8.45 37245.30 10.72 1.27

Table 3. The Moment Capacity, Rotational Stiffness, Initial Stiffness, and Post-
elastic Stiffness of Glulam Beam-to-column Connection Type 1 and Type 2

Type | Specimen My 6y My 6u Ke Kb k*
(kN.m) | (rad.) | (kN.m) | (rad.) (kN.m/rad) | (kN.m/rad) | (kN.m/rad)

1 Specimen1 3.68 0.0106 4.40 0.0291 347.17 38.92 355.13
Specimen?2 3.85 0.0129 4.48 0.0339 298.45 30.00 342.47
Specimen3 4.10 0.0142 4.80 0.0346 288.73 34.31 325.94
Average 3.87 0.0126 4.56 0.0325 311.45 34.41 341.18

2 Specimen1 19.06 | 0.0122 | 21.22 | 0.0156 1562.30 635.29 3135.33
Specimen2 | 20.62 | 0.0147 | 22.91 | 0.0192 1402.72 508.89 2514.40
Specimen3 | 17.26 | 0.0178 | 19.30 | 0.0218 969.66 510.00 1537.50
Average 18.98 | 0.0149 | 21.15 | 0.0189 1311.56 551.39 2395.74

Note: * based on Eq. 4

The mechanical performance of Type 1 and Type 2 connections was evaluated
through key parameters, such as yield moment, ultimate moment capacity, and stiffness
characteristics, as shown in Table 3. This pronounced stiffness degradation, coupled with
a low ductility ratio, classified Type 1 connections as having low or partial ductility. Such
behavior indicates limited capacity for inelastic deformation and energy dissipation,
raising concerns about their suitability in structures subjected to dynamic or seismic
loading.

Type 2 connections showed significantly higher strength and stiffness. Although
this still represents a loss in stiffness, it is considerably less severe than that of Type 1
connections. Nevertheless, the ductility ratio for Type 2 was measured at just 1.27,
placing it within the brittle category. Although Type 2 connections perform better in
terms of post-elastic stiffness and rotational response, their low ductility ratio indicates
limited plastic deformation capacity, which could lead to sudden failure under extreme
loading.

Figures 9 and 10 illustrate the observed failure patterns of the tested specimens. In
both cases, the failure was characterized by a longitudinal split along the bolt line in the
column.
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Fig. 9. Failure pattern of three specimens of glulam beam-to-column connections Type 1

(a) Specimen 1 (b) Specime © Speci3m .

Fig. 10. Failure pattern of three specimens of glulam beam-to-column connections Type 2

(a) all specimen (b) bearing point

Fig. 11. Bearing points on the Type 1 glulam beam-to-column connections

(a) all specimens

Fig. 12. Bearing points on the Type 2 glulam beam-to-column connections

The failure mechanism was initiated at the outermost layer of the beam cross-
section, specifically in the region subjected to compressive stress perpendicular to the
wood grain at the bearing interface with the column. This initial crushing led to crack
propagation along the grain, ultimately resulting in a longitudinal split. The detailed
progression of this failure is depicted in Fig. 11 for the Type 1 connection and in Fig. 12
for the Type 2 connection. The Type 2 connection exhibited a more extensive and deeper
split that ran through bearing point, with visible widening of the crack.
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Fig. 13. Load and strain relationship obtained for Type 1 and Type 2 connections
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Fig. 14. Bilinear model of the moment and rotational relationship of Type 1 and Type 2
connections

Empirical data are shown in Fig. 13 for the Type 1 and Type 2 connections after
the maximum load is reached, resulting in a split in the direction parallel to the wood
grains in the bolt row in the column. The compressive stress perpendicular to the wood
grain caused the wood grain to become compacted so that there was no failure at this
bearing point. This can happen because the bearing strength has not been exceeded. The
bearing strength parallel to the grain of Meranti Merah wood is 32.7 MPa (Pranata and
Suryoatmono 2024), while the stress that occurs in the column at maximum conditions
was 20.7 MPa, as shown in Fig. 13, which occurred when the maximum load was 33,400
N (Type 2 Connection), while for Type 1 connections it was much lower. There was a
significant change in strain in the outermost layer of the beam cross-section experiencing
tensile stress.

Figure 14 shows the bilinear stiffness curve model of the relationship between
moment and rotation for the Type 1 and Type 2 glulam beam-column connections. The
steel plates had an impact on the behavior of the connection, becoming more ductile. This
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was indicated by the failure pattern of the connection, which was split in the column bolts
row. This stiffness model can then be used as input data for spring properties of similar
connections in the analysis of multi-story building structures. Figure 14 shows that the
moment capacity at the elastic rotation connection condition was 19.0 kN.m (Type 2
Connection), while for the Type 1 connection it was 1.88 kN.m. These results can be an
alternative reference for nominal moment parameters for structural planners in studying
the connection capacity for the same type.

CONCLUSIONS

This study evaluated the structural performance and failure behavior of two types
of glulam beam-to-column connections under monotonic loading. The results indicate
that the type 1 connection was in the partial or medium ductility capacity category (u =
2.60), while the type 2 connection was in the limited ductility (« = 1,27). The average
moment capacities of type 1 and type 2 connections were 4.56 kN.m and 21.2 kN.m,
respectively. The moment and rotation relationships models of the glulam beam-column
were approximately bilinear with initial stiffness 9 times and 2.4 times for type 1 and
type 2 connections, respectively, compared to corresponding post-elastic stiffness.

Despite this superior performance, both connection types exhibited brittle failure
patterns, primarily characterized by splitting along the grain in the column bolt row,
initiated by tensile stresses in the outermost layer of the beam.

The steel plates had an impact on the behavior of the connection. Steel plates
helped improve ductility ratio, as shown by splitting failures near the column bolt rows.
This stiffness model can then be used as input data for spring properties of similar
connections in the analysis of multi-story building structures.
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