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ABSTRACT: In this study, a glued-laminated timber (GLT) was reinforced with a steel plate and inclined screws, and 
its bending performance was analyzed. In a total of 8 GLTs, 3 GLTs were not reinforced (control group) and 5 GLTs 
were reinforced with steel plates (comparison group). The size of GLT was 80 mm (width) × 120 mm (thickness) × 2400 
mm (length). The GLT in the comparison group, a steel plate (SPHC-P, yield strength: 227 MPa, modulus of elasticity 
166.33 GPa) was installed with screws ( 9x160mm, 45°). The deflection and load of specimens were measured by a 
third-point bending test to derive their bending stiffness and load-carrying capacities. As a result of the experiment, all 
specimens in the control group showed brittle tensile failure, but all specimens of the comparison group showed ductile 
behavior and maintained a load-bearing capacity of about 30 kN. After the compression failure of the GLT, there was no 
damage to the screw connection while the steel plate was extended. Therefore, the screw connection sufficiently supported 
the shear force generated between GLT and steel plate, and the steel plate reinforcement completely changed the GLT 
behavior. 
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1 INTRODUCTION 789 
Glued-laminated timber (GLT) and steel are structural 
building materials used in dry construction and 
recyclable. Both materials are cut or drilled in the factory 
using CNC cutting machines, so the machining precision 
is high and the machining error is small. 
 
Several hybrid beams have been developed with GLT and 
steels. When the GLT are reinforced by steel, the bending 
performance of the GLT beam is improved and the 
deviation is reduced (André, Alan, 2006). Generally, the 
two meterals are glued with an adhesive, but it is not easy 
to maintain the adhesive performance enough to resist a 
large external force. 
 
In this study, a new GLT and steel composite beam was 
designed which were mechanically joined using screws 
instead of bonding. The bending performance and failure 
modes of the mechanically connected GLT and steel 
beams were analyzed. 
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2 MATERIALS AND METHODS 
2.1 SPECIMENS 
Figure 1 shows the cross section of GLT and the 
combination of lamina. One lamina grade (E9) was used, 
and the modulus of elasticity (MOE) of that grade was 
greater than 9 GPa. The size of GLT was 80 mm (width) 
× 120 mm (thickness) × 2400 mm (length).  
For GLT-steel beam specimens, a steel plate (SPHC-P, 
yield strength: 227 MPa, modulus of elasticity 166.33 
GPa) was installed with screws ( 9x160mm, 45°). 
 

 
(a) GLT 

 
(b) GLT-steel 

Figure 1: Cross section of GLT and GLT-steel specimen 
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2.2 BENDING TEST 
The deflection and load resistance of specimens were 
measured by a third-point bending test to derive their 
bending stiffness and load-carrying capacities (Figure 2). 
 

 

Figure 2: Cross section of GLT and GLT-steel specimen 

Figure 3 shows the total thickness, neutral axis, and 
maximum load resistance of the specimen according to 
the thickness of the steel plate reinforcing the GLT. When 
GLT was reinforced with a steel thickness of 3 mm or less, 
the maximum load of the beam was governed by the 
tensile failure of the steel plate. However, when GLT was 
reinforced with a steel thickness of 4 mm or more, the 
maximum load of the beam was governed by compression 
failure of wood. Thus, in this study, when GLT was 
reinforced with a 4mm thick steel plate, it was checked 
whether or not compression failure of wood occurred. 

 

 

Figure 3: Thickness of beam, neutral axis, and maximum load 
resistance by steel plate thickness 

 
3 RESULTS AND DISCUSSION 
Figure 4 shows the failure mode of the non-reinforced 
GLT specimen. All specimens were broken around the 
knot in the tensile zone. At the time of failure, the load 
resistance dropped sharply as shown in Fig. 5. This brittle 
failure is a typical failure mode of GLT or wood in 
bending tests. 
 
In the case of non-reinforced GLT, the bending stiffness 
was about 0.16×1012 N/mm2 and the maximum load was 
28.2 kN, which was determined by brittle failure.  

 

 
 

 
 

 

Figure 4: Failure mode of the non-reinforced GLT specimens 
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Figure 5: Load-displacement curve of the non-reinforced GLT 
specimens (three specimens) 

 

Figure 6: Bending stress distribution of non-reinforced GLT 
specimens at the maximum bending moment 

Figures 7 through 9 show the failure mechanism of the 
reinforced GLT specimens. In two of the five specimens, 
tensile failure occurred first at the finger joint (Fig. 7a) or 
knot (Fig. 8a) of GLT. The finger-joint and knots are the 
main factors causing the strength reduction (Pang et al. 
2011, 2018, 2021; Pang and Jeong 2019). Unlike the non-
reinforced GLT, compression failure occurred at the top 
of the GLT (Fig. 7b and Fig. 8b) and large deformation 
occurred (Fig. 7c and Fig. 8c).  
 
In three of the five specimens, compressive failure 
occurred first at the top of the GLT (Fig. 9a). After that, 
tensile failure occurred at the knot, but the tensile failure 
of the specimens did not lead to rapid brittle failure. The 
specimens showed ductile behavior due to the elongation 
of the steel plate. The elongation of the steel plate shows 
that the screw connection sufficiently supported the shear 
force between GLT and the steel plate.  
 

 
(a) Tensile failure at finger joint of GLT 

 

 
(b) Compression failure on top of GLT 

 

 
(c) Tensile Large deformation 

 
Figure 7: Fracture mechanism of reinforced GLT in which 
tension failure (finger joint) of GLT occurs firs 
 
 

 
(a) Tensile failure at knot of GLT 
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(b) Compression failure on top of GLT 

 

 
(c) Large deformation 

 
Figure 8: Fracture mechanism of reinforced GLT in which 
tension failure (knot) of GLT occurs first  
  

 
 

 
(a) Compression failure on top of GLT 

 

 
(b) Tension failure on bottom of GLT 

 

 
(c) Large deformation 

 
Figure 9: Fracture mechanism of reinforced GLT in which 
compression failure of GLT occurs first 

 
Figure 10 shows the load-displacement curve of the 
reinforced GLT specimens. Unlike the non-reinforced 
GLT, the reinforced GLT did not lose its load-carrying 
capacity significantly after the initial failure and 
maintained a load-carrying capacity of approximately 30 
kN. The maximum load-carrying capacity was higher in 
the case where the compression failure occurred first (48 
kN to 51 kN) than in the case where the tensile failure 
occurred first (32 to 38 kN). This shows that the tensile 
part (bottom of GLT) contributes to the load-carrying 
capacity of the reinforced GLT until the tensile failure 
occurred. The bending stiffness was also improved by 
about 64% from 0.161 to 0.265 ×1012 N/mm2 by the 
reinforcement, and the coefficient of variation decreased 
from 0.056 to 0.03. 
 
There was no screw damage while the steel was extending. 
This means that the screw connection supported the shear 
force generated between the wood and the steel plate. 
 

 

Figure 10: Load-displacement curve of the GLT specimens 
reinforced with a 4mm thick steel plate (five specimens) 
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As mentioned above, the reinforced GLT beam 
continuously supported a load of about 30 kN while 
undergoing large deformation. Figure 11 shows the 
bending stress distribution of reinforced GLT by elastic 
analysis (Eq. 1). The maximum bending stress acting on 
the steel plate (466.3 MPa, Fig. 11(a)) exceeds the yield 
strength of the used steel plate (227 MPa). This means that 
the steel plate was in a plastic state, and plastic analysis is 
required. 
 

                       (1) 
where  is the bending stress in the elastic analysis 
(MPa),  is the elastic modulus of i material (MPa), and 

 is the strain of i material. 
 
 
Figure 11(b) shows the bending stress distribution of 
reinforced GLT considering the plasticity of the GLT and 
steel. The maximum bending moment of the reinforced 
GLT can be predicted by Eq. 2. Equation 2 consists of 
three terms. The first term is the plastic bending moment 
in GLT, the second term is the elastic bending moment in 
GLT, and the third term is the plastic bending moment of 
the steel plate. In the compression test of wood, the load-
displacement curve shows a ductile behavior in which the 
strength decreases slowly as the wood wrinkles after the 
maximum load (Pang and Jeong 2018). For plastic 
analysis of reinforced GLT, the load-displacement curve 
of GLT in compressive stress was idealized as an elastic-
plastic curve. Among the reported experimental data 
(Pang and Jeong 2018; Park et al. 2010), the compressive 
strength (58.8 MPa) of wood with similar elastic modulus 
in the same species was regarded as the yield strength of 
GLT,  
 

,,

,

     (2) 
where  is the maximum bending moment (kN m), 

 is the distance between the top surface and the neutral 
axis of the composite section (mm), ,  is the height of 
the compressive zone in GLT (mm), ,  is the 
compressive strength of GLT (MPa),  is the distance 
from the neutral axis of the composite section (mm),  is 
the distance between the bottom surface and the neutral 
axis of the composite section (mm),  is the thickness 
of steel plate (MPa),  is the elastic modulus of GLT 
(MPa),  is the strain of GLT, and  is the yield 
strength of steel plate (MPa). 
 

 
(a) Elastic analysis (bending stress exceeds the yield strength 
(227 MPa) of the steel) 

 
(b) Elastic-plastic analysis  
 
Figure 11: Bending stress distribution of the reinforced GLT 
specimen at the maximum bending moment 
 
 
Figure 12 shows the bending stress distribution of the 
reinforced GLT when the steel and timber in compressive 
zone reach plastic state. The compressive force acting on 
the upper part of the GLT and the tensile force by the steel 
plate are equal. Thus, the height of the compressive zone 
in the reinforced GLT can be calculated by Eq. 3. Figures 
12 (a) and (b) show when the maximum stress of steel 
reached the yield strength (227 MPa) and the tensile 
strength (345 MPa) of the steel plate, respectively. When 
the maximum stress of the steel from yield strength to 
maximum tensile strength increased the height of the 
compressive zone in the reinforced GLT also increased. 
 
The bending moment and the load-carrying capacity of 
the reinforced GLT can be predicted by Eq. 4, and Eq. 5, 
respectively. The predicted load-carrying capacity of 
reinforced GLT was 21,845 N by applying yield strength 
of steel (227 MPa) and 32,035 N by applying yield 
strength of steel (345 MPa). Figure 10 shows the load-
carrying capacity predicted by Eq. 5 together with the 
experimentally measured load-displacement curve. The 
load capacity predicted by the tensile strength of the steel 
was similar to the maximum load capacities at the plastic 
condition of the test specimens. This indicates that the 
steel plate almost reached its maximum tensile strength. 
In addition, all of the load capacities of the test specimens 
were higher than the load predicted by the yield strength 
of steel. Therefore, the bending moment of GLT 
reinforced by steel plate can be safely designed with the 
yield strength of steel.  
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,
,

                         (3) 

,  is the the height of the compressive zone in GLT 
(mm),  is the yield or tensile strength of steel plate 
(MPa),  is the thickness of steel plate (MPa), and 

,  is the compressive strength of GLT (MPa). 
 

,     (4) 
where  is the predicted bending moment (kN m), 

 is the yield or tensile strength of steel plate (MPa),  is 
the width of steel plate (mm),  is the thickness of 
steel plate (mm), h is the height of reinforced GLT (mm), 
and ,  is the height of compressive zone in GLT 
(mm). 
 
 

2                    (5) 
where  is the predicted load-carrying capacity of 
reinforecd GLT (kN),  is the predicted bending 
moment (kN m), and  is the the distance between the 
load position and support position (mm). 
 

 
(a) Bending stress distribution at the yield strength (227 

MPa) of the steel plate 
 

 
(a) Bending stress distribution at the tensile strength (345 
MPa) of the steel plate 
 
Figure 12: Bending stress distribution of the reinforced GLT 
specimens at the plastic state 
 
 
4 CONCLUSIONS 

1. The load resistance of non-reinforced GLT decreased 
to zero after brittle failure in the tensile side of the 
GLT. However, the reinforced GLT specimen 
showed ductile behavior even after GLT failure and 
maintained a load resistance of about 30 kN during 

large deformation. The bending stiffness was also 
improved by about 64% from 0.161 to 0.265 by the 
reinforcement. 

2. The prediction model for the load-carrying capacity 
of the reinforced GLT was developed based on the 
compressive strength of wood and the yield strength 
of steel. The experimentally measured load capacity 
of the beam was higher than the load predicted load 
capacity. Therefore, the load and bending moment of 
the reinforced GLT can be designed with the 
compressive strength of wood and yield strength of 
steel. 

3. The GLT and steel plate were mechanically 
connected using only inclined screws without the use 
of any adhesives. The resistance of the screw 
sufficiently supported the shear forces so that the 
steel plate can perform plastic behavior after 
yielding. This study shows the possibility of non-
adhesive composite beam, and additional research to 
optimize the mechanical connection is needed. 
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