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Abstract: 

This study investigates the enhancement of the structural performance of hybrid glulam beams 

through a stress-localized stiffness strategy. The beams are manufactured from Eucalyptus 

globulus (EG, Spanish-Galician hardwood) and Populus euramericana (MC, Mediterranean 

clone) and exhibit longitudinal and transverse variability in lamella stiffness. An integrated 

experimental-numerical approach is used, in which high-stiffness boards are selectively placed 

in the most highly stressed outer regions of the beam. Single-species and hybrid beams were 

characterized by non-destructive evaluation and four-point bending tests according to the 

European standard for mechanical characterization of glued-laminated beams UNE-EN 408. A 

three-dimensional finite-element model incorporating contact and cohesive-zone interfaces 

was developed to predict the global modulus of elasticity, accounting for longitudinal and 

transverse variability of lamella stiffness.  

Results show that a stress-localized enhancement strategy-placing high-stiffness eucalyptus 

boards only in outer critical regions (12.5% of total beam volume) increases the global modulus 

of hybrid beams by up to 23%, reaching 97% of the stiffness of pure eucalyptus while reducing 

density by up to 33%. The enhanced configuration refines conventional hybrid layouts (stiff 

outer lamellae combined with a low-density core), by upgrading the outer lamellae only in the 

regions of maximum bending stress, instead of applying global hybridization along the entire 

member.  

Keywords: 

Enhanced design, hybrid glulam beams, Eucalyptus globulus, Populus euramericana, selective 

lamella placement, finite element method, cohesive bonded interfaces, non-destructive 

testing 

1. Introduction  
Timber has experienced a resurgence as a structural material in recent decades, driven largely 

by its sustainability attributes, including low environmental impact, carbon sequestration 

capability, design versatility, and a favorable strength-to-weight ratio [1–4]. Despite these 

advantages, the systematic utilization of fast-growing hardwoods, especially Populus 

euramericana MC clone MC and Eucalyptus globulus EG, remain relatively underexplored, as 

does their hybridization potential for structural use [5,6]. 



Glued laminated timber (glulam) beams have demonstrated exceptional versatility, providing 

significant advantages over solid sawn timber [7–9]. As a high-performance structural solution, 

glulam enables the combination of different wooden lamellae selected on the basis of strength 

and stiffness [10–13]. This practice yields enhanced homogeneity in mechanical properties by 

removing defects and using finger joints, making it possible to fabricate long-span beams and 

enhance resource utilization by combining lamellae of various grades [14–16]. Thus, glulam 

technology constitutes an innovative strategy to enhance both the structural and economic 

performance of engineered wood, leveraging the unique benefits of each species. 

Historically, glulam production has relied on species with superior mechanical properties, such 

as eucalyptus, valued for their high strength and stiffness  [17–19]. The rising demand for timber 

has stimulated research into fast-growing species like poplar (Populus euramericana, clone MC) 

[19,20]. In this context, hybrid glulam designs that combine wood species with contrasting 

mechanical properties and densities have attracted increasing attention [21]. Notably, recent 

research highlights the synergistic use of structurally robust hardwoods, like eucalyptus, 

together with fast-growing, low-density species such as improved clones of poplar, like MC 

clone. For example, Eucalyptus is typically classified as D40 or higher according to the standard 

UNE-338-2016 [22], exhibiting static moduli of elasticity greater than 20000 MPa and bending 

strengths around 70 MPa [23]. Conversely, poplar has historically been undervalued for 

structural uses due to its lower density and mechanical properties; however, its rapid growth 

supports its viability as a sustainable forestry resource [4,10]. In Spain, poplar is classified as T10, 

offering slightly lower stiffness (9000 MPa), but having a much lower density (370 kg/m³) and 

intermediate bending strength (50 MPa), making it attractive for the core layers of glulam 

beams. 

Numerous studies have examined the structural viability of poplar in glulam beams. For instance, 

in [27], despite its lower modulus of elasticity, poplar exhibits bending strengths comparable to 

or even higher than species such as spruce, particularly in laminated configurations. Local 

Spanish poplar clones show notable homogeneity and ductility compared to other construction 

species, such as pine, which tend to exhibit more brittle behavior, see [24]. Moreover, recent 

research into hybrid beams demonstrates that locating hardwood species (e.g., oak, beech, or 

eucalyptus) in the outermost lamellae (where maximum bending stresses occur) can offset the 

lower stiffness of poplar in the beam core without a major loss in overall element strength [25]. 

However, most of these concepts rely on global hybridization which implies assigning the high-

stiffness material to the full length of the outer lamellae, rather than tailoring the upgrading to 

the actual stress distribution along the member. This strategy enables the mechanical 

characterization of members with enhanced global modulus of elasticity and greater strength, 

while maintaining a reduced weight without diminishing load-bearing capacity. 

Previous studies have demonstrated the effectiveness of hybrid beams: selective lamella 

arrangement can improve bending strength by up to 20% [26,27], and similar enhancements 

have been documented by reinforcing poplar lamellae with carbon fibers  [28]. Non-destructive 

methods, such as longitudinal and transverse resonance testing, offer valuable correlations with 

static properties [29]; however, most prior studies have focused on softwood species. There 

remains a clear need for experimental and numerical research addressing hybrid beams that 

incorporate fast-growing hardwood species such as poplar. Additionally, while established 

standards guide glulam production, their adjustment for hybrid systems requires numerical 

models that account for the variable properties of constituent boards.  

 



Despite this progress, a notable research gap remains. Existing hybrid glulam studies have 

primarily focused on softwood or on hardwood-softwood combinations, with emphasis on 

symmetric lamella distribution. Very few studies on eucalyptus and poplar have been conducted 

and validated as a structural glulam material exhibiting high stiffness and strength [5,6]. 

Therefore, it remains underutilized in full-scale structural glulam beams. Moreover, the 

literature lacks research on: i) the specific combination of Eucalyptus globulus EG with Populus 

euramericana Mediterranean Clone MC; ii) selective placement strategies in which high-stiffness 

eucalyptus is concentrated only in high-stress regions while maintaining random distribution of 

constituent species in the remaining volume; and iii) integrated experimental-numerical 

validation combining non-destructive resonance tests NDT and four-point bending tests with full 

3D finite element modelling incorporating cohesive zone modelling of adhesive interfaces. This 

combination of material pairing, localized enhancement strategy, and methodological approach 

represents a substantive gap in engineered wood products. 

Therefore, the main objective of this study is targeted on the three previous research gaps by 

establishing a comprehensive methodology for the characterization, localized mechanical 

enhancement, and numerical modelling of hybrid glulam beams manufactured from Eucalyptus 

globulus EG and Populus euramericana MC clone. Through integrated experimental and 

numerical approaches, this work addresses: i) material pairing validation: investigating the 

mechanical performance of both single-species and hybrid-species beams using longitudinal and 

transverse resonance NDT combined with static four-point bending tests in compliance with 

UNE-EN 408 [30];  ii) stress-localized upgrading strategies that explicitly develop the 

conventional stiff-outside/soft-core hybrid layout by concentrating high-stiffness eucalyptus 

only in the high-stress regions of the outer lamellae, while keeping the remaining layout 

unchanged (instead of applying global hybridization along the full beam length), and reducing 

overall density; iii) integrated experimental-numerical framework: validating a three-

dimensional finite element model incorporating cohesive zone modelling CZM at adhesive 

interfaces and finger joints, capable of predicting global modulus of elasticity based on 

heterogeneous transverse and longitudinal distribution of individual lamella moduli. To enable 

a direct assessment against prior work, the performance of the enhanced hybrid configuration 

is discussed in relation to representative hybrid-glulam strategies reported in the literature, 

which commonly rely on full-length upgrading of the outer layers (global hybridization) or on 

alternative reinforcement concepts. A graphical overview of the integrated experimental-

numerical workflow adopted in this study is provided in Figure 1. 

 

Figure 1: Integrated experimental-numerical framework workflow: NDT-based board grading, beam manufacturing 

(EG-C, EG-MC_C, EG-MC_E), NDT-based beam tests, four-point bending tests (UNE-EN 408), and 3D FEM with 

cohesive interfaces for validation and parametric characterization. 

This work is structured as follows: Section 2 presents the materials and experimental 

methodology, detailing mechanical characterization, beam manufacturing, and both non-



destructive and static testing. Additionally, it introduces the finite element model with cohesive 

interfaces for estimating the modulus of elasticity of the hybrid beams. Experimentation and 

analysis of results in Section 3 evaluate the influence of beam configuration and the localized 

enhancement of outer lamellae. The section concludes by demonstrating that the selective 

placement of high modulus eucalyptus boards allows for the production of hybrid beams with a 

modulus of elasticity similar to that of pure eucalyptus beams, but with a lower total weight. 

2. Materials and methods 

2.1. Origin, sawing, and drying of timber 
For the manufacturing of both single-species and hybrid glulam beams, two locally sourced 

wood species were employed: Eucalyptus globulus EG and Populus euramericana, clone MC. The 

poplar timber was extracted from the MC clone cultivated in the Vega of Granada (Granada, 

Spain), while the eucalyptus EG was sourced from the northern regions of Lugo province (Galicia, 

Spain). Selected trees exhibited trunk diameters of 310 mm and 330 mm and respective ages of 

15 and 18 years for poplar and eucalyptus, respectively, ensuring materials of suitable maturity. 

The experimental campaign was executed in three consecutive phases: Phase I involved 

mechanical characterization of sawn timber; Phase II comprised the fabrication of control beams 

from both single-species and hybrid configurations; Phase III focused on the design and 

production of enhanced hybrid glulam beams. Phases I and II provided essential data on the 

post-gluing mechanical behavior and facilitated validation of the numerical modeling strategy. 

Based on these findings, hybrid eucalyptus-poplar beams were designed and manufactured in 

Phase III, with enhancement confined to the outer lamellae in the central regions (most stresses 

locations) via strategic selection of eucalyptus boards, while poplar boards were randomly 

distributed throughout the remaining cross-section and longitudinal extent. 

Timber processing was conducted at a local sawmill. Cross-sectional dimensions by phase were 

as follows: Phase I 85 × 145 mm²; Phases II and III 45 × 95 mm²; the length for all samples was 

standardized at 2500 mm. Following sawing, the timber was stored and air-dried under natural 

conditions for six months to achieve an average moisture content of 10 ± 2% accordin to UNE-

EN 13183-1 [31]. To mitigate biotic risks, all stock was protected from rainfall and direct sunlight 

throughout the drying period. 

2.2. Experimental testing  

2.2.1. Non-destructive testing: longitudinal resonance test 
The longitudinal resonance test enables the determination of the dynamic modulus of elasticity 

in the longitudinal direction MoEdyn,l by analyzing the natural vibration frequencies of the wood 

specimen. This method, see [32] for more details, is grounded on the principles of longitudinal 

vibration dynamics and assumes the geometrical and mechanical uniformity of the tested 

specimen. 

Free vibration is induced by a controlled impact with a hammer on one longitudinal end (see 

Figure 2 left), while the vibratory response is captured on the opposite end using a sensitive 

microphone (T-bone MM-1, Thomann). The resulting signal is processed via an oscilloscope 

(Picoscope® 4424, 80 Ms/s max sampling rate), interfaced with a computer, and subsequently 

analyzed using BING (Beam Identification by Non-Destructive Grading) software  [33]. 



 

 

Figure 2: Setup for non-destructive longitudinal resonance test (left) and transverse resonance test (right). 

The analysis identifies the first natural vibration frequency f₁, which is used to calculate the 

propagation velocity of the longitudinal wave V, as presented in Eq.1. In this expression, L 

represents the effective length of the specimen. Subsequently, the longitudinal dynamic 

modulus of elasticity MoEdyn,l is determined as a function of the material density ρ and the square 

of the propagation velocity V. 

𝑉 = 2 · L ⋅ 𝑓1 
 

𝑀𝑜𝐸𝑑𝑦𝑛,𝑙 = 𝜌 ⋅ 𝑉2 

 
(1) 

2.2.2. Non-destructive testing: transverse resonance test 
In the transverse resonance test, the same equipment and materials described in the previous 

section were used. The specimen was positioned edgewise on elastic supports placed at a 

distance equal to one third of the total span of the piece, as illustrated in Figure 2 (right). The 

test consisted of applying a controlled impact on the upper surface of the specimen, while the 

induced vibratory response was recorded by a microphone located at one end. This 

methodology is based on identifying the transverse resonance frequencies and applying 

Timoshenko beam theory to estimate both the transverse dynamic modulus of elasticity MoEdyn,t 

and the dynamic shear modulus Gdyn under free boundary conditions, see for more details of the 

method in [32]. The estimation of Gdyn is performed using the first-order solution for transverse 

vibratory motion, written in the linear regression form given in Eq. (2), where K is the shear 

coefficient (K=5/6 for rectangular cross-sections). In this formulation, Xn and Yn are mode-

dependent regression coefficients for each measured frequency fn that arise from the Hearmon 

linearization of the Timoshenko solution; they are computed from the specimen geometry. The 

explicit expressions of Xn and Yn, as well as the auxiliary functions and mode parameters required 

for their calculation, can be found in [36]. 

𝑀𝑜𝐸𝑑𝑦𝑛,𝑡

𝜌
=

𝑀𝑜𝐸𝑑𝑦𝑛,𝑡

𝐾𝐺𝑑𝑦𝑛
𝑋𝑛 + 𝑌𝑛  

(2) 

According to [32], the relative errors associated with the estimation of MoEdyn,t and Gdyn are 

maintained below 5% and 8%, respectively. 

2.2.3 Four-point bending test, calculation of bending strength, bending stiffness, and 
ductility 
Four-point bending tests were performed on sawn timber specimens and individual boards 

(Phase I), and glulam beams (Phases II and III) in accordance with the procedures outlined in the 

UNE-EN 408 standard [30]. The tests were performed on a MICROTEST® universal testing 

machine (model EM2/200), equipped with an electric actuator with a maximum load capacity of 

200 kN (see Figure 3 left and center). According to the standard, for a beam with width b and 

depth h, the support span l was set to 18 times the depth 18h, and the distance between the 



two load application points was set to 6h, ensuring symmetry. Thus, the distance from each load 

cell to the nearest support was also 6h (see Figure 3, right). 

 

Figure 3: Four-point bending test: boundary conditions and positioning of the deflection measurement equipment 

(right), sawn timber in board form (Phase I, center), glulam beams (Phase II, left). 

The static modulus of elasticity in bending MoEst and the maximum bending strength MoR were 

evaluated from the load-displacement curve F-w, in line with UNE-EN 408 [30] through the load 

cell and cable extensometer. For hybrid beams composed of lamellae with different moduli of 

elasticity, composite section theory was applied for the evaluation of MoR. In this case, the 

stress distribution depends on the stiffness distribution of the lamellae in the central section. By 

applying the transformed section method and Steiner’s theorem, the maximum bending 

strength MoRSteiner was calculated as: 

𝑀𝑜𝑅𝑆𝑡𝑒𝑖𝑛𝑒𝑟 =
𝐹𝑚𝑎𝑥𝑎

𝐼𝑡

ℎ

4
,       (3) 

where It is the moment of inertia of the homogenized section transformed to eucalyptus. The 

inertia It was calculated using Steiner’s theorem (parallel axis theorem), see Eq. (4) as:  

𝐼𝑡 = ∑ (
1

12
𝑛𝑚𝑒

𝑖 𝑏𝑡3 + 𝑛𝑚𝑒
𝑖 𝑏𝑡(𝑦𝑖 − 𝑦𝑔𝑐)2)

𝑁𝑡
𝑖=1 .       (4) 

Here, 𝑁𝑡 is the total number of lamellas, t is the thickness of each lamella, 𝑛𝑚𝑒
𝑖 = 𝑀𝑜𝐸𝑚

𝑖 𝑀𝑜𝐸𝑒⁄ is 

the homogenization coefficient between poplar and eucalyptus, ygc is the centroid of the 

homogenized section, and 𝑦𝑖 is the centroid position of each lamella. It is important to note that 

Steiner's theorem assumes perfect bonding and linear stress distribution until failure, 

representing an upper-bound theoretical estimate and not a failure criterion. 

During testing, strain gauges (HBM K-CLY4 series, 10 mm length) were mounted at mid-span on 

both the top surface (maximum compression zone) and the bottom surface (maximum tension 

zone). Bonding to the wood surface was carried out with X60 adhesive, formulated for porous 

materials and characterized by rapid curing. 

From the load-displacement curves, bending stiffness and ductility were derived. Two stiffness 

parameters were calculated following [34]: the elastic stiffness K1/3 and the ultimate stiffness 

Kqu. The former enables comparison of stiffness in the elastic range, while the latter evaluates 

the overall usable stiffness, especially when large deformations occur before failure. They were 

computed using Eq. (5): 

𝐾1 3⁄ =
𝐹𝑚𝑎𝑥

3𝛿1 3⁄
; 𝐾𝑞𝑢 =

𝐹𝑚𝑎𝑥

𝛿𝑚𝑎𝑥
,       (5) 

where 𝛿1 3⁄  and 𝛿𝑚𝑎𝑥 are the mid-span deflections at 33% and 100% of 𝐹𝑚𝑎𝑥, respectively. The 

difference between these two stiffnesses provides an indirect measure of the ductile or brittle 

behavior of the beam. Ductility Du was assessed according to EN 12512:2001/A1:2005 [35], and 



compared with alternative models in [36]. Ductility was calculated from the load-displacement 

curve, as given Eq. (6): 

𝐷𝑢 =
𝛿𝑚𝑎𝑥

𝛿𝑦
, 

      (6) 

where 𝛿𝑦 is the deflection at the yield limit. The determination of 𝛿𝑦 followed the procedures 

detailed in [28,36]. 

2.3. Numerical approach for the computation of the longitudinal modulus of 
elasticity of a glulam beam 
A comprehensive three-dimensional parametric finite element FEM model was developed, 

implemented in Abaqus  [37],  and parameterized via Python scripting  [38] to predict the global 

modulus of elasticity MoEFEM of glulam beams. The model represents the beam as an assembly 

of finger-jointed lamellae, where each board is assumed to behave as a linear elastic, orthotropic 

solid (see Figure 4).  The key input parameter of the model is the MoEst of each board, estimated 

from the NDT results using the MoEdyn,l-Moest conversion established experimentally (Figure 6 in 

subsection 2.4.1). This mapping enables the numerical model to reflect the mechanical 

variability of the beam.  

 

Figure 4: Four-point bending test finite element model of a glulam beam composed as an assembly of boards. 

Layout and boundary conditions. 

The cohesive formulation is applied at both glue lines and finger-joint interfaces, so that stiffness 

transfer and damage evolution are governed by the same traction-separation framework. 

Therefore, forming the structural composite. This is particularly important for hybrid beams with 

high stiffness contrast, where the integrity of the bonded interfaces controls whether localized 

stiffness upgrading can be effectively mobilized without premature loss of composite action. 

Damage initiation and progression at bonds are governed by cohesive zone modelling CZM 

within the FEM framework [37], leveraging the maximum stress as the failure criterion. 

The numerical boundary conditions replicate the UNE-EN 408 [30] four-point bending setup 

shown in Figure 4. Supports and load application points are represented by rigid cylinders of 30 

mm diameter, with steel plates (10 mm thickness, 80 mm length) introduced to avoid artificial 

local stress concentrations and mesh distortion. The load F is applied by prescribing vertical 

incremental controlled load at the loading cylinders (top cylinders) while constraining the rest 

of rigid-body degrees of freedom. For the support cylinders (bottom cylinders), their degrees of 

freedom are fully restrained. The restrictions for top and bottom cylinders are consistent with 

the experimental configuration.  

Meshing was conducted with four-node tetrahedral C3D4 elements, employing a refined mesh 

(mean element size: 0.8 mm) in regions surrounding finger joints and a coarser mesh (mean size: 

2.4 mm) in the remainder of the beam. Mesh density and geometry were validated via 

convergence analysis to ensure reliable and stable results for mechanical property estimation. 

During loading, the vertical displacement δ of the beam is continuously monitored. 



 

The global numerical modulus MoEFEM is derived from the simulated load-deflection F- δ 

response using the same elastic-range definition adopted in the experiments (Section 2.2.3). The 

deflection δ is evaluated at a control point located on the bottom face at midspan, consistent 

with the extensometer position shown in Figure 4. This ensures a direct and comparable 

experimental–numerical assessment of beam stiffness. 

2.3.1 Contact interface failure modelling (bond modelling)  
The integrity and failure of timber-to-timber bonded interfaces (including finger joints and 

lamella edges) were modelled by introducing cohesive contact zones within the FEM. The 

adopted cohesive zone model CZM simulates both the onset and evolution of interfacial damage 

using a bilinear traction-separation law. This approach, supported in the literature [39] and [40], 

is suitable when the adhesive layer is thin compared to member dimensions and when interface 

properties are reliably characterized. 

 

Figure 5: Cohesive zone model and corresponding parameters. 

Figure 5 illustrates the cohesive zone model CZM, which initially exhibits a linear elastic response 

up to a specified threshold of maximum nominal traction 𝑡0, determined by a strength-based 

criterion (damage initiation). Beyond this threshold, damage develops in accordance with a 

softening law, progressing until the interface is fully separated (debonding). The elastic response 

of the interface can be described as: 

𝑡 = {

𝑡𝑛

𝑡𝑠

𝑡𝑡

} = [

𝐾𝑛𝑛 0 0
0 𝐾𝑠𝑠 0
0 0 𝐾𝑡𝑡

] {

𝜀𝑛

𝜀𝑠

𝜀𝑡

} = 𝐾𝜀, 
      (7) 

where 𝑡 is the nominal traction vector, comprising normal and tangential 

components (𝑡𝑛, 𝑡𝑠, 𝑡𝑡). 𝐾 denotes the interface elasticity matrix, with normal and tangential 

stiffness parameters 𝐾𝑛𝑛, 𝐾𝑠𝑠, 𝐾𝑡𝑡, and 𝜀 is the strain vector, defined as (𝜀𝑛, 𝜀𝑠, 𝜀𝑡). Each strain 

component is given by 𝜀𝑖 =
𝛿𝑖

𝑇0
, where 𝑇0 is the interface thickness and 𝛿𝑖  is the corresponding 

relative displacement (or slip) across the interface. Initiation of damage is determined when the 

following criterion is satisfied: 

𝑚𝑎𝑥 {
𝑡𝑛

𝑡𝑛
0 ,

𝑡𝑠

𝑡𝑠
0 ,

𝑡𝑡

𝑡𝑡
0} = 1, (8) 



with 𝑡𝑛
0, 𝑡𝑠

0, 𝑡𝑡
0 representing normal and shear strengths. Damage evolution is characterized by 

a scalar variable 𝐷, which ranges from 0 (undamaged state) to 1 (complete failure). The stress 

in the traction–separation law is modulated by the extent of damage as follows: 

𝑡 = (1 − 𝐷)𝑡′ (9) 

where  𝑡′ denotes the effective traction in the undamaged state. 

Ultimate displacement values 𝛿𝑓  were sourced from published literature or determined via 

experimental calibration when direct measurements were not feasible. Interface stiffness and 

strength parameters were established based on the mechanical properties and thickness of the 

adhesive layer, as reported by the manufacturer. The effective displacement 𝛿𝑚, representing 

the progression of damage due to the combined normal 𝛿𝑛 and shear (𝛿𝑠, 𝛿𝑡) displacements at 

the interface (see Figure 5), is computed as: 

𝛿𝑚 = √𝛿𝑛
2 + 𝛿𝑠

2 + 𝛿𝑡
2.       (10) 

 

Numerical parameters 

The evaluation of the stiffness interface can be generally estimated based on the adhesive 

thickness and its mechanical properties. According to [41], the elastic parameters Knn, Kss, Ktt,  

can be calculated using the thickness tadhes, Young’s modulus Eadhes, and the shear modulus Gadhes 

of the adhesive, as given by Eq. (11): 

𝐾𝑛𝑛 =
𝐸𝑎𝑑ℎ𝑒𝑠

𝑡𝑎𝑑ℎ𝑒𝑠
; 𝐾𝑠𝑠 𝐾𝑡𝑡⁄ =

𝐺𝑎𝑑ℎ𝑒𝑠

𝑡𝑎𝑑ℎ𝑒𝑠
 .       (11) 

The adhesive thickness tadhes was set to 0.35 mm to provide sufficient interface stiffness for 

capturing the brittle debonding failure mode [42]. The adhesive used was LOCTITE® HB S109 

ECO PURBOND, according to [43] and [44], the  elastic modulus Eadhes was specified as 3600 MPa, 

the shear modulus Gadhes was estimated using the isotropic relationship Eadhes = 2 Gadhes (1 + νadhes), 

where Poisson ratio was 0.4, and the normal strength tn
0 was 12.1 MPa. The shear strengths 

(𝑡𝑠
0, 𝑡𝑡

0) were estimated in accordance with the Von Mises criterion for pure shear, i.e., 𝑡𝑠
0 =

𝑡𝑡
0 ≈ 𝑡𝑛

0 /√3 ≈ 0.577𝑡𝑛
0. The critical displacement at failure, 𝛿𝑓, could not be directly calibrated 

due to experimental limitations. Hence, a representative value was adopted from previous 

research on finger-jointed timber beams, setting 𝛿𝑓 = 0.020 mm for initial calibration. Table 1 

summarizes the cohesive interface parameters used for the numerical model. 

𝑡𝑛
0

 (N/mm2) 
𝑡𝑠

0 = 𝑡𝑡
0 

(N/mm2) 

δf  
(mm) 

Knn 
(N/mm2/mm) 

Ktt = Kss 
(N/mm2/mm) 

21.0 12.11 0.0235 10285 3673 

Table 1:  Interface parameters used in the numerical simulations: 𝑡𝑛
0, 𝑡𝑠

0, 𝑡𝑡
0 are the nominal interfacial strengths in 

the normal and shear directions; 𝛿𝑓  is the displacement at debonding; 𝐾𝑛𝑛, 𝐾𝑡𝑡, and 𝐾𝑠𝑠 refer to the normal, 

tangential, and radial stiffness values, respectively. 

2.4. Phase I: Mechanical characterization of sawn timber 
The vibration method described in Section 2.2.1 was employed to determine the distribution of 

the longitudinal dynamic modulus of elasticity MoEdyn,l for 362 EG and 522 MC boards. The Figure 

6 shows the distribution for both species. As expected, the modulus of elasticity for EG was 58% 

greater than for MC. The average MoEdyn,l values were 21578±3992 MPa and 9377±257 MPa for 

EG and MC, respectively. Confidence intervals calculated from the standard deviation were 



17952-25936 MPa and 9120-9634 MPa for EG and MC, respectively. From these populations, 35 

specimens of each species were randomly selected for detailed mechanical characterization. 

 

Figure 6: Distributions of NDT longitudinal modulus of elasticity MoEdyn,l for Eucalyptus globulus EG and poplar MC 

(Populus euramericana) for sawn timber. Dashed and dotted vertical lines represent mean and confidence intervals, 

respectively. 

Additionally, sawn timber was tested to characterize its stiffness, strength, and density 

properties. Table 2 summarizes the results, revealing that MoEdyn,l was 135% higher for EG 

compared to MC, while the static modulus MoEst was roughly 119% greater for EG, exhibiting 

similar trends in variability. The dynamic modulus typically exceeds the static modulus, as it does 

not account for interfacial effects and finger joints, a distinction more pronounced in MC. 

Concerning strength, EG exhibited a 40% higher bending strength MoR than MC, consistent with 

its classification as strength class D65 versus C50 for MC. In terms of tensile and compressive 

strength parallel and perpendicular to the grain (σt,0, σc,0, σc,90), EG outperformed MC by 200%, 

112%, and 118%, respectively, underscoring the superior load-bearing capacity of EG across 

different stress regimes. Additionally, the density of EG was found to be 120% higher than that 

of MC, attributed to its greater fiber compactness. 

Mechanical properties 
MC EG 

Difference 

respect MC 

Mean Mean (%) 

Stiffness properties (MPa)    

Dynamic  MoEdyn,l 21578 ± 3992 9377 ± 257 135 

Static MoEst 19556 ± 787 8942 ± 129 119 

Strength properties (MPa)     

Bending MoR 72 ± 10 51.5 ± 7 40 

Tension parallel σt,0 102 ± 26 34.1 ± 9 200 

Compression parallel σc,0 69 ± 8 32.5 ± 8 112 

Compression perpendicular  σc,90 6.3 ± 1.5 2.9 ± 0.1 118 



Density  (kg/m3)     

Density ρmean 813 ± 47 370 ± 40 120 

Table 2: Mechanical properties of sawn EG and MC: mean ± standard deviation and differences in % of moduli of 
elasticity, strengths, and density. 

 

2.4.1 Selection of boards for Phases II and III 
Based on the distribution of MoEdyn,l as presented in Figure 6 in Section 2.4, where the 

confidence intervals for each species were established, 95 and 125 boards of EG and MC, 

respectively, were randomly selected for the fabrication of control beams in Phases 2 and 3. 

After board selection, four-point bending tests within the elastic range were performed on 40% 

of the boards of each species according to UNE-EN 408:2011+A1 [30], to derive a conversion 

formula between the MoEdyn,l and the MoEst for EG and MC (see Figure 7, left and right). 

Consequently, the MoEst could be estimated for the remaining boards tested using NDT. This 

modulus represents the key input parameter in the numerical model described in Section 2.3. 

The results of the conversion formulas are presented in Figure 7, showing similar dispersion (R² 

= 0.69 for EG and R² = 0.74 for MC). 

 

Figure 7: Correlation between the longitudinal dynamic modulus of elasticity MoEdyn,l and static modulus of 

elasticity MoEst from board bending for boards of EG (left) and MC (right). The fitted regression is applied for the 

conversion used to assign board-level stiffness properties in the numerical model. 

 

2.5 Phase 2: Manufacturing of single-species and hybrid (control) glulam beams 
Using the boards selected in subsection 2.4.1, a total of 30 finger-jointed glulam beams were 

manufactured. Of these, 20 were single-species control beams, with 10 fabricated from MC 

poplar (control beams MC-C) and 10 from EG eucalyptus (control beams EG-C). Additionally, 10 

hybrid eucalyptus–poplar beams were produced, with 5 employed as control configurations 

(control beams EG-MC_C) and 5 as enhanced configurations (enhanced beams EG-MC_E). 

Each beam had a cross-section of 75 mm (width) × 150 mm (depth), a length of 3000 mm, and 

consisted of six lamellas with a thickness of 25 mm. Finger joints had a length of 15 mm and a 

pitch of 4 mm, conforming to geometric specifications in Annex I of UNE-EN 14080 [45]. Final 

boards of 750 mm and 1125 mm in length were obtained by cutting the original 2500 mm 

boards. Figure 8 illustrates the arrangement of joints and the final beam configuration. 



 

Figure 8: Final configuration, dimensions of the glulam beam, and positions of joints. Dimensions in mm 

All beams were assembled and machined to meet UNE-EN 14080 [45] requirements. Bonding 

was performed according to Annex I, utilizing polyurethane adhesive (Loctite HB S709 

PURBOND), applied under controlled laboratory conditions (ambient temperature 20°C, relative 

humidity 65%). The beams were pressed using a Stromab SL2-3000, maintaining a pressure of 

10 N/mm² at finger joints according to UNE-EN 14080 [45] Annex I, and 0.8 N/mm² between 

lamellas as prescribed by the manufacturer of the adhesive. Wood moisture content was closely 

monitored and kept at an average of 10 ± 1%. Bending tests on finger joints indicated a minimum 

strength of 52.8 MPa for EG. All manufacturing steps occurred at the UIMA laboratory, 

University of Granada. 

2.6.  Phase 3: Design and manufacturing of enhanced hybrid glulam beams  
Taking into account the dimensions and the placement of the boards and lamellas defined in 

Section 2.5, the numerical model was assigned the static modulus of elasticity MoEst of each 

board of the glulam beam, estimated through the conversion formula from Figure 7. From the 

load-displacement relationship of the simulation, the numerical modulus of elasticity MoEFEM 

corresponding to the beam was obtained according to the guidelines defined in subsection 2.2.3. 

The main objective was to increase the MoEst of the hybrid beams EG-MC_C, whose average 

value was 15802 ± 854 MPa, a value which, according to EN 14080 [45], corresponds to GL32c, 

already considered high. The strategy proposed in this work aims to raise the modulus of 

elasticity of the hybrid EG-MC_C beams to a level comparable to that of the single-species EG-C 

beams. To this end, the enhanced hybrid configuration EG-MC_E is designed as a direct 

refinement of the conventional hybrid control layout EG-MC_C: the same cross-sectional 

arrangement is maintained, with stiff outer eucalytus lamellae and a poplar core. The only 

change is a stress-localized upgrading of the outer layers, whereby the eucalyptus boards with 

high MoEst are assigned to the central longitudinal region of the outer lamellae, where bending 

stresses are maximal (upper and lower boards highlighted in green in Fig. 9, top), while the 

remainder of the beam is left unchanged. This means that selection was applied only to 12.5% 

of the total volume of the beam, while the rest of the boards (MC in grey and EG in brown) were 

kept randomly arranged. This hypothesis was validated by numerical simulation (see Figure 9, 

bottom). 

 

Figure 9: Distribution of timber species within the enhanced hybrid glulam beams EG-MC_E (top). Regular 

eucalyptus EG and poplar MC boards are represented in brown and grey, respectively. Boards of eucalyptus EG with 



elevated modulus of elasticity, corresponding to regions experiencing maximum stresses (red and blue, bottom)), 

located at the critical segments of the outer lamellae (tension and compression flanges), representing the 12.5% of 

the total beam volume. Dimensions in mm. 

3. Experimentation and analysis of results 

3.1 Testing and Results: Single-Species Control Glulam Beams (EG-C and MC-C) 
 

Non-destructive and destructive experimental analyses, complemented by numerical 

simulations, were performed on single-species control glulam beams manufactured exclusively 

from eucalyptus EG-C beams and poplar MC-C beams, with a sample size of ten beams per 

species. The evaluated mechanical properties included the longitudinal and transverse dynamic 

moduli of elasticity MoEdyn,l and MoEdyn,t, the static modulus of elasticity MoEst, the finite 

element-derived modulus of elasticity MoEFEM, the elastic K1/3 and ultimate Kqu stiffness, the 

ductility index Du, the flexural strength MoR, the density ρ, and the corresponding strength class 

SC, for EG-C and MC-C beams, respectively. Summary data presented in Tables 3 and 4 clearly 

indicate the superior mechanical performance of EG-C beams over MC-C beams, particularly in 

terms of stiffness and strength parameters. 

For the EG-C and MC-C control beams, the main mechanical parameters obtained from the tests 

are summarized as follows. The mean static modulus of elasticity MoEst reached 19556 ± 787 

MPa and 9245 ± 284 MPa, while the bending strength MoR averaged 72 ± 10 MPa and 49 ± 7 

MPa, and the mean density ρ was 813 ± 47 kg/m³ and 389 ± 3 kg/m³, respectively. According to 

UNE-EN 14080 [45], these results correspond to strength classes GL32h and GL20h for the EG-C 

and MC-C beams, respectively. The characteristic bending strength values according to UNE-EN 

384 [46] were 55 MPa and 33 MPa for single-species EG and MC glulam beams, respectively; 

both consistent with the GL32h and GL20h strength classes mentioned above. It should be noted 

that standardization for hardwood glulam, such as Eucalyptus globulus, is still under 

development. 

Beams 

EG-C 

MoEdyn,l 

(MPa) 

MoEdyn,t 

(MPa) 

MoEst 

(MPa) 

MoEFEM 

(MPa) 

K1/3 

(kN/m) 

Kqu 

(kN/m) 
Du 

MoR 

(MPa

) 

ρ 

(kg/m3) 
SC 

Mean 21944 20635 19556 20487 (+5%) 1289 1223 1.07 72 813 GL32h 

SD 551 1788 787 1541 59 99 0.07 10 47   

Table 3: Mean mechanical properties and standard deviation for EG-C control glulam beams. 

Beams 

MC-C 

MoEdyn,l 

(MPa) 

MoEdyn,t 

(MPa) 

MoEst 

(MPa) 

MoEFEM 

(MPa) 

K1/3 

(kN/m) 

Kqu 

(kN/m

) 

Du 
MoR 

(MPa) 

ρ 

(kg/m3) 
SC 

Mean 9499 9325 9245 9788 (+6%) 642 560 1.17 49 389 GL20h 

SD 212 224 284 665 28 27 0.08 7 3   

Table 4: Mean mechanical properties and standard deviation for MC-C control glulam beams. 

The values obtained through non-destructive tests are slightly higher than those from 

destructive tests, since the former do not take into account the influence of inter-lamella 

interfaces and finger joints. A similar conclusion is reached when comparing with the modulus 

calculated through the numerical formulation MoEFEM, which shows values close to or slightly 

higher than MoEst (see the percentage differences in the table column). When comparing both 



beam types, EG-C beams show higher values than MC-C beams in elastic moduli, stiffness, and 

MoR, although their ductility Du is lower, as is the difference between K1/3 and Kqu, which 

indicates their brittle behavior. Standard deviations are lower for MC-C beams due to the greater 

homogeneity of the wood. The density of EG-C beams is 108% higher than that of MC-C beams. 

These results are consistent with the mechanical properties of the constituent sawn timber 

described in Section 2.4 and confirm the higher performance of eucalyptus compared with 

poplar. 

Figure 10 (left) shows the envelope and mean load-displacement relationships of the bending 

tests of the 10 beams, corresponding to the EG-C (blue) and MC-C (green) beams series, 

respectively. In addition, Figure 10 (right) shows the stress-strain relationships from the strain 

gauges in the tension zone. In both figures, it can be observed that the slope of the EG-C group 

is greater than that of the MC-C group due to its higher stiffness. The maximum load reached by 

EG-C was 60 kN, with a mean value of 55 kN, whereas MC-C reached a maximum load of 38 kN, 

with a mean value of 34 kN. However, in both figures, it is observed that the MC-C group exhibits 

ductile elastoplastic behavior compared to the brittle elastic behavior of the EG-C group. This 

observation has been validated by calculating the ductility of all beams tested according to the 

method specified in the standard in UNE-EN1995-1-1 [47]. Failure modes differed between the 

two species. EG-C beams predominantly failed by brittle tensile rupture at the bottom fibres and 

finger joints (Figure 11, left), characteristic of high-density hardwoods. MC-C beams, on the 

other hand, showed a more ductile behaviour, with progressive crack development (see Figure 

11, right) and local plasticization in the compression zone before final rupture (see plastic range 

in Figure 10, left). These findings establish the baseline performance of the two species in glulam 

form, providing reference values for comparison with the hybrid configurations analysed in 

subsequent sections. 

 

Figure 10: Load-displacement envelopes and mean values for MC-C (green) and EG-C (blue) beams (left). Tensile 

stress-strain diagrams (right) for EG-C (blue) and MC-C (green) beams. 

 

Figure 11: Failure in single-species beams tested under four-point bending: EG-C (left) and MC-C (right). 

 



 

3.2 Testing and Results: Hybrid Glulam Control Beams (EG-MC_C) 
 

Five hybrid glulam control beams EG-MC_C, assembled by randomly placing eucalyptus boards 

in the outer lamellae, were subjected to the same comprehensive suite of tests. Complete 

mechanical characterization was conducted using standardized destructive and non-destructive 

protocols, supplemented by numerical modeling. The mean mechanical properties, 

corresponding standard deviations and increments respect to MC-C and EG_C are summarized 

in Table 5, including dynamic and static moduli of elasticity, stiffness parameters, ductility, 

flexural strength, and density. These results serve as a benchmark for subsequent enhancement 

analyses, confirming intermediate mechanical performance between the single-species EG-C 

and MC-C beams. It is worth noting that the longitudinal dynamic modulus values are 

comparatively lower due to the limitations of longitudinal NDT in capturing hybrid behavior. 

When comparing the results for the hybrid beams in Table 5 with those of the single-species 

beams (see Tables 3 and 4), a clear intermediate mechanical behavior can be observed. The 

hybrid EG-MC_C beams achieved a 72% higher static modulus of elasticity MoEst compared with 

the MC-C beams, confirming the significant stiffness enhancement derived from the inclusion of 

eucalyptus in the outer lamellae. This improvement, however, remained below the level reached 

by the pure EG-C beams, as expected from the hybrid composition. Moreover, the hybrid 

configuration also exhibited significant increases in stiffness parameters K1/3 and Kqu of 67% and 

87%, indicating an effective transfer of mechanical performance between the constituent 

species. These results highlight the potential of mixed configurations for optimizing the balance 

between stiffness and weight in structural glulam elements. 

Beams 

EG-MC_C 

MoEdyn,l 

(MPa) 

MoEdyn,t 

(MPa) 

MoEst 

(MPa) 

MoEFEM 

(MPa) 

K1/3 

(kN/m) 

Kqu 

(kN/m) 
Du 

MoR 

(MPa) 

MoRSteiner 

(MPa) 

ρ 

 (kg/m3) 

Mean 13330 16922 15802 16048 1075 1048 1.05 56 67 516 

SD 223 702 854 381 46 60 0.03 6 7 19 

Inc. resp. 

MC-C 
40% 81% 72% 63% 67% 87% -10% 14% 37% 32% 

Inc. resp. 

EG-C 
-64% -22% -24% -28% -20% -17% -1.09 -29% -7% -58% 

Table 5: Mean mechanical properties and standard deviation for EG-MC_C control glulam beams. 

However, although the improvement is notable, the EG-MC_C beams still exhibited lower 

performance than the pure EG-C beams. The static modulus of elasticity MoEst and bending 

strength MoR were approximately 24% and 29% lower, respectively, accompanied by a 58% 

reduction in density, reflecting the trade-off between stiffness and weight. Failure patterns were 

consistent with the lamella arrangement, see Figure 12, showing brittle rupture at the 

eucalyptus finger joints and limited damage in the poplar core. 



 

Figure 12: Finger joint failure in hybrid glulam control Beams EG-MC_C tested under four-point bending. Brittle 

rupture at the eucalyptus finger joints and limited damage in the poplar core. 

3.3 Testing and Results: Enhanced Hybrid Beams (EG-MC_E) 
To bring the stiffness of the hybrid beams closer to that of single-species eucalyptus glulam, five 

enhanced hybrid beams EG-MC_E were manufactured using a stress-localized selection strategy. 

Specifically, the eucalyptus boards with the highest static modulus of elasticity, identified during 

the preliminary characterization from Figure 9, were assigned only to the central region of the 

outer lamellae, where bending stresses are maximal. This enhanced hybrid configuration does 

not introduce a new hybrid cross-section concept; but it refines the conventional hybrid layout 

by locally upgrading the outer layers while keeping the remaining lamella arrangement 

unchanged. This selective process involved only 12.5% of the total timber volume of each 

optimized beam.   

Before focusing on the enhanced series, it is worth noting a dataset-level finding that supports 

the use of transverse resonance in this study. Across the complete set of 30 tested beams, the 

correlation between the transverse dynamic modulus of elasticity MoEdyn,t and the static 

modulus MoEst is markedly stronger than that obtained from longitudinal resonance, see Figure 

13 (left and right), with R2=0.76 for MoEdyn,l and R2=0.92 for MoEdyn,t. This indicates that, in mixed 

beams where stiffness varies across the section and along the length due to lamella 

heterogeneity and joints, transverse vibration is more sensitive to the composite response of 

lamellae with contrasted moduli. Consequently, MoEdyn,t provides a more representative non-

destructive estimate of global beam stiffness for hybrid glulam configurations. 

 

Figure 13: Correlation and interval of confidence for MoEdyn,l vs MoEst (left) and for MoEdyn,t vs MoEst for all species 

using longitudinal (left) and transverse (right) resonance tests. Where it can be appreciated the higher correlation 

for transverse tests. 

Table 6 lists the mean main mechanical properties, including the different moduli of elasticity, 

stiffness, ductility, bending strength, and density, together with their mean values, standard 

deviations and increments relative to MC-C, EG-C, and EG-MC_C. 



Beams 

EG-MC_E 

MoEdyn,l 

(MPa) 

MoEdyn,t 

(MPa) 

MoEst 

(MPa) 

MoEFEM 

(MPa) 

K1/3 

(kN/m) 

Kqu 

(kN/m) 
Du 

MoR 

(MPa) 

MoRSteiner 

(MPa) 

ρ 

(kg/m3) 

Mean 14786 18004 19042 19795 1221.8 1158.8 1.08 53 64 545 

SD 405 880 202 459 8.8 42.9 0.05 11 12 24 

Inc. resp. MC-C 56% 93% 106% 102% 90% 107% -8% 8% 31% 40% 

Inc. resp. EG-C -33% -13% -3% -3% -5% -5% 1% -26% -11% -33% 

Inc. resp. EG-MC_C 11% 6% 20% 23% 14% 11% 3% -5% -4% 5% 

Table 6: Mean values of MoEdyn,l, MoEdyn,t, MoEst, MoEFEM, MoR, MoRSteiner, density, and strength class of enhanced 

hybrid beams EG-MC_E. Increments with respect to MC-C, EG-C, and EG-MC_C. 

The improvement achieved in the enhanced hybrid configuration is reflected in all elasticity 

parameters when compared with the non-enhanced hybrid beams EG-MC_C: the longitudinal 

dynamic modulus of elasticity MoEdyn,l increased by 11%, the transverse dynamic modulus 

MoEdyn,t by 6%, the static modulus of elasticity MoEst by 20%, and the numerical modulus 

obtained from the finite element model MoEFEM by 23%. These increments confirm a consistent 

improvement in both dynamic and static stiffness behavior. Furthermore, stiffness parameters 

increased by 14% in K1/3 and 11% in Kqu, while bending strength showed a slight reduction (5% 

for the homogeneous and 4% for the hybrid hypothesis). The density remained statistically 

unchanged, confirming that a successful selective enhancement was achieved without altering 

the overall material distribution.   

Table 7 summarizes the mean results for all configurations. The enhanced configuration 

demonstrates superior material efficiency compared to both regulatory requirements and 

previous hybrid designs documented in the literature. European standards UNE-EN 14080 [45] 

require outer lamellae to constitute more than the 17% of beam depth, equivalent to more than 

the 28% of total beam volume for typical 6-lamella configurations. Previous hybrid studies [5,27] 

positioned high-performance timber throughout entire outer layers (28-33% volume). In 

contrast, the present strategy restricts high-stiffness eucalyptus boards to only 12.5% of beam 

volume (the central longitudinal zones of outer lamellae where bending stresses peak) as 

identified by finite element stress analysis shown in Figure 9. This localized approach achieves 

97% of pure eucalyptus stiffness (19042 for EG-MC_E versus 19556 MPa for EG-C) with 62% less 

premium hardwood, translating to 33% density reduction (545 for EG-MC_E versus 813 kg/m³ 

for EG-C) and proportional reductions in material cost and embodied carbon. This establishes a 

resource-efficient design paradigm for hybrid timber systems, particularly relevant for contexts 

where high-quality hardwood availability is constrained. 

  MC-C EG-MC_C EG-MC_E EG-C 

Stiffness properties (MPa)  Mean Mean Mean  Mean 

Longitudinal dynamic 

modulus of elasticity  
MoEdyn,l 9499 ± 212 13330 ± 223 14768 ± 405 21944 ± 551 

Transverse dynamic 

modulus of elasticity 
MoEdyn,t 9325 ± 224 16992 ± 702 18004 ± 880 20635 ± 1788 

Static modulus of elasticity MoEst 9245 ± 284 15802 ± 854 19042 ± 307 19556 ± 787 

Numerical modulus of 

elasticity 
MoEFEM 9788 ± 665 16048 ± 674 19795 ± 459 20487 ± 1541 



Elastic stiffness K1/3 642 ± 28 1075 ± 46 1221 ± 8 1288 ± 58 

Ultimate stiffness Kqu 560 ± 27 1048 ± 60 1158 ± 42 1223 ± 98 

Ductility Du 1.17 ± 0.08 1.05 ± 0.03 1.08 ± 0.05 1.17 ± 0.08 

Strength properties (MPa)        

Bending MoR 49 ± 7 56 ± 6 53 ± 11 72 ± 10 

Bending MoRSteiner - 67 ± 7 64 ± 12 - 

Density  (kg/m3)        

Density ρ 389 ± 3 516 ± 19 545 ± 24 813 ± 47 

Table 7: Summary of mean mechanical properties of control and enhanced hybrid beams.  

Previous works on eucalyptus-poplar glued-laminated beams [5] reported elastic static moduli 

in the range of 10600-14600 MPa for mixed Populus-Eucalyptus series, with densities around 

424-489 kg/m³, while the poplar-only reference showed a mean elastic modulus 9640 MPa with 

density 385 kg/m³. In comparison, the present EG-MC_E enhanced beams reach MoEst of 19042 

MPa with density of 545 kg/m³, and they do so by upgrading only a small fraction of the member 

volume. 

Alternative improvement strategies for poplar glulam have relied on embedded carbon-based 

reinforcement, see [28]. For instance, the best-performing reinforced layouts reported static 

modulus of elasticity increases up to about 44% and bending strength increases up to about 33% 

relative to the unreinforced control, with representative values rising MoEst from 8150 MPa to 

11760 MPa and bending strength MoR from 43 MPa to 57 MPa. The present work achieves a 

comparable stiffness upgrade effect in hybrid beams. 

The FEM was validated against the complete dataset of 30 beams spanning MC-C, EG-C, EG-

MC_C, and EG-MC_E configurations. At the series level, mean MoEFEM reproduces mean MoEst 

with small deviations (see Figure 14), ranging from about 1.6% of EG-MC_C to about 5.9% of 

MC-C, with similarly low deviations for EG-C and EG-MC_E. This level of agreement supports the 

use of the cohesive FEM for reliable parametric characterization and for assessing localized 

upgrading strategies in high-contrast hybrid beams. 

 

Figure 14: MoEFEM versus MoEst for EG-C, EG-MC_C, and EG-MC_E beams. Error bars denote standard deviation. 

 



Overall, these results clarify the novelty of the enhanced configuration: it does not introduce a 

different hybrid cross-section but advances the conventional stiff-outside/soft-core concept into 

a stress-localized upgrading strategy. In other words, instead of global hybridization (assigning 

high-performance hardwood along the full length of the outer lamellae), the improvement is 

achieved by selectively upgrading only the most critical outer-lamella regions where bending 

stresses peak, while the remaining layout is left unchanged. 

Figure 15 shows the load-displacement curves (left) and the stress-strain diagrams (right) of the 

single-species EG-C beams (blue), the control hybrid EG-MC_C beams (magenta), and the 

enhanced hybrid EG-MC_E beams (yellow). Three groups of curves can be observed: EG-MC_C 

with the lowest mean slope; EG-C with the highest mean slope, but also with greater variability 

among beams; and EG-MC_E with a mean slope slightly lower than EG-C, but with less 

dispersion. In all cases, the behavior is brittle linear elastic with a very limited plastic range. 

Therefore, it is evident that the maximum load of the EG-MC_E beams (48 kN) is similar to that 

of the EG-MC_C beams (42 kN) and lower than that of the EG-C beams (58 kN). However, the 

dispersion in the EG-C beams is greater than in the EG-MC_E beams, due to the homogenizing 

effect of the MC lamellae. Failure occurs in the finger joint of the bottom eucalyptus lamella, see 

Figure 12. Consequently, the specimens exhibit low ductility as shown in Figure 15 (left and 

right). 

  

Figure 15: Load-displacement envelopes and mean values (left) from full-scale four-point bending tests (UNE-EN 

408) for EG-MC_C (magenta), EG-C (blue), and EG-MC_E (yellow) beams. Stress-strain diagrams (right) EG-C (blue), 

EG-MC-C (magenta), and EG-MC_E beams (yellow). Both figures show a linear response up to failure due to the 

relatively low level of ductility. 

 

These results demonstrate that hybrid beams can closely approach the modulus of elasticity and 

strength of eucalyptus beams while substantially reducing weight and material demand, offering 

a structurally efficient and resource-saving alternative. 

3.4 Parametric analysis of EG-MC by numerical simulation 
To substantiate the experimental enhancement observed from the selective outer lamellae 

configuration, a parametric numerical investigation was performed. The finite element model 

developed in Section 2.3 was utilized to simulate the evolution of the numerical global modulus 

of elasticity, MoEFEM, as a function of the static modulus of the specially selected outer targeted 

boards. Figure 16 presents the MoEFEM results for an EG-MC beam as a function of the MoEst of 

the selected boards. The lower and upper horizontal lines represent the mean MoEst of the 

control hybrid beams EG-MC_C and the EG-C beams, respectively. These reference values were 

taken from Sections 3.1 and 3.2. Figure 16 shows that as the MoEst of the EG boards increases, 

MoEFEM also increases. The near-linear relationship arises because the parametric study varies 



only the modulus of the outer lamellae while keeping the rest of the model constant. Under 

linear-elastic bending, global stiffness scales with 𝐸𝐼 = ∫ 𝐸(𝑦) 𝑦2 𝑑𝐴, so modifying the outer 

layers (farthest from the neutral axis) produces an approximately proportional change in 

MoEFEM. For an EG lamella MoEst of 27500 MPa, MoEFEM reaches 19556 MPa, the mean value of 

the EG-C beams. Thus, an increase of 44% in the MoEst of the EG boards results in a modulus 

similar to that of EG-C. For illustration, if the outer eucalyptus board were hypothetically 

assigned an unrealistically high static modulus (MoEst ≈30000 MPa), the MoEFEM would increase 

accordingly, reaching approximately 20500 MPa. 

 

 Figure 16: FEM results showing global numerical MoEFEM of enhanced hybrid EG-MC_E beam as a function of the 

static modulus MoEst assigned to the selected external eucalyptus boards placed on the regions experiencing 

maximum stresses. Horizontal lines represent the mean MoEst for hybrid control EG-MC_C beams (horizontal 

bottom line) and eucalyptus control EG_C beams (horizontal top line). 

4. Conclusions 
 

This study investigates the structural performance of hybrid glulam beams combining Eucalyptus 

globulus EG and Populus euramericana MC clone and evaluates a stiffness-driven enhanced 

hybrid concept in which only the most highly stressed regions of the outer lamellae are 

selectively upgraded (12.5% of the total beam volume). The results show that this localized 

upgrading strategy can markedly improve the structural performance of hybrid beams while 

preserving the lightweight character provided by the poplar-based core. 

From the elastic response under four-point bending, the enhanced hybrid configuration EG-

MC_E achieves a clear improvement relative to the control hybrid EG-MC_C. The mean global 

static modulus MoEst increases from 15802±854 MPa to 19042±202 MPa, corresponding to an 

increase of approximately 20%. The numerical predictions reflect the same trend, with MoEFEM 

rising from 16048±674 MPa for EG-MC_C to 19795±459 MPa for EG-MC_E, corresponding to an 

increment of 23%. Notably, this level approaches the reference stiffness of EG beams 

(MoEst=19556±787 MPa), demonstrating that near-eucalyptus stiffness can be obtained without 

resorting to a full hardwood section. 

These gains in stiffness do not compromise the main motivation for hybridization, namely mass 

reduction. While the EG_C beams exhibit a mean density ρ of 813±47 kg/m3, the hybrid beams 

remain markedly lighter, with 516±19 kg/m3 for EG-MC_C and 545±24 kg/m3 for EG-MC_E. 

Consequently, the enhanced hybrid delivers close-to-EG stiffness while maintaining an 



approximately 33% lower density than EG, highlighting a favorable stiffness-to-weight efficiency 

achieved through localized upgrading rather than global hardwood allocation. 

When moving from the elastic range to ultimate capacity, the same enhancement does not 

translate into higher bending strength, which is consistent with failure being governed by critical 

tensile zones and finger-joint regions rather than by elastic stiffness distribution alone. The 

mean bending strength MoR is 56±6 MPa for EG-MC_C and 53±11 MPa for EG-MC_E compared 

with 72±10 MPa for EG-C. For hybrid beams, the transformed-section estimate provides a 

complementary measure, yielding mean MoRSteiner of 67±7 MPa for EG-MC_C and 64±12 MPa for 

EG-MC_E. These results indicate that stiffness-targeted upgrading is highly effective for 

serviceability-driven design but does not, by itself, control ultimate strength. 

The present study is limited to a single beam geometry and short-term monotonic bending tests. 

Further work should extend statistical validation across additional geometries and grading 

distributions and explore strength-oriented enhancement strategies focused on the governing 

failure locations (especially finger joints and tensile lamellae). Extending the numerical 

framework toward reliability-based design would further strengthen the industrial applicability 

of optimized hybrid glulam beams. 
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