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ABSTRACT
Beam-to-column joints affect the behavior of the building. This research aims to obtain an empirical equation of 

the rotational stiffness of the beam-to-column timber joints with variations in the number and diameter of bolts. The 
method used is the destructive method to obtain elastic and post-elastic history of load and deformation of timber joints. 
The scope of the research is the timber using red meranti (Shorea spp.) species, with a cross-sectional size of 50mm x 
100mm, bolts using various diameters of 8, 10, and 12mm. Beam-to-column timber joints use a variety of one, two, and 
three bolts. Testing uses a monotonic loading type. The behaviors reviewed are load-carrying capacity and rotational 
stiffness. The results obtained from this research, which are the proposed bilinear moment-rotational stiffness relation-
ship curve model for beam-to-column timber joints, can provide benefits in modeling and analyzing the structure of 
multi-storey wooden buildings, especially in modeling parameters of spring elements for beam-to-column joints of red 
meranti (Shorea spp.) timber. The proposed equation for moment capacity and rotational stiffness in terms of elastic 
range, namely My and θy, has an R2 of 0.86 and 0.87, respectively. These results indicate a strong relationship between 
moment capacity, bolt diameter size, and number of bolt variables in a statistical model. In the design context, the pa-
rameters used are at elastic limit range conditions. The results of the research show that the number of bolts has a sig-
nificant effect on the beam-to-column joint, namely the non-linear moment and rotational capacity increases.
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1. Introduction

A timber-framed building is a structure constructed 
with a strong, visible framework of large timbers joined 
together with traditional methods like mortise and tenon 
joinery. A multi-storey timber building with a frame struc-
ture system is a building with main structural components 
[1], consisting of columns and beams using a beam-column 
joint system. Timbers are joined with precise fitting. 
Beam-to-column joints, especially in timber buildings with 
moment-resisting frame systems are the main parameters 
of structural rigidity and strength under gravitational and 
lateral loading such as earthquake loads.

The connection system affects both the behavior of 
the building globally and locally (joints). Experimental 
tests and numerical analysis of the moment-resisting frame 
beam-to-column timber joints have recently been carried 
out to evaluate the strength and stiffness capabilities. In nu-
merical modeling of multi-storey wooden frame buildings, 
modeling of structural elements and connections affects the 
results of the overall structural analysis of the building [2–4]. 
Connection modeling in this context is the rotational stiff-
ness and load-carrying capacity parameters [5]. The beam-
to-column timber joints are neither pinned nor rigid, but 
their rotational stiffness is in the range of the two types. An 
understanding of the behavior of beam-to-column timber 
joint connections is required, which are the moment and 
the rotation in terms of yield and ultimate loads.

The research question is whether parameters, such as 
moment-carrying capacity, rotational capacity, and ratio of 
ductility of the joints increase with increasing the number 
of bolts and enlarging bolt diameter. The hypothesis in 
this study is that adding mechanical connectors and steel 
plates that are a stiffer and more ductile material to beam-
to-column timber connection results in joints with better 
performance, in terms of parameters described previously.

This research aims to obtain an empirical equation of 
the rotational stiffness of the beam-to-column timber joints 
with variations in the number and diameter of bolts. 

The method used in this research is the destructive 
method of obtaining elastic and post-elastic history of load 
and deformation of timber joints. The experimental test is 
used to obtain the empirical data of moment capacity and 
rotational stiffness of the beam-to-column timber joints. To 

determine the parameter of rotational stiffness, it is neces-
sary to determine the displacement of the beam member. 
The displacement sensors were mounted on the point load 
that applied to the beam member of the specimens. The 
scope of the research is the beam-to-column timber joints 
using the red meranti (Shorea spp.) species with a cross-
sectional size of 50 mm × 100 mm, bolts using various 
diameters of 8mm, 10mm and 12mm. Beam-to-column 
timber joints use a variety of one, two, and three numbers 
of bolts. The joints use 5mm-thick steel side plates (double 
steel plates). Each type of joint uses 1 specimen, so there 
are a total of 9 (nine) specimens. Testing uses a destructive 
method with the Universal Testing Machine instrument to 
obtain a load and deformation curve. The test uses a mono-
tonic loading type. The behaviors reviewed are strength 
capacity and rotational stiffness. Figure 1 shows the flow-
charts of this study.

Figure 1. The Flowcharts of This Study [6–18].

Red meranti is a fast-growing species [6]. In Indone-
sia, the growth rate of red meranti timber has been inten-
sively carried out through a system of selective cutting and 
line planting silviculture [7].

Research on wooden beam and column connections 
has been conducted by several researchers, with the aim of 
investigating the strength and stiffness behavior of the con-
nection. Chang et al. have conducted experimental tests on 
the beam-to-column joints of the Taiwan and Japan timber 
frame structures [8], which are similar in appearance. The 
parameter studied is the rotational performance of tradi-
tional timber joints. Chang and Hsu continue the research 
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by proposing a theoretical model to calculate the behavior 
of beam-to-column joints of timber frame structures [9]. 
Chang and Hsu continue the research by conducting the 
destructive experimental test of full-scale beam-to-column 
timber specimens [10]. The type of loading is cyclic to ob-
tain the hysteretic loop of the joints.

Georgescu and Bedelean have conducted research 
with the objective of learning the effect of depth of dowel 
embedment, dowel spacing, and length of dowel on the 
timber joints made of ash (Fraxinus excelsior) timber [11].  
The results obtained from the research were that the 
strength of joints increases when the length of dowel 
increases, the dowel spacing increases, and the ratio of 
dowel embedment decreases.

Iovane and Faggiano have researched a numerical 
investigation, and continue with an experimental test on 
the beam-to-column of a timber joint using a steel link as 
a connector [12,13], with the results obtained from an experi-
mental indicate a good agreement with the prediction that 
calculated using theoretical equation. The research was 
then developed into a proposal for the analysis and design 
of dissipative seismic-resistant timber structures using steel 
links [14]. Iovane et al. have also researched and proposed a 
procedure for the classification of beam-to-column joints 
using mechanical connectors, with behavior reviewed by 
strength and stiffness in timber buildings [15].

A study on the beam-column joint of timber frame 
structures using mechanical fasteners and special connec-
tors has been conducted by Nakatani et al. [16], the joints 
use a steel plate and a special connector to increase the 
ductility and to prevent the joints from failure. Li et al. 
have conducted an investigation into the rotational behav-
ior of beam-to-column timber joints as a partial component 
of the beams and columns in timber frames [17], to study 
the effect of rotational stiffness in terms of perpendicular 
to the grain on the rotational behavior of joints. Valdez and 
Bohorquez conducted research to investigate and explore 
the optimization of bio-based sewing timber joints [18].

2. Theoretical Background

2.1. Beam-to-Column Joints

Wood is an orthotropic material. With the develop-
ment of connections and numerical simulations supple-

mented by partial or physical testing of structure members 
and connections, it is now possible to design and optimize 
the timber building [19]. A beam to column joints is a struc-
tural joint that links a beam and a column, typically used 
in buildings to transfer loads from the beam to the column. 
These connections are crucial for the stability and load-
bearing capacity of the structure, and can be designed in 
various ways depending on the materials used and the 
structural requirements. Beam-to-column timber joints 
connect beams and columns members in wooden struc-
tures, and their design significantly impacts the strength 
and stiffness of the building. These connections can be all-
timber, utilize metal fasteners. Key aspects of beam-to-col-
umn timber joints include their ability to transfer moments, 
and shear forces.

Beam-to-column joints can be classified into three 
different methods of structural analysis. The first method 
is elastic analysis, using the linear moment and rotational 
stiffness parameters. The second method is rigid-plastic 
analysis, using the assumption that the yield and ultimate 
moments are in terms of equal values, but they have differ-
ent values between yield rotation and ultimate rotation. The 
last method is an elastic-plastic analysis, using the yield 
and ultimate moments and rotational stiffness parameters, 
provided that the idealized curve of moment-rotational 
stiffness can be developed based on a bilinear model [15].  
The general idealization curve model is used for stress-
strain modeling of reinforcing steel as well, to model the 
material conditions in the elastic and post-elastic ranges [20].

The moment at the yield or proportional point condi-
tion (My) is calculated using Equation 1 (yielding moment) 
and the ultimate condition (Mu) is calculated using Equa-
tion 2 (ultimate moment). The rotation at the proportional 
point condition (θy) is calculated using Equation 3, and the 
ultimate condition (θu) is calculated using Equation 4. The 
ratio of ductility of joints (μ) can be calculated using Equa-
tion 5.

 My = Py • 900 (1)

 Mu = Pu • 9000 (2)

 θy = Δy/900 (3)

 θu = Δu/900 (4)
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 μ = Δu/Δy (5)

where Py is yield load (N), Pu is ultimate load (N), My is 
moment in term of yield load (N.mm), and Mu is moment 
in term of ultimate load (N.mm), ∆y is deformation in term 
of yield load (mm), ∆u is deformation in term of ultimate 
load (mm), θy is rotation in term of yield load (mm), θu is 
rotation in term of ultimate load (mm), and μ is ratio of 
ductility (mm/mm). The value of 900 (unit length in mil-
limeters) in Equations 1 to 4 is the distance between the 
load and the center of the beam-to-column joint, as shown 
in Figure 2. Equation (5) is used to calculate the ratio of 
ductility of joints [21].

Figure 2. Schematic Illustration of the Beam-To-Column Joint 
Specimen (Unit Length in Millimeters).

2.2. Determining the Yield Points

To investigate the post-elastic behavior of beam-to-
column joints, it is important to know the proportional 
point, which is the condition of the behavior of joints 
changed from elastic to plastic. Some methods can be used 
to determine the proportional points. One of the methods 
to determine the proportional load and deformation is 
proposed by The Commonwealth Scientific and Industrial 
Research Organization [22].

The Commonwealth Scientific and Industrial Re-
search Organization has developed a method to determine 
the yield or proportional point [22]. This method for deter-
mining the yield point of timber defines it as the point on 
the load-deformation curve where the deformation is 1.25 
times the deformation at 40% of the maximum capacity. 
This is a practical approach for identifying the point where 
the timber transitions from elastic to plastic behavior.

The method first identifies the deformation that cor-
responds to 40% of the timber’s maximum load-carrying 

capacity. The proportional point (∆y) can be calculated us-
ing Equation 6, which is obtained by multiplying the value 
of the deformation at 0.4 of the ultimate or peak load by a 
factor of 1.25 as shown in Figure 3. The point on the curve 
of load versus deformation is formed by the intersection of 
the projected line from the new factored deformation point, 
which is then taken as the proportional or yield point, so 
the corresponding yield load (Py) is determined.

 Δy = 1.25Δ0.4 (6)

Figure 3. Method to Determine Yield (Proportional) Point Using 
CSIRO Method [22].

2.3. Multiple Regression Analysis

Regression analysis is a statistical method that can 
be used to develop the equation to present the relationships 
between a dependent variable and one or more independ-
ent variables. Multiple regression analysis is a statistical 
procedure to calculate the value of a response variable as a 
dependent variable from the value of the independent pre-
dictor variable [23]. The multiple linear regression equation 
is given by Equation (7).

 y = a + b1x1 + ... + bnxn (7)

where xn is independent variables and y is dependent variable. 
The aim of the multiple regression is to describe and 

understand the relationship, to predict a new observation, 
and to adjust and control a process [24]. The objective of 
multiple regression analysis is to model the relationship 
between a dependent variable and one or more independ-
ent variables. When the number of independent variables 
increases, it will create changes within dependent factors. 
Key aspects of multiple regression are the variable being 
predicted, which must be continuous. The method assumes 
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a linear relationship between the dependent and independ-
ent variables, though this can be relaxed with non-linear 
regression techniques.

3. Methods

In this study, a destructive method was used to obtain 
the load history curve versus the deformation of the beam-
to-column joint. With the destructive method, the maxi-
mum capacity of the connection can be determined and the 
failure pattern that occurs in the connection can be studied. 
Table 1 and Figure 4 show the types of specimens that 
were used in the study. 

The dimensions of the beam and column are 50 mm ×  
100 mm. Beam-to-column joints use variations in the num-
ber and size of bolts; one specimen for each type, and the 
total is nine specimens. Bolts use a variety of diameter siz-
es of 8 mm, 10 mm, and 12 mm. The number of bolts uses 
variations of one bolt, two bolts, and three bolts. Figure 
4a shows a beam-to-column joint with one bolt, Figure 4b 
shows a beam-to-column joint with two bolts using a 50 
mm length of bolt spacing, and Figure 4c shows a beam-

to-column joint with three bolts using a 50 mm length of 
each bolt’s space. The distance between bolts in one row 
is 50 mm. This does not exceed the minimum spacing rule 
between bolts in the Indonesian wood code SNI 7973 [25].

The bolt tightening method used in this study is the 
snug tight method. In AISC specifications [26], a snug tight 
bolted connection is achieved when all plies are pulled into 
firm contact, and the bolts are tightened enough to prevent 
the removal of the nuts without a wrench. This research on 
beam-to-column joints uses mechanical connectors, which 
are bolts and steel plates, so that failure is not expected 
to occur in bolts or steel plates. Therefore, a mechanical 
property test was first carried out, namely a tensile test 
to determine the tensile strength of the steel plate and the 
bolts used as connectors.

Tensile tests of steel plates were carried out to ob-
tain tensile yield strength (Fy) and tensile strength (Fu). 
The tests were in accordance with ASTM E8/E8M-22 [27], 
with the specimen type being flat, gauge length is 200mm. 
The method of testing is based on the control of the strain 
speed, which is 0.015mm/mm/minute.

Table 1. The Type of the Specimen.

No
Specimen’s
Name

Diameter of Bolt 
(mm)

Number 
of Bolt

Steel Plate
Thickness (mm)

Number of
Specimen

1 BCJ.8.1 8 1 5 1

2 BCJ.8.2 8 2 5 1

3 BCJ.8.3 8 3 5 1

4 BCJ.10.1 10 1 5 1

5 BCJ.10.2 10 2 5 1

6 BCJ.10.3 10 3 5 1

7 BCJ.12.1 12 1 5 1

8 BCJ.12.2 12 2 5 1

9 BCJ.12.3 12 3 5 1

    

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

Figure 4. The Types of Specimens That Used in the Study. (a). Specimen with One Bolt. (b). Specimen with Two Bolts. (c). 
Specimen with Three Bolts. (d). Details of Bolt Spacing (50 mm), End Distance (25 mm), and Edge Distance (25 mm) for a 
Specimen with Three Bolts (Units in Millimeters).
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Tensile tests of bolts were also carried out to obtain 
the yield stress and tensile strength. The tests conform to 
ASTM F606/F606M [28]. The method of testing is based on 
the control of the displacement speed, which is 3.0 mm/
minute.

4. Results

The test results of steel plates that are used for side 
members of beam-column joints for all the specimens are 
shown in Figure 5 (tensile tests), Specimen S5-1 (Fig-

ure 5a), Specimen S5-2 (Figure 5b), and Specimen S5-3 
(Figure 5c), respectively. Figure 6 shows the stress-strain 
relationships obtained from tensile tests of steel plates that 
used for side members of the joints. Table 2 shows the 
yield strength and the ultimate strength of the steel plates 
obtained from tensile tests. As seen in Table 2, the results 
of the steel tensile tests showed that the tensile yield stress 
and tensile strength stresses are 318.13 MPa and 421.76 
MPa, respectively. The failure mode of all the specimens 
was fracture of the rod that was the object of the tensile 
test.

(a) (b) (c)

Figure 5. Tensile Tests of the Steel Plates. (a). Specimen S5-1. (b). Specimen S5-2. (c). Specimen S5-3.

Figure 6. Stress-Strain Curves Obtained from Tensile Tests of Steel Plates.

Table 2. Results Obtained from Tensile Tests of Steel Plates.

Specimen Py (N) Fy (MPa) Pu (N) Fu (MPa) Specimen

S5-1 56714.14 318.04 76206.96 427.35 S5-1

S5-2 53557.95 302.07 71347.75 402.41 S5-2

S5-3 59653.01 334.29 77717.28 435.52 S5-3

Average 56641.70 318.13 75090.66 421.76 Average
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The tensile strength and yield bending strength of 
bolts tend to have a decreasing trend due to the influence 
of the increasing diameter size [29,30]. Therefore, in this 
study, the diameter of the bolts used is limited to the larg-
est diameter, which is 12 mm. Experimental research to de-
termine the mechanical properties of bolts, namely tensile 
strength (Fy) has been conducted previously. The results of 
the research showed that the tensile strength (Fy) of 8mm 
diameter bolts was obtained at 716.60 MPa, while for 10 
mm diameter bolts it was 529.62 MPa [29]. The minimum 
yield strength of the bolt according to ASTM A307-21 is 
413 MPa [31].

The complete test results of the 12mm diameter bolts 
that are used as the highest diameter fasteners of beam-
column joints are shown in Figure 7 and Table 3. Figure 
7a shows the tensile test. The failure mode of all the speci-
mens was that the bolt broke at the area of gauge length 
(Figure 7b). As seen in Table 3, the bolt yield stress and 
tensile strength are 354.54 MPa and 388.47 MPa, respec-
tively.

(a) (b) 

Figure 7. Tensile Tests of 12-mm Diameter Bolts. (a) Tensile 
Test. (b) Failure of the Specimen.

Table 3. Results Obtained from Tensile Tests of 12-mm Diameter 
Bolts.

Specimen Py (N) Fy (MPa) Pu (N) Fu (MPa) Specimen

B12-1 33375.78 351.06 37056.94 389.78 B12-1

B12-2 34409.20 361.93 39858.70 419.25 B12-2

B12-3 33335.37 350.64 33882.03 356.39 B12-3

Average 33706.78 354.54 36932.56 388.47 Average

Furthermore, testing of the beam-column joints uses 
a destructive method with the Universal Testing Machine 

(UTM) instrument HT-9501 to obtain a load vs deforma-
tion history curve [32]. The test uses a monotonic loading 
type, by placing the load cell of 1000 kN at the near-end of 
the beam. Displacement measurement using a transducer 
located on the UTM. The UTM records changes in the dis-
tance of the load block, so that it is recorded as a history of 
the displacement curve.

The distance from the center of the beam-to-column 
join axis to the load is 900 mm as shown in Figure 2. The 
support model at the ends of the column (top and bottom) 
is a pin-support type. The methods were displacement con-
trolled at a speed of 2.5 mm/min. The location of the load 
placement is as shown in Figure 2. At that point, a load 
with a gradually increasing value is applied in the form of 
constant displacement.

As presented in Figure 8, Figure 8a  shows the 
setup of the 8mm beam-to-column specimen on Universal 
Testing Machine, Figure 8b shows testing of the speci-
men, and Figure 8c shows the shape of the specimen after 
testing. In Figure 9, Figure 9a shows the setup of the 
10 mm beam-to-column specimen on Universal Testing 
Machine, Figure 9b shows testing of the specimen, and 
Figure 9c shows the shape of the specimen after testing. 
In Figure 10, Figure 10a,b show examples of two 12 mm 
beam-to-column specimens and Figure 10c shows testing 
of the specimen.

Figure 11 shows a failure pattern from some speci-
mens. Figure 11a shows the failure pattern of a single 
8mm bolt of beam-to-column specimen. The failure oc-
curred in the bolt hole. This condition indicated indicates 
that was the bearing failure. Figure 11b and Figure 11c 
show the failure pattern of two 10mm bolts and single 
12mm bolts of beam-column-specimens, where similar 
occurred in the bolt’s holes. The failure mode, as shown 
in Figure 11, occurs because the bearing strength of the 
timber has been exceeded due to contact with the bolt. The 
bearing strength of red meranti wood, which is 32.74 MPa 
[33], is much lower than the bolt capacity as shown in the 
test results shown in Table 3.
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(a) (b) (c)

Figure 8. Setup, Testing, and Post-Test of the Beam-To-Column Specimens Using 8 mm Diameter of Bolt. (a) Setup of the Specimen. 
(b) Testing of the Specimen. (c) Post Test of the Specimen.

(a) (b) (c) 

Figure 9. Setup, Testing, and Post-Test of the Beam-To-Column Specimens Using 10 mm Diameter of Bolt.  (a) Setup of the 
Specimen. (b) Testing of the Specimen. (c) Post Test of the Specimen.

(a) (b) (c) 

Figure 10. Setup, Testing, and Post-Test of the Beam-To-Column Specimens Using 12 mm Diameter of Bolt.  (a) Setup of the 
Specimen. (b) Testing of the Specimen. (c) Post Test of the Specimen.

(a) (b) (c) 

Figure 11. Failure Patterns of the Beam-To-Column Joint Specimens Using 12 mm Bolts. (a) Specimen Using 8 mm Bolts. (b) 
Specimen Using 10mm Bolts. (c) Specimen Using 12 mm Bolts.
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The load and deformation relationship curves of the 
experimental test results are shown in Figure 12 for connec-
tions with 8mm-diameter bolts, Figure 13 for connections 
with 10mm-diameter bolts, and Figure 14 for connections 
with 12mm-diameter bolts. In general, from Figures 12 to 
14, it can be seen that the trend of the load and deformation 
relationship curves has a bilinear pattern. Namely, in the 
initial loading range, the condition of the connection still 
behaves elastically until the proportional point (yield) is 
reached. After that, the connection behaves post-elastically 
until it reaches the ultimate load and failure occurs. 

As seen in Figures 12 and 13, the curves for BCJ.8.2.1 
and BCJ.10.3.1 specimens display unexpectedly similar 
behavior and both show an inverse peak post-yield, despite 
differing bolt diameters and quantities. This is because in 
these specimens there is a failure of the bolthole (bearing 
capacity) on the beam, namely the bolt at the end. After the 
hole fails, a split mechanism occurs in the direction paral-
lel to the wood grain. However, the connection system can 
still withstand the load, so that there is a trend of a sharp de-
crease in load capacity, then an increase again. The cause of 
this phenomenon in both test specimens could be due to the 
influence of homogeneity in the non-uniform wood material.

Table 4 shows the yield loads (Py) and yield defor-
mations (∆y) obtained using the CSIRO method [22] and 
deformation in terms of yield point, the ultimate loads (Pu) 
and deformations (∆u), while Table 5 shows the calculation 
of moments (M) and rotations (θ). The calculation results 
of the ratio of ductility of joints in Table 4 show that the 
beam-to-column joint with a single bolt of 8mm diameter 
(Specimen BCJ.8.1.1) produces a high ductility ratio, as 
a consequence of the joint behaving like a pin, namely a 
limited load-carrying capacity of 113.2 N (proportional 
limit condition), after which the joint behaves inelastically 
until it fails. Similar conditions also occur in Specimen 
BCJ.10.1.1, namely a single bolt connection with a diam-
eter of 10mm. The single-bolt connection with a diameter 
of 12mm (BCJ.12.1.1) shows a significantly increased 
load-carrying capacity value, which is 2.03 times higher 
than BCJ.8.1.1, because the cross-sectional area of the bolt 
is indeed 2.25 times higher. While BCJ.12.1.1 has a load-
carrying capacity of 1.52 times higher than BCJ10.1.1 

because the cross-sectional area of the bolt is indeed 1.44 
times higher.

Figure 12. Load Versus Displacement Curves Obtained from 
Tests, the Specimen Using 8mm Bolts.

Figure 13. Load Versus Displacement Curves Obtained from 
Tests, the Specimen Using 10mm Bolts.

Figure 14. Load Versus Displacement Curves Obtained from 
Tests, the Specimen Using 12mm Bolts.



106

Journal of Building Material Science | Volume 07 | Issue 02 | June 2025

Table 4. Results Obtained from Tests: Load-Carrying Capacity, 
Deformation, and Ratio of Ductility.

Specimen
Py

(N)
∆y 

(mm)
Pu

(N)
∆u

(mm)
μ

BCJ.8.1.1 113.2 1.7 502.4 86.4 50.8

BCJ.8.2.1 194.6 3.1 821.5 99.5 32.1

BCJ.8.3.1 454.9 8.0 970.9 91.4 11.4

BCJ.10.1.1 151.6 2.4 500.1 85.4 35.6

BCJ.10.2.1 384.7 7.5 1158.7 88.2 11.8

BCJ.10.3.1 733.2 12.0 1505.0 87.6 7.3

BCJ.12.1.1 230.9 12.9 810.4 69.2 5.4

BCJ.12.2.1 441.3 16.1 1581.9 97.6 6.1

BCJ.12.3.1 1147.4 14.8 1661.1 81.5 5.5

Table 5. The Moment and Rotational Parameters Calculation.

Specimen
My

(N.mm)
Mu

(N.mm)
θy 
(rad.)

θu 
(rad.)

Specimen

BCJ.8.1.1 101,880 452,160 0.002 0.096 BCJ.8.1.1

BCJ.8.2.1 175,140 739,350 0.003 0.111 BCJ.8.2.1

BCJ.8.3.1 409,410 873,810 0.009 0.102 BCJ.8.3.1

BCJ.10.1.1 136,440 450,090 0.003 0.095 BCJ.10.1.1

BCJ.10.2.1 346,230 1,042,830 0.008 0.098 BCJ.10.2.1

BCJ.10.3.1 659,880 1,354,500 0.013 0.097 BCJ.10.3.1

BCJ.12.1.1 207,810 729,360 0.014 0.077 BCJ.12.1.1

BCJ.12.2.1 397,170 1,423,710 0.018 0.108 BCJ.12.2.1

BCJ.12.3.1 1,032,660 1,494,990 0.016 0.091 BCJ.12.3.1

Table 5 shows the results of moment and rotation 
calculations under proportional limit load and ultimate 
limit load conditions. The moment and stiffness relation-
ship curve model is an important parameter in modeling 
the rotational stiffness of beam-to-column joints for mod-
eling and analyzing frame-type wooden building struc-
tures, which is usually carried out to study the strength and 
stiffness behavior of wooden buildings. The bilinear curve 
model with ductile trend is a curve model that shows good 
stiffness behavior for wood joints, because it provides a 
general ductile behavior impact for wood structures with 
frame systems.

The ratio of ductility is the structure’s ability to be-
have large deformations in the post-elastic range without 
a substantial reduction in load-carrying capacity [34,35]. In 
moment-resisting timber frame systems, the ratio of ductil-
ity is mainly achieved through the beam-to-column joints. 
Eurocode 8 states that structural members must behave lin-
early and that all non-linear behavior must be concentrated 
on the beam-to-column joints [36]. In other words, the ratio 
of ductility is measured by the ratio between the peak de-

formation and the deformation at the end of elastic range.

4. Discussion

The calculation results as shown in Table 3, Figure 
15, and Figure 16, showing that the moment and rotation 
capacity increases with the increase in the number of bolts, 
both for specimens using 8mm, 10mm and 12mm bolts. 
However, the addition of bolts has the effect of reducing 
the displacement-ductility of the beam-to-column joints. 
This is influenced by the bolt group action factor [25,37]. The 
group action factor describes the effect of the number of 
mechanical connectors in a row on the normalized capacity 
of the joints.

Figure 15. Moment and Number of Bolts Relationship.

Figure 16. Rotation and Number of Bolts Relationship.

The results of the research, as shown in Figure 15, 
show that the number of bolts has a significant effect on 
the beam-to-column joint, namely the non-linear moment 
capacity increases. The cross-sectional area of   the bolt has 
a significant effect, so that bolts with a diameter of 12mm 
have a much higher moment capacity than bolts with a 
diameter of 10mm and 8mm. Likewise, the impact on 
stiffness behavior, which is rotational. The results of the 
research, as shown in Figure 16, show that the number of 
bolts has a significant effect on the beam-to-column joint, 
namely the non-linear rotational capacity increases. The 
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cross-sectional area of the bolt has a significant effect, so 
that bolts with a diameter of 12mm have a much higher 
rotational capacity than bolts with a diameter of 10mm and 
8mm.

Table 5 show the results of the research, which is the 
bilinear moment-rotational relationship curve model. The 
calculation results show that the rotational moment capac-
ity increases due to the influence of bolt diameter size and 
number of bolts. An empirical equation can be prepared by 
using multiple regression analysis to obtain a prediction of 
moment-rotational stiffness parameters, in the form of an 
empirical equation of the relationship between the influ-
ence of the number and diameter of bolts on the moment 
and rotation of the joint, as shown in Equations 8 to 11 and 
Figure 17 as follows:

My = –960 + 276nb + 79.3db ; R2 = 0.86 (8)

My = –1065 + 348.6nb + 131.9db ; R2 = 0.89 (9)

θy = –0.0251 + 0.00317nb + 0.00283db ; R2 = 0.87 (10)

θu = –0.1174 + 0.00367nb + 0.00275db ; R2 = 0.34 (11)

Figure 17. A Proposed Moment-Rotational Stiffness for Beam-
To-Column Red Meranti (Shorea spp.) Timber Joints.

Equations 8 to 11 and the proposed bilinear moment-
rotational model as shown in Figure 17 can be used in the 
design of the moment-rotational stiffness of the beam-to-
column red meranti (Shorea spp.) timber joints. The results 
of this research are the proposed empirical value of My, 
Mu. θy has a high R-square or R2 value of more than 0.8. 
While for the θu parameter, has a low R2 value of 0.34. 
R2 is a measure of how well a regression model explains 
the variation in the dependent variable. An R-square is a 

number that ranges from 0 to 1, 0 means the model doesn’t 
explain any of the variation in the dependent variable. 1 
means the model perfectly explains all the variation in the 
dependent variable. This trend shows that the moment ca-
pacity of the beam-to-column joint can be predicted well 
using these proposed empirical equations.

Modeling and analysis of 3-dimensional wooden 
structure systems with frame types is generally carried 
out using numerical method-based software. Numerical 
methods are commonly used to predict the behavior of 
structural components, connections or joints, and the struc-
ture as a whole, with the aim of obtaining efficient design 
results [38,39]. One aspect of modeling and numerical testing 
of wooden frames is the connection stiffness parameter [40].  
Likewise, for wooden structures with a combination of 
frame systems and infill walls, connection stiffness is also 
one aspect that must be considered [41].

However, this research used a limited number of 
specimens for each connection variation. Things that need 
to be considered are the type of red Meranti wood, the ten-
sile strength of the steel plate as a connecting plate, and the 
tensile strength of the bolts in this research using certain 
standards based on the results of mechanical property tests. 
Using only one specimen per configuration is a limitation 
that affects statistical reliability.

5. Conclusions

Results obtained from this research propose an em-
pirical equation to predict the moment capacity for red 
Meranti (Shorea spp.) timber joints with variations in bolt 
diameter size and number of bolts, namely My with R2 
of 0.86 and Mu with R2 of 0.89. These results indicate a 
strong relationship between moment capacity, bolt diame-
ter size, and number of bolt variables in a statistical model. 
The empirical equation to calculate the rotational stiffness 
at yield conditions (θy) has an R2 of 0.87, while at ultimate 
conditions (θu) it has a very low R2 of 0.34. In the design 
context, the parameters used are at elastic limit range con-
ditions, so that the My and θy parameters can be used be-
cause these two parameters have very high R2 values.

Joint connections with bolted fittings provide the ef-
fect of ductile behavior. The ductile beam-to-column joint 
connection model is suitable for use in earthquake-resistant 
multi-storey wooden buildings. The results obtained from 
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this research, which are the proposed bilinear moment-
rotational stiffness relationship curve model for beam-
to-column red meranti (Shorea spp.) timber joints, can 
provide benefits in modeling and analyzing the structure of 
multi-storey wooden buildings, especially in modeling pa-
rameters of spring element for beam-to-column joint con-
nections of red meranti (Shorea spp.) timber. The results of 
the research show that the number of bolts has a significant 
effect on the beam-to-column joint, namely the non-linear 
moment and rotational capacity increases. The cross-sec-
tional area of   the bolt has a significant effect, so that bolts 
with a diameter of 12mm have a much higher moment and 
rotational capacities than bolts with a diameter of 10mm 
and 8mm.

The results of the empirical equation proposed in this 
study still have limitations, namely the potential for varia-
bility. For further research in the future, it is recommended 
to use a larger number of specimens. Research on different 
wood species also needs to be conducted to investigate the 
behavior of the wood joints.
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