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Abstract 

Timber-concrete structures have been developed as sustainable solutions to face 

current environmental challenges. This paper aims to present a numerical method for 

the analysis of the mechanical behaviour of glued laminated wood beams (Glulam) 

reinforced with ultra-high-performance fibre-reinforced concrete (UHPFRC). For this 

purpose, three series of a proposed Glulam-UHPFRC (HP-Glulam) beams with 

different slenderness ratio values, percentage, and position reinforcement under 4-

point flexural tests were simulated by the finite element software Ansys®. The 

orthotropic linear elastic model was assigned to the Glulam, whilst to model the 

tensile plastic behaviour of UHPFRC the Cast Iron Model was adopted; this last 

model is based on grey cast iron. The numerical model results were validated with 

experimental tests from the literature. The Glulam beams increased their load 

capacity by up to 20 % with a cross-section composed of 11.36 % UHPFRC. The 

Series C, reinforced with a layer of UHPFRC at the top, demonstrated a greater 

increase in its flexural properties; therefore, the slender beams (span/depth = 13.16) 

were taken for a comparative analysis with concrete and steel beams. With the goal 

to propose a tool for building designers, estimation of costs and embodied energy 

generated during the production of materials were assessed too. Results show that 
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HP-Glulam beams is a potential substitute for frequently used concrete beams, with a 

production cost up to 56.16 % lower and up to 41.90 kgCO2e less embedded carbon. 

 

Keywords: high-performance glulam, concrete-timber, failure, modelling, economic, 

CO2 emission.  

 

1. Introduction 

The operational energy is reaching an optimisation limit, leaving the embodied 

energy in building materials as the next opportunity to reduce the environmental 

impacts of construction. On the other hand, carbon taxes are increasing every year 

as the carbon cap is lowered in favour of the Paris Agreement. This phenomenon 

and the underdeveloped design guidelines of natural and composite structures pose 

a challenge for the selection of green materials for new buildings.  

Concrete is the most widely used building material in the world, responsible for 9 % 

of total greenhouse gas emissions [1]. This is indeed due to the use of cement, which 

is produced by grinding at very high temperatures in energy-intensive factories. 

Another important building material is steel, which is used as reinforcement for 

concrete structures or as structural elements. Steel accounted for an average of 3.5 

to 4.5% of global CO2 emissions in 2020 [2], [3]. Although the production of these 

building materials is being optimised to reduce their environmental impact, it will still 

take years to reach the performance of a natural material in terms of carbon 

emissions. 

Bio-based materials such as timber and bamboo have been rediscovered as 

solutions to lightweight and decarbonize buildings. In a meta-analysis of 21 different 
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studies [4], it was concluded that an average of 2.1 tCO2 could be saved for each 

tCO2 in wood products used to substitute non-renewable building materials. 

The transition to more sustainable materials allows for the use of composite 

structures that achieve the mechanical performance of current materials such as 

reinforced concrete. One proposed solution is to combine Ultra High-Performance 

Fibre Reinforced Concrete (UHPFRC) with Glue Laminated timber (Glulam). Studies 

have reported results of experimental measurements of elastic behaviour under a 

monotonic load and creep behaviour under a sustained load [5], [6], [7]. The 

importance of the bond between concrete and glulam and the increase of the 

stiffness of the reinforced members were shown. However, studies on the failure 

behaviour of this structure are not abundant. Statistical analyses on the main 

parameters of failure are insufficient and numerical modelling seems to be a suitable 

solution but is limited to elastic modelling [8]. The reason is that UHPFRC-Glulam (U-

G) structure is a novel composite solution and failure tests to characterise all 

parameters for different designs are time-consuming and involve high CO2 

emissions. The design of U-G is complex due to the many possible concrete mixtures 

and different Glulam depths and adhesive types for bonding with concrete. 

Therefore, the investigation of the failure behaviour of these structures takes long 

time.  

A new approach has emerged in civil engineering research that allows the 

optimization of experimental tests on selected trials. The method consists of 

developing a numerical model with consistent equations that accurately represent the 

behaviour of the structure, and boundary conditions that reproduce the real external 

conditions acting on the structure [9]. Simulations are performed for different sets of 

parameters to reproduce the maximum combination of material parameters with 
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boundary conditions representing all possible cases. The results permit to determine 

the relevant structural design for an experimental campaign. This approach reduces 

the number of experimental tests and saves a considerable amount of time. It 

provides engineers with a multi-criteria analysis for the optimised solution in terms of 

mechanical properties, economic gains, and environmental impact.  

The formulation dependence of UHPFRC has complicated the standardisation of 

numerical models to describe its mechanical behaviour. In this sense, new models 

have been developed. However, some of them require complex tests to capture all 

parameters, such as the HJC model [10], and others are only capable of modelling a 

UHPFRC with strain-softening behaviour, such as the Ansys Concrete Model or the 

new Microplane model. However, the Cast Iron model has proven its efficiency in 

modelling beams in torsion and structural UHPFRC concrete sandwich panels [11], 

[12].  

In this study, a numerical model was developed to simulate the ultimate behaviour of 

High-Performance Glulam (HP-Glulam) beams under flexural tests. The focus is on 

the analysis of the influence of the span-to-depth ratio and the amount and position 

of UHPFRC reinforcement. Indeed, it has been demonstrated on concrete and 

reinforced concrete [13] in three-point flexural tests that this ratio plays an important 

role on failure. The brittleness of concrete in the tensile area contributes to the kinetic 

of failure of the structure. The interest in UHPFRC is a better diffusion of internal 

stresses when the first micro-cracks appear into concrete, which could strength the 

flexure and shear behaviour of timber beams. Thus, the design of U-G beams needs 

to master the span-to-depth ratio to reduce an early failure risk. An economic 

calculation is also proposed to evaluate the industrial possibilities to manufacture the 
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proposed beams. Finally, an environmental assessment based on CO2 emissions is 

proposed to complete a multi-criteria design decision tool for structural beams. 

 

2. Materials and numerical method  

2.1. Materials 

In this investigation, glulam and UHPRRC are used to develop a High-Performance 

Glulam beam (HP-Glulam). Timber properties of an experimental composite beam 

study [5] were used. The timber body consisted of Fir 20F-E Douglas grade, with 36 

mm thick laminates bonded with an epoxy paste (shear strength > 10 MPa). The 

selected Korean UHPC (K-UHPC) formulation and the experimental protocol were 

obtained from a test programme of UHPFRC I-beams under lateral torsional buckling 

[14]. This provided a UHPFRC with an elastic-linear behaviour in compression and in 

tension, where the elastic zone transitions to a plastic hardening zone (Fig. 1). Table 

1 lists all the mechanical properties of the materials:  

i) For UHPFRC: fcc represents the compressive strength, εcc the ultimate 

compression strain, fct the elastic tension strength, εct the limit elastic strain, 

fcp the ultimate tension strength, εcp the ultimate tension strain. 

ii) For MLE: fwc represents the compressive strength, εwc the ultimate 

compression strain, fwt the ultimate tension strength, εwt the ultimate 

tension strain. 
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Fig. 1. Mechanical behaviour of the a) UHPFRC and b) timber (Adapted from [5]) 

 

Table 1. Mechanical properties of materials 

UHPFRC 

fcc (MPa) εcc (‰) fct (MPa) εct (‰) fctp (MPa) εctp (‰) E (MPa) 

172 3.4901) 11.375 0.229 15.833 7.594 49 273 

ν  ρ (kg/m3)     

0.22)  2760     

MLE 

fwc (MPa) εwc (‰) fwt (MPa) εwt (‰) Exx (MPa) Eyy (MPa) Ezz (MPa) 

50 3.7311) 40 2.9851) 13 400 910 490 

Gxz (MPa) Gxy (MPa) Gyz (MPa) vxy vyz vzx ρ (kg/m3) 

300 710 730 0.4 0.4 0.2 500 

1) Values calculated with Hooke’s law. 2) Value obtained from [15]. 

 

2.2. Numerical method 

2.2.1. Constitutive models  

The reinforcement laminates are implemented in ANSYS using the Cast Iron model, 

which allows separating stress-strain responses in tension and compression. The 

tension behaviour is pressure-dependent and the Rankine maximum stress criterion 

is used: 

�� = 	�, ���� = 
� �������� + � − ��� = 0            (1) 

where � = �
� �������� represents the hydrostatic pressure, �� = ��

 � : � "#$
 the von 

Mises equivalent stress and � = �
� ���%� � �√� ():()

*+, �()�-/$ " , the Lode angle. In compression, 

the pressure-independent von Mises yield criterion is used: 

��	�, ���� = �� − ��� = 0              (2) 
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The evolution of the yield stresses follows the piecewise user-defined linear stress-

strain curves for compression and tension. Detailed descriptions of the Cast Iron 

Model and its parameters can be found in Ansys User’s Guide.  

For the timber elements an orthotropic elastic behaviour law was assumed:  
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With     
8$#9$ = 8#$9# ; 8-#9- = 8#-9# ; 8-$9- = 8$-9$       and      

�
∆ = 9#9$9-��%8$-8-$%8-#8#-%8#$8$#%8$-8-#8#$� 

 

The constants E, G y ν are the Young’s modulus, shear modulus and the 

Poisson’s ratio according to the material planes.  

The orthotropic model exhibited lower stiffness and caused greater deflections 

(~ 15 %) than the elastic isotropic model when used to replicate experimental results. 

 

2.2.2. Simulation test set-up  

Numerical simulations were first performed for each material to validate the 

mechanical models with the experimental results of the materials themselves. 

UHPFRC basic compression and tension tests were simulated to calibrate the Cast 

Iron model. The dimensions of the cylinder for compression (100 mm dia. X 200 mm) 

were taken from the Korean Concrete Institute (KCI) Recommendations [14]. The 

tension test has not been standardised, thus, a geometry (Fig. 2) capable of 

representing the plastic strain hardening behaviour was adopted from [16]. In 

addition, a prism (100 x 100 x 400 mm) according to the NF P18-470 [17] was used 

in a four-point flexural test to validate the numerical flexural behaviour of the K-UHPC 
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(Fig. 3). The modelled glulam beam used for validation replicated the geometry and 

loading configuration of the BLC-2m tested by Ferrier et al. [5].  

 

Fig. 2. Specimens for uniaxial compression (cylinder) and tension (dog bone) tests 

 

For the composite beams, the UHPFRC flexural test set-up was chosen. The total 

dimensions of the composite cross-section were of 19.80 x 8 cm and remained the 

same for all the beams tested. 

  
Fig. 3. Beam loading configuration 

 

To investigate the effect of the span-to-heigh ratio (L/H) and the amount of UHPFRC 

reinforcement (ρRC = area of reinforcement / total area of cross-section) on the 

flexural behaviour, 15 HP-Glulam beams were modelled. To facilitate the casting 

process of the UHPFRC reinforcement in future studies, two 1.5 cm margins were left 

on each side and the height of a timber laminate was halved to maintain a 

commercial cross-section without modelling the epoxy paste. The spans and 

reinforcement configurations are given in Fig. 4 and Table 2. The beams are 

designated by the span-to-heigh ratio followed by a letter. Five unreinforced glulam 
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beams (BLC) were also simulated for flexural tests to compare the effectiveness of 

strengthened beams.  

 

   

Table 2. Geometry of the composite beams 

Model 
BLCHP5-
A/B/C 

BLCHP7-
A/B/C 

BLCHP10-
A/B/C 

BLCHP13-
A/B/C 

BLCHP16-
A/B/C 

L (cm) 105 150 210 264 318 

L/H 5.30 7.58 10.61 13.33 16.06 

 

The supports were steel semicylinders to avoid excessive stress 

concentrations when loads were applied. 

 

2.2.3. Element type and mesh 

The SOLID186 mesh element was selected for all models. This higher order 3D 20-

node element supports plasticity, stress stiffening and large strain capabilities. 

Moreover, its uniform reduced integration method prevents the volumetric mesh 

locking phenomenon that occurs in plasticity problems. The midside nodes, which 

were enabled for SOLID186 to increase the accuracy of the calculation, are not 

displayed by the software. 

The U-G beam was discretised longitudinally with a mesh size between 2.5 – 3.8 cm, 

depending on the length of the beam, with a section mesh that allows continuity 

Fig. 1. Reinforcement of the cross-section: Series A and C: ρRC = 11.37 %; Series B: ρRC = 
22.37 % 
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between elements (Fig 5). Each timber laminate and UHPFRC reinforcement owned 

an independent mesh as they were created separately. Therefore, the compatibility 

between the nodes is enforced by the contact methods applied. 

 

Fig. 5. HP-Glulam beam meshing 

2.2.4. Contact assumption 

The contact definition between rollers and beams was developed for the flexural 

tests. A perfect bond between timber and concrete layers is assumed, therefore it 

was assigned a bonded-contact behaviour to the interface of both materials. The 

result of this setting is a strain continuity between timber and concrete in all models 

(Fig. 6a). In fact, the strain profile experimentally confirmed that there was no slip at 

the interfaces between glulam and UHPFRC, as it followed a linear continuity 

between the materials [5]. All the beams tested in this study were instrumented with 

seven strain gauges at their mid-span. The strain profile of one of the composite 

beams is shown in Figure 6b. A linear strain between the concrete planks at the top 

and bottom of the main timber body can be seen; the same observation was made 

for all the specimens 
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Fig. 6. Experimental results (a) (Adapted from [5]) and numerical results (b) of timber-
concrete beams 

Frictional-contact behaviour was used for the steel support and load rollers because 

the frictionless-contact behaviour underestimates the maximum load capacity. The 

asymmetric behaviour was chosen when defining the contact zones between the 

beam (target) and the rollers (contact). Since the friction coefficient depends on the 

tribology system [18], it was adjusted for both flexural tests to match the experimental 

conditions. Therefore, the coefficients of friction for concrete-steel and wood-steel 

contacts were 0.20 and 0.60, respectively. 

 

2.2.5. Boundary conditions 

Modelling is performed using displacement-controlled loading and the hypothesis of 

linear strain continuity between materials. Four boundary conditions (Fig. 7) were 

assumed in all numerical simulation tests: a) fixed support at the surface below the 

support roller; b) fixed displacement in the vertical (z) direction for the load roller with 

values ranging from 0.01 for shorter beams to 0.05 m for the larger ones; c) 

frictionless support at the outer surface of the beam normal to this plane; and d) 

double symmetry in the horizontal (x and y) direction to model only one quarter of the 

beam. 

a) b) 
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Fig. 7. Boundary conditions 

 

2.3. Failure criteria 

Materials such as timber and UHPFRC exhibit great variation in their properties due 

to their intrinsic nature. In general, the failure criteria most used in numerical 

simulations are based on uniaxial stress or deformation states, distortion energy or 

shear forces. Although, these failure criteria predict the limits of structures subjected 

to multiaxial stress states, they are not practical for the design of simpler structures, 

such as beams. Therefore, other methods, such as cross-section analysis, have 

been developed and included in the design codes (e.g. Eurocodes, ACI). 

 

2.3.1. Flexural failure 

In the sectional analysis, the compatibility and linearity of the deformations facilitate 

the determination of the rupture of a material, because the deformations are 

delineated, unlike the stresses, which may be unevenly distributed in a composite 

cross-section (Fig. 8). Thus, if the plane of deformation of a section passes through 

one of the limits of deformation of one of the materials, the beam would have failed. A 

pure flexural section is only subjected to tension and compression, which is true for 

the middle region in a four-point flexural test.  

a 

b 

c 
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Fig. 8: Normal stress (Pa) distribution in the cross-section of a HP-Glulam 

 

Therefore, the flexural failure criterion is defined by the maximum normal strain of the 

materials. Consequently, the following constraints were established by the 

compatibility of the deformations:  

• in compression, the maximum normal deformation corresponds to the lowest 

deformation between UHPFRC and glulam. 

• in tension, the maximum normal deformation corresponds to the maximum 

deformation of the wood;  

• in the case of the flexural tests of each separated material, their respective 

maximum deformations were taken. 

The three-dimensional aspect of the numerical simulation, allowing the orthotropic 

behaviour of the glulam and the tensile plasticity of the UHPFRC to be considered, 

required the use of planes in Ansys® software for the application of the failure 

criteria. 

 

2.3.2. Shear failure 

The span-to-height ratio of a beam influences its type of failure. Slender beams 

subjected to vertical loads develop a flexural failure, while short beams experience an 
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abrupt shear failure. The shear strength of UHPFRC calculated using the AFGC 

Recommendations [15] and the NF P-710 [19] was 16.50 MPa. Thus, based on the 

mechanical properties of the materials and the geometry of the composite beam, 

shear failure in U-G beam is controlled by the shear strength of the timber. 

Verification of the shear strength of timber is assessed in the Eurocode 5 [20] with 

equation 4: 

DE ≤ ��G,E       (4) 

The shear strength of timber beams presents a size effect. For this study, the shear 

strength was retained for the 4 x 8 and 4 x 12 inch sections, which correspond to 

5.99 ± 0.79 and 5.02 ± 0.89 MPa [21], respectively. The value adopted to determine 

the failure of a beam was the minimum value within the specified range. 

In the numerical simulation using Ansys® software, the application of the shear 

strength criterion was done by planes located in the central part between the 

supports and the load rollers. In this way, the maximum shear force at each load step 

was determined and compared with the values given by equation 4. 

 

2.4. Completing the global performance assessment  

2.4.1. Mechanical behaviour  

Series C beams showed the greatest increases in load capacity and stiffness with a 

smaller volume of reinforcement. Therefore, beams with span-to-heigh ratio of 13 and 

16 were retained for comparison. The revised parameters were the load capacity, the 

maximum moment of the cross-section and the deflection. The analysis was 

performed according to the Eurocodes [20], [22], [23], but without safety factors to 

evaluate the mechanical behaviour of each material. 

For the steel beams, IPE 200 grade S235 was selected because its dimensions are 

very similar to those of the studied beams. The reinforced concrete beam has a 
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cross-section of 20 x 8 cm with a compressive strength of 25 MPa and the rebar 

class was B500B with a yield strength of fyk = 500 MPa and a Young’s modulus of E 

= 200 000 MPa; moreover, the use of longitudinal reinforcement was limited to 

tension only. 

 

2.4.2. Production costs 

The selection of materials and geometries of structural elements depends mainly on 

the manufacturing cost and the simplicity of the construction process. Therefore, the 

economic aspect of new structures should be included in the performance evaluation.  

The cradle-to-gate production cost analysis of the steel, reinforced concrete, timber, 

and composite beams comprised natural structural elements without flame 

retardants, fungicides, or moisture treatments. Given the versatility of the 

construction companies in installing structural elements, these costs were not 

included; instead, the labour required to fabricate the elements was considered. 

Prices for steel, reinforced concrete and timber beam were obtained from suppliers in 

France. UHPFRC production costs, on the other hand, vary as they are formulated 

on request depending on the mechanical, architectural and durability requirements of 

each project. Therefore, the average cost for Europe approximated by [24] in his 

analysis of 70 UHPFRC mixtures was used, plus 30 % of the labour cost required to 

produce the BLCHP beam. 

 

2.4.3. Environmental evaluation 

The indicator of embodied energy (kgCO2e) was used to estimate the environmental 

impact of the beams. In this regard, the Environmental Product Declarations (FDES) 

governed by the French standard NF EN 15804+A1: "Sustainability of construction 



16 

 

works" and its national complement NF EN 15804/CN were employed. For this study, 

only the data of the production stage was taken, given by the standard. The 

production method is not studied while it could influence the final value of CO2. The 

embodied energy of steel was calculated by [25]. In the case of timber, an FDES [26] 

was used for a GL24 Douglas beam, which is similar to the Canadian species used in 

the mechanical analysis. For the reinforced concrete beam, an adaptation of the 

FDES [27] of a described column was conducted, considering an equivalence to the 

volume and cross-section of the analysed beams.  

The strong dependence on the formulation of the UHPFRC complicates the 

standardisation of the embodied energy consumed in its production. Then, the 

proportions of the K-UHPC from [28] and the detailed analysis of the constituents of a 

UHPFRC from [29] were combined to obtain an estimate of 0.4 kgCO2e/kg. Table 3 

summarises the embodied energy for each material used in the analysis. 

Table 3. Embodied energy of materials 

Material kgCO2e/kg 

Reinforced concrete 0.12 

Steel S235 1.40 

GL24 Douglas timber -1.48 

K-UHPC 0.4 

 

3. Results and discussions 

3.1. Validation of the mechanical models  

3.1.1. Analysis of the mechanical behaviour of UHPFRC 

The use of the Cast Iron model to simulate the behaviour of UHPFRC was validated 

with experimental tests [14]. In compression, the difference between experimentally 

developed model and the finite element software Ansys® model was 0.54 % for 

maximum load, corresponding to a maximum deformation of 0.0035. The average 
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difference between the maximum load of each experimental test and the software 

Ansys® model was 8.62 %. 

The simulation of the simple tension test served to validate the tensile behaviour of 

the UHPFRC and delimit its plastic zone, avoiding convergence problems. The 

average of the values obtained from 3 tests using the final tension model of [14] was 

compared with the results of the Cast Iron model. The numerical simulation showed 

that the Cast Iron can reproduce the hardening plastic behaviour of the UHPFRC in 

tension (Fig. 9). The differences between the experimental and numerical model for 

the maximum elastic and plastic deformations were 0.48 and 0.02 %, respectively. 

The maximum compressive stress at the top of the UHPFRC beam cross-section 

was close to 100 MPa, while the calculated flexural strength was 44.20 MPa. The 

value of flexural strength is normalised with the formula of a homogeneous isotropic 

elastic beam, which explains the difference between the actual stresses and 

deformations of the cross-section. This flexural strength corresponds to a deviation of 

1.69 % from the experimental tests. 

 

Fig. 9. Tensile stress-strain curve 

 

3.1.2. Analysis of the behaviour of Glulam 
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The comparison of numerical and experimental results for Glulam beams is shown in 

Fig. 10, where a maximum moment for the simulated beam of 51.05 kNm is 

observed. The orthotropic elastic model showed a behaviour very close to the 

experimental and analytical results calculated by [5], with a difference for the peak 

load of 4 % between the numerical and experimental values (Table 4). 

 

Table 4. Validation of flexural tests for Glulam 

Maximal 
analytical load 
for shear 
failure (kN) 

Maximal 
numerical 
load for shear 
failure (kN)1) 

Maximal 
analytical 
load for 
flexural 
failure (kN) 

Maximal 
numerical load 
for flexural 
failure (kN)1) 

Maximal 
experimental 
load (kN) 

Vexp/Vteo Vexp/Vnum 

138.00 145.86 164.00 164.23 140.00 1.020 0.960 

Vexp, Vteo, Vnum represent maximal experimental, analytical and numerical loads. 1) These numerical results are compared to 

the values of [5]. 

 

  

Fig. 10. Comparison of experimental and numerical moment-curvature relationships 

 

3.2. HP-Glulam beam mechanical behaviour 

3.2.1. Flexural behaviour 

The relationship between load and deflection (Fig. 11) showed linear behaviour for all 

beams, even for Series B (reinforced with two concrete laminates), which developed 
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a plastic tension zone at the bottom of the UHPFRC cross-section. For the three 

series, the flexural stress led to a brittle failure in the extreme tension layer of the 

timber of the beams from L/H = 7. 

A progressive development in the load capacity of Series A and C compared to the 

BLC beams can be observed. The largest increases were 11.59 and 20.10 % for 

beams with L/H = 16. For Series B, the load capacity increased up to beam 

BLCHP10-B, after which it started to decrease. This indicates that the amount of 

reinforcement limits the increase of the load capacity. The location of the 

reinforcement also proved to influence the load capacity. For instance, the BLCHP16-

C resisted almost 10 % more than its equivalent type A. Thus, as the slenderness of 

the beams increases, the increase in the load capacity of the Series C outweighs the 

others.  

 

Fig. 11. Load-deflection of beams 
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Vertical displacements at the centre of the beams were reduced by using UHPFRC, 

being the Series B beams that had the lowest deflections due to the larger volume of 

reinforcement, with a deflection reduction of 27.78 % for BLCHP5-A. For Series C, 

the thinner the beam became, the greater the reduction in vertical displacement from 

a span-to-ratio of L/H = 10, with a maximum reduction11.14 % for BLCHP16-C. 

During the simulations, the variation of the cross-section was given in the amount 

and the position of reinforcement, so the maximum flexural moment remained 

approximately constant for Series A, B, C and BLC. Series C (ρ = 11.37 %) 

developed the highest flexural moment with an average value of 28.72 kNm, an 

increase of 17 % compared to BLC beams.  

The Series A and C showed incremental behaviour in the maximum compressive 

stress of the UHPFRC reinforcement as the beam became slenderer, unlike Series B 

beams where they reached a maximum and then began to decrease. The BLCHP16-

C developed the maximum compressive stress in the reinforcement zone with a 

value of 97.88 MPa. 

 

3.2.2. Shear behaviour 

The shear stress of the sections in the central position between rollers was 

determined for the shorter and slenderer simulated beams (Fig. 12a). The shear 

stress curves in the cross-section displayed the well-known parabolic shape for 

timber beams and a double parabola for the composite elements with a transition 

zone between the materials. Due to the stress concentrations in the UHPFRC region, 

the shear failure occurred at the timber-concrete interface (Fig. 12b) where the timber 

shear strength was reached. 
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The evolution of shear stress along the different beams showed that for slender 

beams, the UHPFRC reinforcement increased the concentration of shear forces in 

the timber. In contrast, for short beams, there was a redistribution of shear forces 

toward the UHPFRC, reducing the forces in the timber members. In both cases, the 

stresses were much lower than the shear strength of the epoxy paste, confirming the 

hypothesis of no slipping between the material layers. 

 

 

Fig. 12. Shear stress distribution in the cross-section of the beams for span = L/4 
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Table 5. Flexural behaviour of different beams 

Material L/H 
Maximum 
load 
(kN) 

Deflection 
(mm) 

Maximum 
flexural 
moment 
(kNm) 

Normalised 
flexural 
moment 
µ 

Glulam 
(BLC) 

13 55.24 32.88 24.31 1.00 

16 45.81 44.09 24.28 1.00 

Reinforced 
concrete 
(RC) 

13 52.68 15.73 23.18 0.95 

16 43.72 22.83 23.18 0.95 

HP-Glulam 
Series C 
(BLCHP) 

13 65.33 30.57 28.74 1.18 

16 55.06 39.18 29.18 1.20 

Steel (S)  
13 118.04 9.44 51.94 2.14 

16 98.00 13.70 51.94 2.14 

 

3.3.2. Economic and environmental results 

The results of estimating unit prices for beams (Table 6) revealed that steel beams 

were the most expensive to produce, however, they offer higher flexural strength and 

stiffness. Timber beams are the most economical as they require less preparation 

and manufacturing processes.  

 

Table 6. Environmental and cost performance of beams 

Material L/H 
Unit price 
(€) (values in 
2021) 

Embodied 
energy 
(kgCO2e) 

Mass (kg) 

Glulam 
(BLC) 

13 50.45 - 27.96 20.90 

16 60.77 - 33.68 25.18 

Reinforced 
concrete 
(RC) 

13 109.09   15.49 132.00 

16 123.74   18.66 159.00 

HP-Glulam 
Series C 
(BLCHP) 

13 61.26 - 19.29 31.65 

16 73.79 - 23.24 38.12 

Steel (S)  
13 135.35   83.05 59.13 

16 163.04   100.04 71.23 
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For the U-G beam, replacing some of the timber with UHPFRC reduced the material 

costs; however, the processes required for the manufacturing process added an 

extra value to the final unit price of the element. Despite this, the BLCHP C remained 

the second least expensive beam. 

The advantages that steel offers in mechanical terms are offset by a large amount of 

CO2 required to produce it. In contrast, the beams made of wood obtained negative 

values, which means that they represent a benefit for the environment. This important 

difference is due to the production of concrete and steel, which requires large 

amounts of heat energy to transform the raw material. Even if the dimensions of 

these two materials can be reduced to achieve the flexural mechanical values of the 

timber or HP-Glulam beam, the embedded energy after fabrication will never be less 

than zero. 

The most used parameter in the design of beams is the flexural moment. Therefore, 

the flexural moment of beams with L/H = 16 was normalised to mass, production 

cost, embodied energy, and deflections to evaluate the efficiency of each structural 

element (Fig. 13). Glulam and HP-Glulam showed the best performance for three of 

the four criteria (kg, €, CO2e), with the advantage of a greater stiffness for the latter.  

 
Fig. 13. Global comparison of beams 
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4. Conclusion 

A numerical model was developed to evaluate the mechanical behaviour of the HP-

Glulam, and it was completed with an economic and environmental analysis to 

compare its global performance with other current materials. 

The Cast Iron model demonstrated a good agreement between experimental and 

numerical results with a difference of 8.62 % and 1.69 % for tension and flexural 

tests, respectively. The HP-Glulam showed linear mechanical behaviour with brittle 

failure in the extreme layer of the timber. Series C with one layer of UHPFRC 

reinforcement (ρRC = 11.37 %) at the top of the cross-section achieved the largest 

increase in load capacity with a difference of 20 % compared to the reference Glulam 

beam. Moreover, flexural failure controlled the failure of all beams from L/H = 7, and 

for shorter beams, the failure was controlled by the shear capacity of the timber. 

Compared to reinforced concrete and steel beams, timber beams showed higher 

performance in terms of mass, production cost and embodied energy per kNm. In the 

future, slenderer L/H ratios and the cut off of UHPFRC reinforcement need to be 

more thoroughly investigated. 

 

This research did not receive any specific grant from funding agencies in the public, 
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