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ABSTRACT 
 

This study aims to investigate the behavior of bolted beam-to-column timber connections 
with double steel plates. The behavior of the connections, as their strength, initial rotational 
stiffness, energy dissipation, and ductility ratio, were studied. Test specimens made of red 
meranti species (Shorea spp.) connected by 5-mm thick steel plates on both sides, and bolted 
joints of diameters 10 mm and 12 mm were used. Experimental tests of the connections 
conform to the EN 26891: 1991. The failure mode is splitting of the bolt row path in the column 
for all connections with the same numbers of bolts in the beam and the column, and splitting 
of the bolt row path in the beam for all connections with fewer numbers of bolts in the beam 
than those in the column. Moreover, the results show that the use of combined bolts and double 
steel plates has an impact in increasing both the ductility ratio and the energy dissipation 
of the connections. 
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INTRODUCTION 
 

Hwang et al. (2008) in their study require rotational stiffness parameters for modeling 
traditional Korean building structures to support the research objective, namely the most exact 
structural behavior of real structures. Santana and Mascia (2009) also require parameters for 
modeling moment-resisting connectors, with the aim of studying the behavior of wooden-frame 
buildings. In engineering practice, the sound design of the load-bearing structure is as important 
as the sound design of the structural connections (Neusch et al. 2022). However, timber-framed 
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structures with semi-rigid joints of moment-resisting type have lower spatial stiffness behavior 
than theoretical models with full-fixed joints (Baszen and Miedzialowski 2019). 

Moment-resisting type of connections in multi-story timber buildings utilize bolts with 
the aim of making the connection behave ductile (Fairweather 1992, Guo and Shu 2019). 
The use of steel plates as connecting parts can potentially have an impact, namely increasing 
the ductility of the connection system. In a structural analysis, establishing the moment and 
rotation relationship of the connection greatly determines the accuracy of the analysis. 

Mehra et al. (2022, 2019) conducted research to study the beam-to-column timber 
connection with compressed wood connectors utilizing several variations of connection types, 
with the aim of investigating the rotational stiffness, moment capacity, and ductility ratio of 
the connection. The research method uses experimental testing with a monotonic loading 
method referring to the EN 26891: 1991. Solariano et al. (2017) conducted research to study 
the semi-rigid beam-to-column connection with steel dowels, with a monotonic loading 
method. The study used an experimental method with the results in the form of empirical data 
on the behavior of moment and rotational stiffness. Reboucas et al. (2022) has conducted 
review of the most important research studies that have focused on ductile beam-to-column 
connections in the moment-resisting timber frame system. Vilguts et al. (2022) conducted 
research to investigate the semi-rigid beam-to-column moment-resisting timber connections to 
quantify rotational stiffness, energy dissipation and moment resistance. 

The modulus of toughness is a material property that quantifies its ability to absorb energy 
(energy dissipation) in plastic deformation before failure (Hibbeler 2023, Goodno and Gere 
2021), represented by the area under the stress-strain curve up to the failure point (Fig. 1a). 
Similar definition is applied in bending moment versus rotation in a connection, the area under 
which represents the ability of the connection to dissipate energy. Proportional or yield load is 
the point at which the behavior of the specimen changes from elastic to post-elastic conditions 
due to incremental loads applied to the specimen. Determining the proportional load in this 
research uses the 5%-diameter offset method (ASTM 2018, Munoz et al. 2008) (Fig. 1b). 

               
Fig. 1: a) An illustration of the area in the context of toughness modulus, b) the 5%-offset 
diameter method according to ASTM 2018, Py represents the yield load, Pu represents the peak 
load, Dy corresponds to the displacement at Py, while Du corresponds to the displacement at Pu. 
 

This study aims to investigate the behavior of bolted beam-to-column timber connections 
with double steel plates as connecting parts observing four parameters, namely strength, initial 
rotational stiffness, energy dissipation, and ductility ratio. This study focuses on the connection 
behavior needed in designing earthquake-resistant building, namely strength, initial rotational 
stiffness, energy dissipation, and ductility ratio. 
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MATERIAL AND METHODS 
 

The experimental tests in the laboratory to obtain empirical data and information on 
the behavior of bolted beam-to-column timber connections with double steel plates refer to 
EN 26891: 1991. An universal testing machine (Hung Ta 2008) was used and each specimen 
was loaded with the crosshead speed of 0.003 mm/min (displacement controlled).  

The connecting parts of the beam-to-column connection are double steel plates, each of 
which has thickness of 5 mm. Fig. 2 shows the dimensions of the beam-to-column connection 
type 1 (3 bolts in the column and 2 bolts in the beam) for bolt diameters of 10 mm and 12 mm, 
respectively. Meanwhile, Fig. 3 shows the dimensions of the connection type 2 (3 bolts in 
the column and 3 bolts in the beam). Therefore, there were totally 12 beam-to-column 
specimens in this study. The beams and columns, made of red meranti (Shorea spp.), have 
a rectangular cross-section, with cross-sectional dimensions of 50 mm x 100 mm (Tab. 1).  
 
Tab. 1: Specimen description. 

Specimen type 
Bolt diameter 

(mm) 
Number of bolts Number of 

specimens on column on beam 
Type 1-BC32.10 10 

 
 
3 
 
 

2 
3 

 
Type 2-BC33.10 3 
Type 1-BC32.12 12 

 
2 

Type 2-BC33.12 3 

 
(a)  (b) 

Fig. 2: Specimen dimensions of connection type 1 (a) BC32.10 and (b) BC32.12. 

 
(a)  (b) 

Fig. 3: Specimen dimensions of connection type 2 (a) BC33.10 and (b) BC33.12. 
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RESULTS AND DISCUSSION 
 

The test results are initially load and displacement relationships and later are converted into 
moment and rotation relationships. Fig. 4a shows the test setup of type 1 beam-to-column 
connections with 10 mm diameter bolts. Fig. 4b shows the test setup of type 2 connections with 
10 mm diameter bolts. Fig. 4c shows the test setup of connections type 1 with 12 mm diameter 
bolts, and Fig. 4d shows the test setup of connections type 2 with 12 mm diameter bolts. 
The test uses incremental loading until the specimen fails. 

Fig. 5 shows the failure pattern of specimens. The general failure modes for connections 
type 1 are splitting in the bolt row path in the beam and for connections type 2 are splitting 
on the bolt row path in the column. Experimental tests show that the bolt diameter does not alter 
the failure modes. In all specimens tested, there was no failure of the steel plate, neither in 
the form of bearing failure nor tear-out failure. Furthermore, all specimens tested show that 
there was no failure of the bolt, neither in the form of shear failure nor flexural yielding. 

 

 
(a) (b) (c) (d) 

Fig. 4: Tests of connections (a) type 1-BC32.10, (b) type 2-BC33.10, (c) type 1-BC32.12, and 
(d) type 2-BC33.12. 
 

 
(a) (b) (c) (d) 

Fig. 5: Failure patterns of connections (a) type 1-BC32.10, (b) type 2-BC33.10, (c) type 
1-BC32.12, and (d) type 2-BC33.12. 

 
The test results in the form of the complete load and displacement curves, are shown in 

Fig. 6. The loads and displacements at the proportional (yield) and ultimate (peak) points are 
determined using the 5%-diameter offset method (ASTM 2018, Munoz 2008). The bending 
moment and rotation curves are calculated and shown in Fig. 7. 
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Fig. 6: Results of load and displacement curves of type 1 (a) BC32.10 and (b) BC32.12 and type 
2 (c) BC33.10 and (d) BC33.12. 

 
Fig. 7: Results of moment and rotational curves of type 1 (a) BC32.10 and (b) BC32.12 and 
type 2 (c) BC33.10 and (d) BC33.12. 

(a) (b) 

(c) (d) 
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Initial stiffness is calculated as the slope of the line in the elastic loading range of load and 
displacement relationship. The energy dissipation is calculated as the area under the moment 
and rotation curve (M-θ). The calculations of strength (Mu or moments in term of peak load) and 
ductility ratio are shown in Tab. 2. As seen in the ductility ratio (Du/Dy) of all specimens is in 
the range between 1.53 and 2.64. It is obvious that such relatively high ductility ratio is due to 
the presence of the bolts and the steel plates. The initial stiffness and energy dissipation for each 
specimen tested in this study is shown in Tab. 3 and Tab. 4, respectively. 
 
Tab. 2: Results obtained from experimental tests on specimens. 

Type 1-BC32.10 

Specimen 
Py  

(N) 
Dy  

(mm) 
Pu  

(N) 
Du  

(mm) 
My  

(kN.m) 
θy  

(rad.) 
Mu  

(kN.m) 
θu  

(rad.) 
μ 
(-) 

Specimen 1 5684.02 13.18 6422.78 25.93 2.41 0.0311 2.72 0.0612 1.97 
Specimen 2 5472.74 8.68 6420.05 18.93 2.32 0.0205 2.72 0.0446 2.18 
Specimen 3 5681.71 15.71 6682.51 24.30 2.41 0.0371 2.83 0.0573 1.55 

Average 5612.82 12.52 6508.45 23.05 2.38 0.0295 2.76 0.0544 1.84 
Type 2-BC33.10 

Specimen 
Py  

(N) 
Dy  

(mm) 
Pu  

(N) 
Du  

(mm) 
My  

(kN.m) 
θy  

(rad.) 
Mu  

(kN.m) 
θu  

(rad.) 
μ 
(-) 

Specimen 1 8791.37 12.48 9895.28 22.36 3.73 0.0294 4.20 0.0527 1.79 
Specimen 2 8281.87 15.15 8351.58 23.22 3.51 0.0357 3.54 0.0548 1.53 
Specimen 3 7222.13 10.67 887.44 17.66 3.06 0.0252 0.38 0.0417 1.66 

Average 8098.46 12.77 6378.10 21.08 3.43 0.0301 2.70 0.0497 1.65 
Type 1-BC32.12 

Specimen 
Py  

(N) 
Dy  

(mm) 
Pu  

(N) 
Du  

(mm) 
My  

(kN.m) 
θy  

(rad.) 
Mu  

(kN.m) 
θu  

(rad.) 
μ 
(-) 

Specimen 1 7424.57 10.19 8820.32 23.07 3.15 0.0240 3.74 0.0544 2.26 
Specimen 2 6144.21 9.06 6973.18 18.23 2.61 0.0214 2.96 0.0430 2.01 
Specimen 3 6932.45 7.84 8188.35 18.15 2.94 0.0185 3.47 0.0428 2.32 

Average 6833.74 9.03 7993.95 19.82 2.90 0.0213 3.39 0.0467 2.19 
Type 2-BC33.12 

Specimen 
Py  

(N) 
Dy  

(mm) 
Pu  

(N) 
Du  

(mm) 
My  

(kN.m) 
θy  

(rad.) 
Mu  

(kN.m) 
θu  

(rad.) 
μ 
(-) 

Specimen 1 8527.91 7.55 11307.10 19.94 3.62 0.0178 4.79 0.0470 2.64 
Specimen 2 9718.47 13.36 10404.11 23.25 4.12 0.0315 4.41 0.0548 1.74 
Specimen 3 7231.82 10.10 8564.18 20.68 3.07 0.0238 3.63 0.0488 2.05 

Average 8492.73 10.34 10091.80 21.29 3.60 0.0244 4.28 0.0502 2.06 
Py is the yield load, Pu is the peak load, Du is the displacement at yield point, and Du is the displacement at peak 
point, μ is ductility ratio (Du/Dy). 
 
Tab. 3: Initial stiffness obtained from experimental tests. 

Specimen 
Type 1-BC32.10 

(N/mm) 
Type 1-BC32.12 

(N/mm) 
Type 2-BC33.10 

(N/mm) 
Type 2-BC33.12 

(N/mm) 
Specimen 1 936.02 1106.63 1449.89 2640.78 
Specimen 2 681.44 1122.06 1460.86 2123.44 
Specimen 3 526.00 929.94 869.41 2259.60 

Average 714.49 1052.88 1260.05 2341.27 
 
Tab. 4: Energy dissipation obtained from experimental tests. 

Specimen’s 
Type 1-BC32.10 

(J) 
Type 1-BC32.12 

(J) 
Type 2-BC33.10 

(J) 
Type 2-BC33.12 

(J) 
Specimen 1 189.33 210.60 160.04 165.61 
Specimen 2 143.89 97.80 141.00 189.34 
Specimen 3 137.70 133.36 216.32 135.18 

Average 156.98 147.25 172.45 163.38 
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However, as shown in Fig. 8, the ductile behavior is also contributed by the fact that 
the column has sufficient compression strength perpendicular to the direction of the wood grain 
and in turn it can withstand the rotation of the beam. 
 

(a) (b) 
Fig. 8: Embedment failure in compression perpendicular to the grain (a) in type 1 connections, 
(b) in type 2 connections. 
 
Discussion 

In the last twenty years, performance-based seismic design for buildings has been 
developed (Padalu et al. 2023, Ponzo et al. 2021), especially for buildings with 
moment-resisting frames structural systems. In the design of multi-story timber buildings with 
this method, the capacity curve is a representation of the strength of the structure and it requires 
the actual behavior of the beam-to-column connection. Beam-to-column connections with 
a high level of energy dissipation can have an impact on the behavior of ductile structural 
stiffness (Casciati 2007). 

Based on previous researches, red Meranti timber (Shorea spp.) has a bearing strength in 
the direction parallel to the wood grain of 32.74 MPa (Pranata and Suryoatmono 2024), 
compression strength perpendicular to the grain of 7.17 MPa (Pranata and Suryoatmono 2013), 
and is included in Grade Class II, therefore it can be used as a structural member of building 
structures (SNI 7973:2013, FPL 2021). Several wood structure codes, namely NDS 2024 
(AWC 2024), SNI 7973:2013, and Eurocode 5 (CEN 2008) provide guidance on design of 
beams, columns, and connections. The results of the bolted beam-to-column timber 
connections investigated in this research can be a reference for predicting the behavior of such 
connections. Tab. 5 summarizes all the properties of the bolted beam-to-column timber 
connections obtained in this study. 
 
Tab. 5: Results obtained from investigation of behavior of bolted beam-to-column timber 
connections. 

Type of connections Type 1 Type 2 
Specimen BC32.10 BC32.12 BC33.10 BC33.12 
Bolt’s diameter 10 mm 12 mm 10 mm 12 mm 
Strength (kN.m) 2.76 3.39 2.70 4.28 
Initial rotational stiffness (N/mm) 714.49 1052.88 1260.05 2341.27 
Energy dissipation (J) 156.98 147.25 172.45 163.38 
Ductility ratio (-)  1.84 2.19 1.65 2.06 

 
Each value in the table is the average of three specimens. Connections with larger diameter 

(12 mm) perform better than connections with smaller diameter (10 mm), in terms of higher 
initial stiffness, strength, and ductility ratio. It should be noted, however, that this is not the case 
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if the energy dissipation is considered where connections with smaller diameter have higher 
energy dissipation, although the difference is not significant. Therefore, this exception may be 
due to the randomness mechanical properties of the wood. Comparing the performances of 
connection type 1 and connection type 2 by considering the connections with bolt diameter of 
12 mm only, it is very clear that connection type 2 performs better than connections type 1 in 
three aspects (much higher initial stiffness, strength, and energy dissipation). This is obvious 
because connection type 2 has more bolts than connection type 1. The ductility ratio of 
connection type 2 is only slightly smaller than that of connection type 1 and again it is 
considered due to the randomness mechanical properties of the wood. By considering 
the connections with bolt diameter of 10 mm only, comparing the performances of connection 
type 1 and connection type 2 leads to conclusion that connection type 2 performs better than 
connections type 1 in terms of much higher initial stiffness and energy dissipation. The ductility 
ratio and strength of connection type 2, however, are smaller than those of connection type 1. 
Again, because the differences are very small, it is considered due to the randomness 
mechanical properties of the wood material that come from nature. 
 
 

CONCLUSIONS 
 

Two types of bolted beam-to-column timber connections with double steel plates have 
been tested experimentally, namely the ones with more bolts in the column and the ones with 
the same number of bolts in the column and the beam. For each type of connection, bolt of 
10-mm diameter and 12-mm diameter have been used. From studying the behavior of each type 
of the connection, it can be concluded that connection type 2 in general performs better than 
connection type 1 in terms of initial stiffness, strength, ductility ratio, and energy dissipation.  

Precautions have to made, however, that the failure modes of connection type 2 are split in 
the column along the bolt line. This type of failure is not expected in the design of earthquake 
resistant buildings. In such case, connection type 1 is preferable where the failure mode is split 
in the bolt line of the beam. Both types of connections show relatively high ductility ratios and 
energy dissipation. Regarding the effect of bolt diameter, it can be concluded that in general 
the connections with larger diameter perform better than connections with smaller diameter. 
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