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Abstract

Bolted steel to laminated bio-based material connections experience signiőcant performance challenges due

to the nonlinear response and high stress concentrations at their joints. This paper introduces an innovative

3D plasticity-fracture continuum Finite Element (FE) model that signiőcantly advances the simulation of

such truss joints by integrating Hill’s yielding criteria with an element removal methodology for fracture

simulation. This novel approach captures both plastic and fracture behaviors simultaneously, a capabil-

ity not sufficiently addressed in existing models. We detail the theoretical framework for these models,

including the derivation of constitutive equations and the algorithms necessary for their implementation

in ABAQUS. Additionally, it is provided a low-ődelity modeling of truss joints, offering a comprehensive

analysis of connector elements, joint models, and parametric modeling via Python scripting. The model’s

efficacy is demonstrated through identiőcation of connection and of hybrid planar trusses under cyclic load-

ing, which validates the practical applicability of the method. To optimize computational efficiency, we

developed a Parallel Genetic Algorithm (PGA) that integrates seamlessly with ABAQUS and Python to

facilitate parameter calibration. This integration not only enhances the model’s accuracy but also reduces

computational load, making it feasible for complex engineering applications. Our őndings illustrate a sig-

niőcant improvement in modeling accuracy and efficiency, establishing a robust methodology for analyzing

truss joints in bio-based construction materials.
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1. Introduction39

Structural timber and bamboo are renewable resources that are readily available and possess a signif-40

icantly lower environmental impact compared to other construction materials of similar strength [1]. The41

structural performance of timber and bamboo structures is governed by the nonlinear response in the con-42

nection zones, where high deformation levels and stress concentrations are developed around the fasteners43

(nails, dowels or bolts) [2, 3, 4]. These critical zones are particularly vulnerable to signiőcant load reversals44

over the structure’s lifespan, notably under extreme conditions like earthquakes or severe winds [5]. Given45

these factors, it is crucial to thoroughly investigate the nonlinear behaviors of timber and bamboo connec-46

tions, especially from the onset of large deformations to the point of failure [6]. Compared to traditional47

materials such as concrete and steel, bio-based construction materials like timber and bamboo are more48

susceptible to fracturing [2]. Despite this vulnerability, few existing models for bio-based connections ef-49

fectively incorporate the critical fracture modes while simultaneously accounting for plastic behavior. This50

gap highlights the need for advanced modeling techniques that can accurately simulate both the plastic and51

fracture behaviors of bio-based materials, ensuring a more comprehensive understanding and robust design52

of these eco-friendly construction options.53

Finite Element (FE) modeling of timber or bamboo joints is pivotal in understanding the mechanical54

behavior and ensuring the structural integrity of timber constructions [7, 8]. Two primary approaches are55

adopted for this purpose: (i) explicit component modeling and (ii) representative element modeling. Explicit56

component modeling involves detailed modeling of each joint element, such as timber and connectors like steel57

dowels, which enables precise simulation of their interactions and mechanical performance. This method,58

though computationally intensive, provides a granular insight into the behavior of the joints, especially under59

varying mechanical stresses [e.g., 9, 10]. Alternatively, the representative element approach simpliőes the60
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joint modeling by encapsulating it into a single element with predeőned mechanical properties, which reduces61

computational demands and facilitates easier integration into structural-level analyses [11]. This method62

requires the programming of user-subroutines, allowing the joint model to be applied to either member- or63

structural-level analyses [12, 13]. However, the complexity of this programming often leads to convergence64

issues. Consequently, there is a scarcity of FE modeling approaches that are both simple to implement and65

versatile enough to be integrated into various commercial FE packages for structural-level analysis. This66

limitation underscores the need for more user-friendly and robust modeling solutions in the őeld.67

Using the second approach, the representative element model, a signiőcant challenge arises in the calibra-68

tion of parameters that deőne the hysteretic model. Accurate parameter calibration is crucial for ensuring69

that the model reŕects true mechanical behaviors, especially under cyclic loading conditions typical in seis-70

mic analysis. The calibration process involves determining the appropriate parameters deőning the stiffness,71

strength, and damping properties that can predict the hysteretic behavior accurately. The complexity72

of calibrating these parameters often requires sophisticated optimization algorithms and can be a source73

of signiőcant computational overhead, further complicating the use of FE models in practical engineering74

applications.75

Genetic algorithms are highly suited for a broad range of problems in structural engineering, particularly76

for optimization and damage identiőcation tasks [14]. However, they often require extensive computation77

time, which can be a disadvantage [15]. The evaluation of the őtness function typically represents the most78

time-consuming step within these algorithms [16, 17]. Parallel Genetic Algorithms (PGAs) represent an79

evolution of traditional genetic algorithms (GAs) that harness parallel computing environments to enhance80

efficiency and scalability [18]. An effective solution to mitigate this issue involves leveraging high-performance81

computing techniques, such as distributed or parallel computing [19]. Parallel execution signiőcantly reduces82

the time required for genetic operations and őtness evaluations. In a master-slave conőguration, the workload83

is distributed among multiple processors. While numerous slave threads handle multitasked loops, a single84

master thread is dedicated to managing the sequential aspects of the algorithm and ensuring coordination,85

communication, and synchronization across the network. This parallel computing feature is particularly86

advantageous for metaheuristic search techniques, enabling simultaneous processing by multiple processors87

without the need for inter-processor communication [20].88

In the evolving őeld of structural engineering, novel optimization algorithms play a critical role in enhanc-89

ing the accuracy and efficiency of structural analysis and damage identiőcation. Recent studies demonstrate90

signiőcant advancements in this domain through the development and application of innovative metaheuris-91

tic algorithms. For instance, the introduction of the BCMO-ANN algorithm has markedly improved the92

vibration and buckling optimization of functionally graded porous microplates [21]. Similarly, the Shrimp93

and Goby association search algorithm has been effectively applied to damage identiőcation in large-scale94

and complex structures [22]. Optimization of artiőcial neural networks architecture also continues to en-95
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hance predictive capabilities in geotechnical engineering [23]. Additionally, innovative strategies like the96

variable velocity strategy particle swarm optimization (VVS-PSO) have shown promise in structural dam-97

age assessment [24]. Finally, efficient stochastic-based models have been developed for more precise damage98

identiőcation in plate structures [25]. Collectively, these advancements underscore a signiőcant shift towards99

more robust and precise methodologies in structural engineering analysis.100

In this context, this paper advances structural engineering by addressing critical gaps in modeling bio-101

based connection systems, speciőcally those involving bolted steel to Laminated Veneer Lumber (LVL)102

and glued laminated bamboo (glubam). Existing models inadequately capture the orthotropic nature of103

these materials and their susceptibility to cracking under stress [26, 27]. The proposed 3D continuum FE104

model, developed in ABAQUS, incorporates the Hill yield criterion for accurate orthotropic properties and105

an element removal criterion via UMAT to simulate cracking behaviors. We introduce a simpliőed hybrid106

truss model that merges advanced joint modeling techniques with traditional wire elements, enhancing the107

reliability of bio-based connection systems. A novel aspect of our approach is the FE model updating108

framework that uses multi-threaded parallel analysis with genetic algorithms, optimizing computational109

efficiency and model accuracy. To manage the complex parameter space, we utilize PGA, implemented in110

Python, to minimize discrepancies between predicted and actual force-time histories, crucial for improving111

predictive accuracy. Our approach introduces practical, simpliőed modeling techniques by combining multi-112

axial connector and spring elements, accommodating various behaviors like elasticity and plasticity, and113

effectively capturing joint force-deformation characteristics. This study presents a comprehensive FE model114

updating framework, signiőcantly enhancing the robustness and accuracy of structural models for engineers115

optimizing complex analyses in real-world applications.116

After this introduction, the paper is organized six main sections. Section 2 delves into the formulation of117

plasticity-fracture continuum FE models for bio-based connections, detailing the connection conőguration,118

mechanical problems, and material behaviors. Section 2.6 explores the axial behavior modeling of LVL and119

glubam connections, including FE implementation and results validation. Section 2.6 explores the high-120

ődelity axial behavior modeling of LVL and Glubam connections, including FE implementation and results121

validation. Section 3 focuses on the low-ődelity modeling of truss joints, offering a comprehensive analysis122

of connector elements, joint models, and parametric modeling via Python scripting. Section 4 addresses123

model identiőcation based on high-ődelity model outputs, utilizing parallel genetic algorithms and parallel124

computing systems for multi-thread parameter identiőcation and model updating. Section 5 provides details125

on the model updating of hybrid planar trusses. Finally, Section 6 presents the conclusions drawn from the126

study, summarizing key őndings and their implications.127

5



2. Formulation of plasticity-fracture continuum FE model for bio-based connections128

2.1. Connection conőguration and mechanical problem129

Bolted connections with slotted in steel plate are considered in this study. These connections are com-130

posed of beam (LVL or Glubam), Grade 8.8 high strength bolts and Q235 steel plate. Holes are drilled131

on the LVL and Glubam components and steel plates. Bolts protruding from these holes are adopted to132

connect the steel plate with LVL and glubam components. All the joints were designed following geometric133

requirements of GB50005 [28]. Four different conőgurations of connections accounting for different test134

variables including materials (Laminated Veneer Lumber (LVL) and Glued Laminated Bamboo (glubam)),135

bolt diameter (8mm or 10mm) were considered. Details regarding the joints geometry and conőgurations136

are presented in Figure 1.137

1
2

0
 m

m

8
 m

m

8 mm

60 mm

60 mm 8 mm

60 mm

60 mm

1
2

0
 m

m

1
0

 m
m

(a) 8mm bolt (b) 10mm bolt

Figure 1: Conőguration of connections accounting for different variables. Adapted from Shi et al. [29].

LVL and glubam are typical bio-based laminated materials, which are treated as orthotropic materials.138

As shown in Figure 2, the material orientation can be divided into laminated direction, grain direction139

and perpendicular to grain direction and they show different mechanical properties in different orientations.140

Under axial loading, this type of connections tend to exhibit two typical damage pattern, namely (1) crushing141

deformation around bolt and (2) block shearing-out above the bolt as shown in Figure 3.142
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Figure 2: Materials orientation and coordinate system of LVL and glubam.

Bio-based construction materials are prone to delamination inducing fracture, while to date, few models143

for bio-based connections is able to incorporate its most important fracture mode while considering plastic144

behavior simultaneously. To carry out a more robust performance-based assessment toward laminated145

timber and bamboo structures, formulating a high-ődelity FE model capable of characterizing plasticity146

and fracture behavior of orthotropic materials simultaneously is necessary. Integrating plastic behavior and147

cracking behavior into one constitutive law is a tough problem that need to be solved in the modelling148

framework for bio-based connections.149

(a) Crushing deformation (b) Block shearing out

F F F F

Figure 3: Typical damage pattern of bio-based connections under axial loading.

2.2. Orthotropic linear-elastic behavior of LVL and glubam150

Before the initiation of yielding (compression) or failure (tension and shear), the strain-stress relationship151

for Laminated Veneer Lumber (LVL) and glued laminated bamboo (glubam) can be precisely described using152

a linear-elastic orthotropic compliance tensor. This relationship is deőned by:153
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ε = Ce : σ (1)

where Ce is the fourth-order orthotropic liner-elastic compliance tensor. The matrix form of Ce and corre-154

sponding stiffness tensor De are listed in Appendix A.155

In this constitutive model, the orthotropic axesÐlabeled as 1, 2, and 3Ðalign with the grain direction156

(X-axis), perpendicular to the grain direction (Y-axis), and the laminated direction (Z-axis), respectively, as157

illustrated in Figure 2. The anisotropic nature of LVL and glubam results in distinct values for the elastic158

moduli, shear moduli, and Poisson’s ratios along these three orthogonal axes. However, due to the symmetry159

property of Ce and De, the following conditions hold:160

µ12

E1
=

µ21

E2
;
µ23

E2
=

µ32

E3
;
µ13

E1
=

µ31

E3
(2)

To comprehensively describe the linear-elastic orthotropic behavior of these materials, it is essential to161

determine a total of nine mechanical parameters: three elastic moduli (E1, E2, E3), three shear moduli162

(G12, G13, G23) and three Poisson’s ratios (µ1,2, µ1,3, µ2,3).163

2.3. Orthotropic plastic behavior of LVL and glubam164

Hill’s yielding criterion is widely used to characterize plastic behavior of orthotropic materials [30, 31,165

32, 33], which takes into considerations material and yielding orthotropy [34]. Hill’s yielding criteria has166

been successfully applied in other researches such as CLT dowel-type connections [35], timber joints with167

glued-in rods [36] and traditional timber mortise-tenon joints [37].168

In this study, we derive the elastoplastic stiffness of orthotropic materials initially in tensor form based169

on Hill’s yield criterion. Subsequently, we present the matrix form of the corresponding elastoplastic stiff-170

ness, detailed further in Appendix B. This structured approach allows for a comprehensive analysis and a171

better understanding of the mechanical behavior under various loading conditions, enhancing the predictive172

capabilities of our models for bio-based construction materials.173

2.3.1. Tensor form of constitutive law for Hill’s yield criterion in orthotropic material174

For orthotropic material, Hill’s yield criterion is deőned as follows:175

f (σii) = σ =

√

1

2

[

α12 (σ11 − σ22)
2
+ α23 (σ22 − σ33)

2
+ α31 (σ33 − σ11)

2
]

+ 3α44σ2
12 + 3α55σ2

23 + 3α66σ2
31

(3)

where f is the yielding function; σ is the equivalent stress; σ11, σ22 and σ33 are the normal stresses; σ12,176

σ23 and σ31 are the shear stresses; αii are anisotropic parameters.177
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In practice, changes in strain (deformation) are tracked incrementally. The total strain increment, dεij ,178

is considered as the sum of elastic (reversible) strain, dεeij , and plastic (permanent) strain, dεpij :179

dεij = dεeij + dεpij (4)

The plastic component of the strain is determined using the ŕow rule, which relates it to the yield180

function:181

dεpij = λ
∂f

∂σij
(5)

where λ is a factor that can be assumed that λ = hdf where h is the hardening modulus. Then,182

dεij = dεeij + hdf
∂f

∂σij
(6)

The stress-strain relationship in elastic stage can be assumed as:183

σkl = aeklijε
e
ij (7)

where aeklij is the elastic stiffness tensor.184

From Eq. 6, it can be obtained that:185

aeklijdεij = dσkl + hdfaeklij
∂f

∂σij
(8)

and186

∂f

∂σkl
aeklijdεij =

∂f

∂σkl
dσkl + hdf

∂f

∂σkl
aeklij

∂f

∂σij
(9)

It is worth noting that:187

df =
∂f

∂σkl
dσkl (10)

Substituting Eq. 10 into Eq. 9:188

hdf =

∂f
∂σkl

aeklijdεij
1
h + ∂f

∂σpq
aepqrs

∂f
∂σrs

(11)

Substituting Eq. 11 into Eq. 8:189

dσkl =

(

aeklij −
aeklfg

∂f
∂σfg

∂f
∂σmn

aemnij

1
h + ∂f

∂σpq
aepqrs

∂f
∂σrs

)

dεij (12)

The above equation is the tensor form of the constitutive equation for orthotropic material, and where190

the part shown in bracket of the above equation:191
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aklij = aeklij −
aeklfg

∂f
∂σfg

∂f
∂σmn

aemnij

1
h + ∂f

∂σpq
aepqrs

∂f
∂σrs

(13)

is the elasto-plastic stiffness tensor. The hardening modulus in the above equations is deőned as follows:192

For hardening materials, plastic work is deőned as:193

dWp = σijdε
p
ij (14)

Substituting Eq. 5 and Eq. 3 into Eq. 14:194

dWp = λσ̄ (15)

On the other hand, plastic work can also be represented by equivalent stress and equivalent plastic strain:195

dWp = σdεp (16)

Combining above Eqs. 15 and 16:196

λ = dεp =
dσ

H
(17)

where H is the slope of σ − εp curve and can be determined from experimental tests. Notice that:197

λ = hdf = hdσ =
dσ

H
(18)

Therefore:198

h =
1

H
(19)

In practical calculations, the relationship between the equivalent stress σ and the equivalent strain ε is199

often derived from empirical material test results in a principal material direction. Differences in material200

properties across other directions are systematically accounted for by utilizing anisotropic parameters, de-201

noted as αi,j . The procedure for the determination of anisotropic parameters αij is discussed in Appendix C.202
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2.4. Fracture behavior203

Shear plane 1

Shear plane 2

Figure 4: Potential shear cracking zone.

Although the softening behavior of LVL and glubam was simulated to some extent by Hill’s yield criterion,204

no crack propagation was considered in this criterion. Herein, an attempt was made to simulate the cracking205

behavior by removing the damaged elements along the potential cracking zone [38, 39, 40] as shown in Figure206

4. The fracture of LVL and glubam, majorly manifested in shearing-out form, was the key factor leading to207

the failure of the connection [41, 42]. To model this behavior, a user subroutine, UMAT was integrated in208

ABAQUS to implement the damage function [42, 43] deőned as:209

D =

(

σ

ft,90

)2

+

(

τ

fv,0

)2

(20)

where σ and τ are the perpendicular-to-grain tensile stress (σ22) and parallel-to-grain shear stress (σ12)210

respectively, and ft,90 and fv,0 are the perpendicular-to-grain tensile strength and parallel-to-grain shear211

strength respectively, which can refer to Shi et al. [44].212
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The damage variable D in Eq. 20 was utilized in the subroutine such that when its value reaches one,213

the subroutine passes the zero stress state to the element, and the element was deleted from the mesh.214

The size of the removed elements is about 0.1 mm wide and to guarantee convergence. The total length215

of element-removing area was extended from the wall of bolt hole to the upper end of the member and its216

area was equal to the area of two shear failure plane as shown in the red areas in Figure 4. When the block217

between two shear plane was totally sheared out, the calculation terminates.218

The procedure for the element removal is:219

1. Obtain perpendicular-to-grain tensile stress σ22 and parallel-to-grain shear stress σ12 from state vari-220

able in ABAQUS subroutine and check damage variable D.221

De =

(

σ22,e

ft,90

)2

+

(

σ12,e

fv,0

)2

= 1 (21)

where e is an element number, which links to the elements to be checked.222

2. An element is removed if it satisőes the condition in Eq. 21 by setting its material properties to zero.223

When the ii-th is removed, there will be a redundancy in the Jacobian matrix which will affect the224

tangential stiffness matrix KT :225
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(22)

where n is the total number of elements.226

3. Start a new step based on a redundant structural tangential stiffness (i.e., remove the ii-th element227

associated rows and columns) and repeat steps 1 and 2.228

2.4.1. Algorithm design for Plasticity-Fracture behavior229

The algorithm of the plasticity-fracture constitutive for LVL and glubam is shown in Table D.7 in230

Appendix D. First the material parameters were input including materials constants, reference yielding231

stress, anisotropic parameters and hardening function and hardening modulus.Then the orthotropic elastic232

matrix was formed and the total elastic stress tensor is calculated. In the next step the equivalent stress233

is evaluated into the yield function in order to determine if there is plasticity or not. In case of plasticity,234

the plastic strain increment is calculated according to hardening modulus and plastic ŕow rule. Then stress235

components is obtained to evaluate the damage function. The damage status can be reŕected by a State236
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Variable in ABAQUS subroutine. In case of damage, the value of State Variable equal to 0 and the element237

is deleted from the mesh. In case of no damage, the value of State Variable keeps 1 and the stress component238

is still renewed according to normal elasto-plastic stiffness matrix. Then the next iteration starts and the239

calculation will be terminated until all elements on the target crack plane were removed or divergence occurs.240

2.4.2. Experimental validation of plasticity-fracture constitutive law241

Figure 5 compares the experimental and simulated results in one representative embedment test by242

using the constitutive model as described above. The material constitutive law of LVL is programmed in the243

subroutine according to Table D.7, where both the element removal criterion and Hill’s yielding criterion244

are considered. The simulated cracking path is in good agreement with the real cracking path observed245

from test. Moreover, a progressive descending stage can be observed in the simulated loading-embedment246

displacement curves (more details related to this model could be found in Shi et al. [44]), which corresponding247

to continuously removed elements.248
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+1.814e+01
+2.689e+01
+3.565e+01
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+5.317e+01
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Units: MPa

V. Mises stress
Increment 2 Increment 10 Increment 65 Increment 120

Figure 5: Evolution of element status in the pre-determined crack plane as fracture propagates in FE model of embedment

test.

2.5. Effective foundation model properties for embedment zone249

In this study, for timber and bamboo elements in the embedment zone (the area around the bolt, see250

yellow area in Figure 7), wood foundation model was used to describe the local crushing behavior due to251

embedment compression. In wood foundation model, material hardening was considered by bilinear őtting252

the performance curves obtained from the embedment compression tests (see our previous study [44] ) as253

shown in Figure 6. The relative LVL and glubam constitutive in the embedment zone are then determined254

by the őtting result from the embedment compression tests according to the analysis method proposed by255

Hong and Barrett [45]. The foundation modulus and foundation yield point are deőned based on the load-256

embedment displacement curve from embedment compression tests. In the őtted bilinear curve, an initial257

slope and a break point between two linear regions were identiőed. The nominal foundation modulus and258

the nominal yield point can then be calculated as:259
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k =
Py

Wy
(23)

where k is nominal foundation modulus (MPa), Py is the yield load in the bilinear load/unit length-260

embedment displacement curve (N/mm), and Wy is the yield deformation in the load/unit length-embedment261

displacement curve (mm).262

In the wood foundation model, the nominal foundation modulus along parallel-to-grain directions (E1,F )263

were determined according to experimental results as discussed above, while the effective foundation modulus264

Hong and Barrett [45] along other directions (E2,F , E3,F , etc.) were derived by proportional transformation265

using the same ratio of E1 and E1,F as following:266

E1,F

E1
=

E2,F

E2
=

E3,F

E3
(24)

The Poisson’s ratios in the wood foundation model (µ12,F , µ13,F , etc.) were the same as the normal267

materials property. The őnal parameters for the wood foundation model could be found in our previous268

research [44]. The elastic constants in the three orthotropic directions were reduced signiőcantly in the269

wood foundation model compared to the elastic constants directly obtained from the normal materials test.270

This was consistent with the approach proposed by Hong and Barrett [45] who adopted effective (reduced)271

foundation properties (i.e., properties of the material around the bolt) to match the observed stiffness.272
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Figure 6: Bilinear backbone curve őtted to bolt-embedment data.

2.6. High-ődelity axial behavior modelling273

2.6.1. FE implementation274

Figure 9 shows the őnite element model for bolted connection developed in ABAQUS. The 3D FE model275

(FEM) consists of one steel plate, bolts and main members (LVL or glubam). The geometry of the connection276

components are the same as the geometry of the tested specimens [44].277
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All the components were modeled with eight-node brick elements (C3D8) in the ABAQUS software. The278

bolt and steel plate was modeled as isotropic elastic-perfectly plasticity. For the bolts and steel plate, the279

module of elasticity (MOE) is 210 GPa and the Poisson ratio is 0.3 based on C10B21 steel properties. The280

yield stress is 345 MPa for steel plate. The yield stress is 721.52 and 823.98 MPa for Φ8 and Φ10 bolts,281

respectively.282

Increment 18 Increment 56 Increment 136 Increment 241 Increment 758

Orthotropic elastic-plastic 

with element removal

(Crack zone) ---Wood foundation model

(Embedment zone)

Orthotropic elastic-plastic 

without element removal

Bilinear isotropic 

plastic

 (Bolts)

 Orthotropic elastic

 (LVL and glubam outside

 the embedment zone)

Bilinear isotropic 

plastic

 (Steel plate)

Figure 7: Material constitutive partitioning of the numerical model and evolution of element status in the pre-determined crack

plane as fracture propagates in FE model (G-M-S10) of connection test. Adapated from Shi et al. [44].

It has been proved from previous studies [45, 37, 46, 47] that the constitutive of the elements outside283

the embedment zone (gray area in Figure 7) was negligible while that in the embedment zone (see red area284

in Figure 7) was dominating the response. Therefore, the LVL or glubam block was modeled with different285

material properties for elements inside and outside the embedment zone, and crack zone. The material286

partitioning of the block is shown in Figure 7. The elements outside the embedment zone (gray area in287

Figure 7) were assumed to be orthotropic linear elastic elements, and the Young’s modulus was determined288

by compression tests of prism specimen (refer to Shi et al. [44]). An adaptive mesh was adopted with289

mean mesh-size equal to around to 3 mm. In the embedment zone, orthotropic elastic-plastic constitutive290

(Hill’s yielding criteria) was used and the Hill’s yielding criteria were implemented by directly inputting the291

parameter of Hill’s yielding function in the ABAQUS user interface without establishing subroutine. The292

material properties in the embedment zone were equal to the effective foundation model properties (Section293
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2.5). As for elements in crack zone (red area in Figure 7), orthotropic elasto-plastic constitutive (Hill’s294

yielding criteria) with progressive element removal was implemented. In the crack zone, the Hill’s yielding295

criteria and element removal were both implemented by establishing subroutine. The thickness in the crack296

zone was set equal to 0.1mm and the mesh-size equal to around to 3 mm. The material parameters of the297

glubam and LVL referred to the experimental results in Shi et al. [44].298

The interface property of all the contact surfaces is set as hard contact. The Coulomb friction coefficient299

of all contact surfaces is taken as 0.5. Moreover, to model the initial slip stage caused by the hole clearance300

between the bolt and hole wall of timber elements [48], 0.5mm tolerance between the interface of bolt and301

timber elements in ABAQUS model is set.302

2.6.2. FEM results and experimental validation303

The experimental and numerical results of the bolted to steel bio-based connection subjected to tension304

monotonic loading and cyclic loadingwere compared. The detailed test setup and instrument for truss joints305

is shown in Figure E.24.306

0 10 20 30 40
V [mm]

0

5

10

15

20

F
[k
N
]

L-8

Test
Model

0 10 20 30 40
V [mm]

0

5

10

15

20

25

F
[k
N
]

L-10

Test
Model

0 10 20 30
V [mm]

0

5

10

15

20

25

30

F
[k
N
]

G-8

Test
Model

0 10 20 30
V [mm]

0

10

20

30

40

F
[k
N
]

G-10

Test
Model

Figure 8: Load (F) vs. displacement (V) results of FEM analyses compared to experimental results under monotonic loading

for specimens L-8, L-10, G-8, G-10.

The simulation results of the failure modes for a typical specimen obtained by the FEM are shown in307

Figure 9, where a typical shearing-out failure mode can be observed. A comparison of element status in the308

predetermined crack plane as fracture propagates is shown in Figure 7, where the vanishing elements on the309

fracture plane gradually formed the őnal fracture path.310
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Block Shearing out

Figure 9: Comparison between simulated failure modes and tested failure modes. Adapated from Shi et al. [44].

From Figure 8, it can be noticed the proposed plasticity-fracture model is able to reproduce the stiffness311

degradation shown by the monotonic experimental curves, eventually reaching a maximum load plateau312

and then failure. Moreover, the prediction of the maximum load and the ultimate deformation is good.313

Figure 10 compares the experimental and numerical results for specimens L-8 under cyclic loading. It314

can be observed the proposed plasticity-fracture model is able to reproduce the envelop curve, pinching315

effect, stiffness degradation and strength degradation shown by the experimental curves. In general, the316

overall nonlinear monotonic and hysteretic response of the bolted to steel bio-based connection is accurately317

predicted by the new plasticity-fracture continuum FE model proposed in this study.318

Figure 10: Load (F in kN) vs. displacement (V in mm) results of FEM analyses compared to experimental results under cyclic

loading for Specimen L-8.

To quantitatively compare the FEM prediction capabilities , the FE-predicted responses are compared319

with the true responses using the Relative Root Mean Square Errors (RRMSE). The RRMSE provides a320
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measurement of the error between two signals, a (tested value) and b (predicted value), and is deőned as321

RRMSE (a,b) =

√

[

1
Ns

∑Ns

i=1 (ai − bi)
2
]

√

[

1
Ns

∑Ns

i=1 (ai)
2
]

× 100 (%) (25)

where Ns denotes the total number of data samples in the signals.322

Table 1 presents the RRMSE (see Eq. 25) computed between the actual (tested) responses and those323

predicted by FE model. In terms of monotonic responses, the RRMSE remain below 15% and in terms324

of hysteresis responses, the RRMSE remain below 20%, which conőrmed the validity of the FE model325

proposed in this study.326

Table 1: RRMSE (see Eq. 25) between the true observed responses and the corresponding initial and FE-predicted responses.

Monotonic responses Hysteresis response

L-8 L-10 G-8 G-10 L-8

11.56% 8.56% 14.68% 7.62% 19.35%

3. Low-ődelity model for joints327

To achieve a balance between model prediction accuracy and computational burden, a simpliőed and328

versatile phenomenological model that specify the envelope path and associated hysteresis is proposed in329

this study. The simpliőed modelling method used in this study is inspired by the methodology provided in330

Xu et al. [9] which involves combining a series of connector elements from which the hysteresis behaviour331

of the joints is generated. The methodology is convenient to apply to timber truss structures, and the332

method is advanced herein. More speciőcally, the truss joint is modelled by a series of two-dimensional axial333

connector elements which are available in ABAQUS as CONN2D2. Basic behaviours are assigned to each334

element, namely, elasto-plastic behaviour (herein EP elements), STOP behaviour (herein S elements) and335

LOCK behaviour (herein L elements). In the present joint model, the positions of all nodes locate at the336

same position and mechanical behaviours are assigned to the tension and compression degree of freedom337

(DOF) of the connector elements only. Therefore, the plot of the FE mesh is a series of nodes positioned338

at the same location. In order to provide a more intuitive illustration, the tension and compression DOF339

of the elements are transformed to one dimensional translation. The connector elements are illustrated in340

Figure 11 while the joint model is shown schematically in Figure 12.341

3.1. Behavior of connector elements342

In the model reported herein, elasto-plastic elements with one DOF are utilised as only uniaxial behaviour343

needs to be considered. As a result, there are four parameters that need to be deőned for the EP element,344
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namely (i) elastic stiffness, (ii) yield strength, (iii) post-yield stiffness, and (iv) hardening rule.345

The hardening rules used within this study includes isotropic hardening and kinematic hardening. The346

rules are respectively shown in Figure 11 (d) and (e). The isotropic hardening rule speciőes that the centre of347

the yield surface remains at its original position and that the yield surface expands with positive post-yield348

stiffness. The kinematic hardening rule speciőes that the shape of the yield surface remains the same and349

that the centre of the yield surface moves with the yield stress.350
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Figure 11: Behavior of connector elements.

The behaviour of the S elements can be described as a slider positioned in a slot that has a őnite length.351

This type of element contains two nodes (i.e., one node is the slider, and the second node is the slot) as352

provided in Figure 11 a and b. The minimum and maximum deformation is limited by the two boundaries of353

the slot node, while deformation of the element occurs without friction within the limit of the two boundaries.354

The behaviour of an L element is shown in Figure 11 c. The element is assigned a threshold value which355

is expressed in terms of either deformation or internal force. Before the threshold value is achieved though,356

the element behaves according to the original properties that are assigned to it. The element will be łlocked357

žand deőned as a rigid body when it achieves the threshold value. In this case, the distance between the358

two nodes will no longer change. Finally, the L element is deőned by linear-elastic behaviour with internal359

force as the threshold criterion.360
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3.2. Proposed joint model361

The physical mechanisms contributing to the pinched-style hysteresis behaviour of the bolt-type timber362

joints are comprised of three basic stages.363

1. Loading: The bolts are in contact with the timber hole (i.e., a hole that accommodates a steel bolt),364

the timber is subjected to bearing load and the bolts are subjected to bending. In this stage, the bolts365

and timber work together to resist the external load;366

2. Unloading: The bolts separated from the bearing wall of the hole and slide in the deformed hole. In367

this stage, friction force is the dominant action resisting the applied load;368

3. Reloading/reverse loading: The bolts are bent in an opposing manner and slide in the deformed369

hole until they fully contact with the wall of the hole.370

Based on these physical interpretations, a model is proposed in this paper that is informed from three key371

assumptions: (1) EP elements are used in conjunction with slot elements in order to represent the bearing372

of timber as well as the permanent deformation of the hole; (2) friction force and reverse bending of the373

bolts are all considered in the steel bolt model; (3) three groups of EP + S elements are connected in374

parallel in order to achieve yield of the timber representing contact between the bolts and timber hole in375

the reloading/reverse loading stage. Details of the model formulation are now further elaborated upon.376

As indicated at the beginning of this section, the contributions of the steel bolt, timber bearing and377

strengthening schemes are modelled individually while the overall behaviour of the joint involves the super-378

position of the actions contributed by all components. Figure 12 provides key details about the joint model.379

The overall model is shown schematically in Figure 12 a. In addition, the combinations of connectors shown380

in Figure 12 b and d represents the behaviour of the steel bolt action and timber bearing action, respectively,381

while their monotonic force-slip behaviours are plotted schematically in Figure 12 (c) and (e), respectively.382

According to the assumptions of superposition, the capacity of the joint is given by:383

F (V ) = Fs (V ) + Fb (V ) (26)

where F is the joint force, Fs is the force contributed by the steel bolt model, Fb is the force contributed by384

the timber bearing model, and V is the slip of the joint. Details of these three models are provided in the385

following sections.386

3.2.1. Bolt model387

The behaviour of the steel bolt is modelled by connecting an EP element, an L element and a S element388

in series (see Figure 12 b). The L criterion is set to be equal to the yield strength of the EPs element. The389

elastic stiffness obtained by the steel bolt model can therefore vary before and after yielding of the bolt, thus390

simulating the embedding process of the bolts with a lower initial stiffness before yielding. The S elements391
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Figure 12: Modelling hysteretic behaviour of truss joints.

model a one-sided constraint of the joint as shown in Figure 12 for +Si. When it is combined with other392

elements in series, it can model the initial sliding behavior caused by the tolerance between bolt and bolt393

hole. Here, the distance between the slider and the right end of the slot (upper limit) is set to be equal to394

the real manufacture tolerance, G1. Based on the deőnition of +S1, the EP and LOCK element connected395

to it can only achieve a net positive load under positive deformation. Similarly, the EP and LOCK element396

connected to −Si can only achieve a net negative load under negative deformation. It is proposed that the397

plasticity of the steel bolt (EPs ) is deőned by kinematic hardening. The force that is contributed by the398

steel bolt under monotonic loading can therefore be calculated using the following equations:399

Fs (V ) = 0 (V < G1) (27a)

Fs (V ) = KseKL/ (Kse +KL) · V (G1 < V < Vsy) (27b)

Fs (V ) = Ksp (V − Vsy) + fsy (V ≥ Vsy) (27c)

3.2.2. Beam bearing model400

A combination of EP and S elements is used to model the bearing of the beam, as shown in Figure 12. As401

mentioned above, the S elements also model a one-sided constraint of the joint. Here, the distance between402

the slider and the right end of the slot (upper limit) is set to be equal to the gap width, Gi (i = 1, 2, 3). The403
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distance to the left end (lower limit) of the slot is set to be a large value which is impossible to reach (i.e., 30404

mm). Details about the irrecoverable deformation of timber and the contact status between the steel bolt405

and the timber are retained by the S element.406

Several assumptions are made for the timber bearing action model, namely (i) the yield strengths for407

EP1, EP2 and EP3 are equal, (ii) EP2 and EP3 are elasto-perfect plastic, and (iii) the hardening rule408

for EPi (i = 1, 2, 3) is delineated by isotropic hardening. With these assumptions, a gradual elasto-plastic409

transition stage of the force-slip curve can be achieved, and the loading and unloading stiffnesses can be410

set unequal to each other. Based on the model and assumptions described above, the moment of resistance411

generated by the timber bearing action can be calculated using the following equations:412

Fb (V ) = ΣFi (V ) (i = 1, 2, 3) (28a)

Fi (V ) = 0 (V < Gi) (28b)

Fi (V ) = Kie (V −Gi) Gi < V < Viy (28c)

Fi (V ) = Kip (V − Viy) + fby V > Viy (28d)

where Fi is the moment generated by the i-th timber model, Gi is the gap of the Si element, Viy is the413

yield rotation of the i-th timber model, Kie is the elastic stiffness of the EPi element, Kip is the post-yield414

stiffness of the EPi element (K2p = K3p = 0), and fby is the yield strength of the EPi element.415

3.3. Parametric modelling of truss joints via Python script416

Domain decomposition with overlapping node method is used to divide the simpliőed model into different417

subdomains. The multiple overlapping nodes between different subdomains constitute a coupling region,418

which could be easily integrated into hybrid structural model. Since overlapping nodes is unable to be419

captured in GUI interface of ABAQUS software, herein parametric modelling is performed via Python script420

to compile Inp őle, where geometry, node coordinate, material property, boundary conditions, loading input421

and response output are deőned. Parametric modeling is an approach to capture designs by parameters,422

which are deőning objects by certain algorithms and mathematic procedures. This is in controversy to a423

direct draw and design. In this way multiple components can be introduced in a model and repetitive objects424

and overlapping nodes can be created easily, while still adopting to apparent environments. As displayed425

in Figure 13, a vector of integer values j (Eq. 29c) from 1-7 is used to represented the sequence number of426

internodes in simpliőed joints model, while the overlapping start node and end node are represented by Ni0427

and Ni2 respectively, where a vector of integer values i (Eq. 29b) will be adopted to represent the sequence428
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number of n joints in global structure under consideration, herein are 6 global nodes of hybrid planar truss429

(see Figure 21).430

After parametric modelling, the resulting Inp őle is imported into ABAQUS software platform for FEM431

analysis without adopting ABAQUS GUI interface and this process can be totally operated via Python432

script:433

NT
i1j = [Ni11, Ni12, Ni13, Ni14, Ni15, Ni16, Ni17] (29a)

iT = [1, 2, 3......., n] (29b)

jT = [1, 2, 3, ..., 7] (29c)
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Figure 13: Node information in parametric modelling of truss joints.

3.4. Rough estimation of parameters434

Preassigning values of certain parameters and deőning a restricted searching space for parameters to be435

optimized (e.g., limiting the optimization to a portion of parameters instead of the whole) can dramatically436

reduce the computational cost of the calibration. Thus, it is critical to perform a rough estimation of437

parameters őrst, which involves extraction of the characteristic points and parameters of the hysteresis438

curves from the simulated results by 3D continuum FE model (i.e., the stiffness, K, and the yield slip, Vy).439

The deőnition of characteristic points and the rough determination of model parameters will be introduced440

in this section.441

To solve all the unknown parameters, the initial stiffness, K, yield slip, Vy and four characteristic points,442

P1 , P2 , P3 and P4 on the hysteresis curves of joint model are needed to be speciőed additionally, as443
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shown in Figure 14. P1(V1, F1) and P2(V2, F2) are determined as the hardening-initiating point and peak-444

loading point respectively, which could be roughly estimated from the hardening segment of the hysteretic445

curve. P3(V3, F3) are determined as the intercept of the hysteresis curve on the +x axis and P4(V4, F4) as446

the intercept of the hysteresis curve on the −y axis, both of which could be roughly estimated from the447

unloading segment. Since more stable curves will result from repeated load cycles, it is suggested to deőne448

P3 and P4 in the last cycle.449
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Figure 14: Selection of characteristic points on hysteresis curves for simpliőed model development.

The proposed method for roughly determining the parameters is deőned by several steps, namely, (i) the450

initial stiffness of the model = K, (ii) the yielding of the steel bolt model = Vy, (iii) the post-peak stiffness451

of the steel bolt model = the slope of the line P4-P3, (iv) the yield strength of the steel bolt model = fs ,452

and (v) the moment of the model is equal to that of the test results at V = V1 and V = V2. Additionally, it453

is proposed G2 = G3 = G1+fby/K1e, V2y = 0.5(V1+Vy) and V3y = V1, where Vy is the yield rotation of the454

joint adopted from the test results. With these assumptions, the EP2 and EP3 elements can begin to work455

instantaneously after EP1 yields, while the contribution of the timber bearing increases linearly according456

to slope K1p when the slip of the joint is greater than V1. Yield of EP2 and EP3 can simulate the transition457

from the elastic stage to the post-yield stage.458

Based on the conditions listed above, the following equations must therefore be satisőed:459

[(KseKL) / (Kse +KL)] +K1e = K

Vsy = Vy

Ksp = fs/Vs

fsy = fs

F (V1) = F1

F (V2) = F2

(30)

By substituting Eqs. 26, 27b and 27c into the above equations, the parameters of the steel bolt and460

beam bearing models can be calculated as follows:461
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• For the bolt model:462

fsy = fs

Ksp = fs/Vs

KL =
fsyKse

KseVy−fsy

(31)

• For the beam bearing model:463

K1e = K − fsy/Vy

K1p = F2−F1

V2−V1

−Ksp

fby =
F2−fsy−V2(K1p+Ksp)+VyKsp−G1K1p

3−K1p/K1e−G1

G2 = G3 = fby/K1e

K2e =
fby

0.5(Vy+V1)−G2−G1

K3e =
fby

V1−G2−G1

(32)

It is observed from the hysteresis curves that the initial loading stiffness is always smaller than the464

unloading stiffness. The lock element in the steel dowel model is hence applied herein to model this phe-465

nomenon. Among the above equations, there are two indeterminate parameters, Kse and KL, which can466

be solved by assuming one of the values. Through pilot parametric studies, when increasing the value of467

Kse, the arising unloading slope will be steeper although there is less effect on the dissipated energy. This468

observation was also noted in reference [12]. Therefore, the rough estimated values of Kse is assumed to be469

25 kN/mmin order to achieve a best őt to the unloading stiffnesses.470

4. Model identiőcation of low-ődelity connections based on high-ődelity model output471

The proposed model holds a large number of ŕexible parameters. Hence, automatic parameter calibration472

is indispensable. This study presents a novel PGA based framework aimed at identifying parameters to473

minimize force-time history error between predicted hysteretic behavior from low-ődelity model and high474

ődelity models joints model (see Figure 14).475

4.1. Parallel genetic algorithms (PGA) and parallel computing system476

Genetic algorithms (GA) are a discrete evolution strategy method which employs an iterative procedure477

on the basis of evolution of a design population over a selected number of generations [49, 50]. In each iter-478

ation of this procedure, the design population is őrst evaluated in conjunction with response and constraint479

function calculations performed for each design, and then a sequential application of the recombination,480
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mutation and selection operators takes place to constitute the individuals of the next generation. GA are481

very suitable for many problems, but often require too much time and therefore may be disadvantageous.482

The most time-consuming operation within GA is the evaluation of the őtness function [16, 17]. Hence, an483

effective and adequate parallelization of the solution algorithm can be accomplished by creating multitasked484

regions in the GA source code for this step only, since őtness evaluation of the design population does not485

entail any inter-processor communication, and thus can be conducted concurrently by a number of threads486

in a parallel computing environment.487
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Figure 15: Flowchart for parallel genetic algorithm.

The serial algorithm is organized in a number of sequential and parallel code segments to achieve a488

master-slave conőguration based parallel programming structure. The sequential code segments (recombi-489

nation, mutation and selection) are only accessible by the master thread, whereas multitasked loops (FEM490
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calculation and őtness evaluation) encapsulated in parallel codes are executed by slave threads. Additional491

sequential code segments are written for enabling coordination, communication and synchronization within492

the network by the master thread. The parallel execution of the solution algorithm is schematically depicted493

in Figure 15. Accordingly, once the algorithm is initiated, the input data describing the aforementioned para-494

metric model (Inp őle) is őrst distributed to all the slave threads by the master. Then, the initial population495

that, in the current case, represent different constitutive parameters of material model, is generated by the496

master thread based on a random initialization of parameters to be identiőed. Next, the master calls all497

the slave threads to perform evaluation of the design population collectively and concurrently. Each design498

(parametric model) is assigned to each slave thread within the parallel computing system by the master.499

Every thread undertakes FEM response calculations, response output and őtness evaluation calculations for500

the subset of designs assigned to itself in conjunction with ABAQUS platform. The results of analyses and501

evaluations are reŕected in single numerical values, which are delivered from slave thread to the master as502

the objective function scores of the individuals. The master thread waits until every thread-in the parallel503

computing system completes its own task. It then continues to implement evolutionary operators in a se-504

quential manner to yield the design population of the next generation, while slave threads are put on hold505

in the meantime until response and őtness evaluation calculations are processed in the next generation.506

It is important to emphasize that progress monitoring of FEM calculation and response output in each507

thread is critical for parallelization and iteration execution. To solve this, each thread contains a self-508

monitoring subroutine, which monitor FEM calculation progress by judging existence of lck őle and monitor509

response output progress by judging existence of post-processing output txt őle.510

4.2. Identiőcation framework511

The parameter calibration framework proposed herein is based on the above-mentioned Parallel genetic512

algorithms (PGA) and parallel computing system. The ŕowchart of this calibration framework is depicted513

in Figure 16. The łInitial decisionž allows preassigning values of certain parameters and deőning a restricted514

searching space for parameters to be optimized. As it can be observed in Figure 16, the core of the framework515

is the identiőcation algorithm. The algorithm involves the deőnition of a proper objective function that516

estimates the error between simulated force-time history from low-ődelity model and observed force-time517

history from high-ődelity FE model:518

OF (θ) =

´ vf
v0

|[FO (v)− FS (θ, v)]| dv
´ vf

v0
|FO (v)| dv

(33)

where θ = {K1e, fby,K1p,K2e,K3e, G1, G2,KL, fsy,Kse,Ksp} is the vector collecting the model parameter519

to be identiőed, v0 and vf are the initial and őnal displacement records, FO (v) is the force derived from the520

observed data from high-ődelity FE model, and FS (θ, v) is the force simulated by the proposed low-ődelity521
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model. The values of FS (θ, v) is obtained by performing a cyclic analysis of proposed simpliőed model in522

ABAQUS platform in Python. Then the objective function value is mapped to őtness values and the őtness523

values of each tentative solution is evaluated. The őttest individuals are cyclically selected and recombined524

until the optimal parameters conőguration are obtained.525

Table 2: Rough estimation of parameters to be identiőed and the searching space.

Parameters K1e fby K1p K2e K3e G1 G2 KL fsy Kse Ksp

[kN/mm] [kN] [kN/mm] [kN/mm] [kN/mm] [mm] [mm] [kN/mm] [kN] [kN/mm] [kN/mm]

Rough estimation 28.8 4 0.414 1.66 5.26 0.8 0.14 1.25 5 25 1.19

Upper Bound 288 40 4.14 16.6 52.6 8 1.4 12.5 50 250 11.9

Lower Bound 0.576 0.08 0.008 0.033 0.105 0.016 0.003 0.025 0.1 0.5 0.024
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Figure 16: Flowchart of the calibration framework [51, 52].

4.3. Identiőcation results526

After rough determination of model parameters according to 3.4, an ampliőcation factor 10 and a reduc-527

tion factor 0.2 for rough estimation values of all the parameters are selected as the upper bound and lower528
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bound of the searching space as reported in Table 2. The population size and generation number are chosen529

as 20 and 30, respectively. Thus, the identiőcation process will perform a total of 600 times evaluation, where530

20 slave threads are arranged to evaluate 20 individuals in each generation and 2 processors are distributed531

to execute each thread, as reported in Table 3.532

Table 3: Setting of the PGA.

Pop.size N.Generation Evaluation N.Slave threads N.cores per thread

20 30 600 20 2

Figure 17: Convergence history of the identiőcation over the objective function evalution.

Under the above settings, the identiőcation process for the reference model has shown the convergence533

history illustrated in Figure 17, where the objective function evaluations are reported according to Eq. 33.534

In the same diagram, the moving average trend is also reported. It can be observed that the algorithm tends535

to a stable solution after about 8 generations, 160 evaluations of individuals.The őnal identiőcation results536

over each individual in each generation are illustrated in Figure 18. A good agreement between predicted537

responses from proposed simpliőed model and benchmark response from 3D FEM model is achieved in the538

last generation and the őnal identiőed parameters are concluded in Table 4.539

Table 4: Identiőed parameters of simpliőed model for truss joints.

Parameters K1e fby K1p K2e K3e G1 G2 KL fsy Kse Ksp

[kN/mm] [kN] [kN/mm] [kN/mm] [kN/mm] [mm] [mm] [kN/mm] [kN] [kN/mm] [kN/mm]

Identiőed 98.418 2.603 0.313 11.380 35.783 0.720 1.185 2.581 32.583 70.390 0.05
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Figure 18: Identiőcation results over each individual in each generation.
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4.4. Comparison with other identiőcation methods540

The proposed PGA was compared with particle swarm optimization algorithm (PSO) [53], bayesian541

inference using Sequential Monte Carlo sampling method (BI-SMC) and successful history-based adaptive542

differential evolution algorithms with linear population size reduction (L-SHADE) [54]. The search space543

deőned by the PSO and L-SHADE is consistent with that of the PGA, while truncnormal distribution with544

mean values equal to the roughly determined parameters values as discussed in section 3.4 was chosen as the545

prior distribution of BI-SMC. An ampliőcation factor of 3.0 and a reduction factor of 0.1 for mean values546

of all the parameters are selected as the upper bound and lower bound of the truncnormal distribution. 0.5547

times the mean values are selected as the standard deviations of the priors.548

The predicted hysteresis response and energy dissipation-time history obtained by substituting the pa-549

rameter values identiőed by the four identiőcation methods into the simpliőed model was shown in Figure550

19, and the predicted results by simpliőed model were further compared with the predicted results by 3D551

FEM model. To assess the discrepancy between predicted results by 3D FEM model and simpliőed model552

using identiőed parameter values by the four identiőcation methods, two error metrics are employed: the553

Cumulative Energy Error (CEE) and the cumulative force error (CFE). These metrics are calculated as:554

CEEi =
| Eit − Eim |

| Eit |
× 100% (34a)

CFEi =

∑i
k=1 | Fkt − Fkm |
∑i

k=1 | Fkt |
× 100% (34b)

where i is the i-th data point. Eit and Eim are the total energy dissipated up to the i-th point for test and555

model, respectively. Fkt and Fkm are the force of the k-th point for test and model, respectively.556

Figure 20 illustrated that the identiőcation error was smallest when employing the L-SHADE method,557

followed by PGA and then PSO. The accuracies of PGA and PSO were similar, while the predictive accuracy558

of BI-SMC was lower than that of the other algorithms. In assessing the merits and drawbacks of differ-559

ent methodologies, it is inadequate to solely gauge identiőcation accuracy. Identiőcation efficiency holds560

signiőcance as well. Thus, this study comprehensively evaluated the strengths and limitations of diverse561

approaches, considering factors such as identiőcation accuracy and efficiency as shown in Table 5.562

5. Model updating of an hybrid planar truss based on experimental tests563

5.1. FE model564

A simpliőed hybrid truss model is developed by combining the aforementioned simpliőed joints model565

with wire element (truss chords) in ABAQUS as shown in Figure 21. The simpliőed joint model (see566

Section 3) is located between the truss global node and wire element and its length is set as 120 mm, which567

represents real joints length (see Figure 1). Wire element is assigned with truss beam property, where the568
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Figure 19: Comparison of identiőcation results obtained by PGA and other identiőcation methods regarding hysteresis response

and energy dissipation.

Figure 20: Comparison of the Cumulative Energy Error (CEE) and the Cumulative Force Error (CFE).

elastic modulus is 13 Gpa and section area is 60mm×60mm. All the nodes are assumed as hinge connection569

and the support adopts pin connection, which complies with real boundary conditions. The model developed570

in ABAQUS is illustrated in Figure F.25 (b).571
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Table 5: Features of four methods and comparison.

Method PGA PSO BI-SMC L-SHADE

Accuracy Medium Medium Relatively low High

Computation cost Around 1 h Around 70 h Around 95 h Around 44 h

Evaluation iteration 600 600 2300 900

Overall Efficiency High Low Low Medium

Level of Detail of Output Deterministic Deterministic Probabilistic, with uncertainty Deterministic

Stability
Unstable (largely depend Unstable (largely depend Stable (if you have a Unstable (largely depend

on the initial population) on the initial population) reasonable prior distribution) on the initial population)

Recommended Situations
Quick parameter

estimation

Accurate parameter

identiőcation

based on preliminary results

Uncertainty quantiőcation of

parameters

Accurate parameter

identiőcation

based on preliminary results
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Figure 21: Simpliőed hybrid truss model in ABAQUS.

The overall nonlinear behavior of the simpliőed joints model is described by predicted hysteretic response572

according to aforementioned parameter identiőcation results. However, it should be noted that this highly573

idealized structural model localizes the modeling of nonlinear behavior in a few prescribed elements, leading574

to potential model uncertainty. To address this model uncertainty and construct more robust structural575

models with more accurate parameters, a PGA based model updating framework is carried out. The576

benchmark of updating refers to a cyclic test result of real hybrid planar truss. The loading scenario of real577

hybrid planar truss is shown in Figure F.25 and 21, and displacement based cyclic loading is applied on578

node 5.579

The ŕowchart of updating framework is similar to aforementioned identiőcation framework with truss580

joints. The differences are the input parametric model and basic PGA setting. Considering truss model is581

more complicated than individual joint model, The iterative generation and population size is selected as582
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60 and 30, respectively, leading to a total of 1800 times evaluation, and 30 slave threads are assigned to583

undertake updating task. An ampliőcation factor 5 and a reduction factor 0.5 assigned to initial parameter584

identiőcation values of joints model are selected as the upper bound and lower bound of the searching space585

for hybrid truss updating.586

5.2. Model updating results587

Figure 22: Model updating results over each individual in some generations.

Table 6: Identiőed parameter values from joints and updated parameters values from hybrid planar truss.

Parameters K1e fby K1p K2e K3e G1 G2 KL fsy Kse Ksp

[kN/mm] [kN] [kN/mm] [kN/mm] [kN/mm] [mm] [mm] [kN/mm] [kN] [kN/mm] [kN/mm]

Initially identiőed 98.418 2.603 0.313 11.380 35.783 0.720 1.185 2.581 32.583 70.390 0.05

Finally Updated 84.312 2.351 0.421 13.621 27.412 1.211 1.701 2.124 27.654 63.392 0.07

Relative Error 14% 9.7% 34.5% 19.7% 23.4% 68.19% 43.54% 17.7% 15.1% 9.7% 40%

The updating process for the truss model has shown the convergence history illustrated in Figure 23,588

where the objective function evaluations are reported, and the model updating results over each individual589

in some representative generations are shown in Figure 22. It can be observed that the updating tends to590

a stable solution after about 48 generations, 1440 evaluations of individuals. A good agreement between591

predicted responses and test responses is achieved in the last generation. The initially identiőed parameters,592

the őnally updated parameters values and their relative error are reported in Table 6. As indicated, the593

most sensitive parameters are G1 and G2 from STOP behavior in S element, which can characterize the594

initial slip behavior caused by the manufacture tolerance between bolt and hole wall. Since planar truss are595
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composed of multiple chords and manufacture tolerance are difficult to keep uniform, these two parameters596

have the largest relative error between initially identiőed values and őnally updated values.597

Figure 23: Convergence history of the updating over the objective function evaluation.

6. Conclusions598

This study has addressed signiőcant challenges in the modeling of bio-based connection systems, speciő-599

cally for bolted steel to Laminated Veneer Lumber (LVL) and glued laminated bamboo (glubam) structures.600

Through the development of a 3D continuum FE model, integrated within ABAQUS, we have demonstrated601

a novel approach to accurately simulate the complex, orthotropic behavior of these materials. Our model602

incorporates the Hill yield criterion and an element removal technique, advancing the current understanding603

of how these materials respond under varying stress conditions, particularly focusing on their susceptibil-604

ity to fracture. The integration of advanced joint modeling techniques with low-ődelity elements within605

ABAQUS offered a more reliable and computationally efficient method for predicting the performance of606

bio-based truss systems.607

Moreover, the implementation of a multi-threaded parallel analysis and genetic algorithms within our608

FE model updating framework has proven essential. This approach enhances the accuracy of model predic-609

tions with reasonable computational time, aligning them closely with observed structural responses. This610

alignment is crucial to optimize and validate complex structural analyses, ensuring that the models perform611

accurately under real-world conditions. In conclusion, our research provides a signiőcant advancement in612

the őeld of structural engineering, offering new tools and methodologies that improve the predictability and613

reliability of bio-based connection systems. These developments not only contribute to the body of knowl-614

edge but also have practical implications for the design and analysis of sustainable construction materials,615

thereby supporting the broader adoption of bio-based materials in engineering applications.616
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Appendix A. Detailed linear-elastic compliance tensor and stiffness tensor for orthotropic740

materials741

The matrices Ce and De represent the compliance and stiffness tensors respectively for orthotropic742

materials, typically used in structural analysis for materials like laminated timber or other engineered wood743

products, which exhibit different properties along different axes. These tensors are crucial in understanding744

the behavior of such materials under load.745

=’The compliance matrix Ce, expressed in Voigt’s notation, is a 6×6 matrix that simpliőes the description746

of the elastic behavior of an orthotropic material. The entries in the matrix are dependent on the material’s747

elastic moduli E1, E2, E3 along three orthogonal axes, and the shear moduli G12, G13, G23, as well as the748

Poisson’s ratios µij which describe the ratio of strains in perpendicular directions due to an applied stress:749

Ce =
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(A.1)

The inverse of the compliance matrix is the stiffness matrix De, which represents the material’s ability750

to resist deformation under applied loads. This matrix is also expressed in Voigt’s notation as a 6x6 matrix.751

The derivation of the stiffness matrix from the compliance matrix involves calculating the determinant ∆ of752

a system derived from the interrelationships between the Poisson’s ratios and the elastic moduli:753

∆ = 1− µ12µ21 − µ23µ32 − µ13µ31 − 2µ21µ32µ13 (A.2)

The fourth-order orthotropic linear elastic stiffness tensor De is given by:754
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Appendix B. Matrix form of constitutive law for Hill’s yield criterion in orthotropic material755

The stress and strain vectors for engineering analysis in orthotropic materials, represented in Voigt756

notation, are essential for deőning the material’s response under various loading conditions. The stress757

vector {σ} and the strain vector {ε} are expressed as follows:758

{σ} =
{

σ11 σ22 σ33 σ12 σ23 σ31

}

(B.1a)

759

{ε} =
{

ε11 ε22 ε33 r12 r23 r31

}

(B.1b)

Equations are developed to capture the dynamic relationship between stress and strain, incorporating760

the elastic and plastic behavior of the material:761
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where [D]
e

is reported in Eq. A.3. The elasto-plastic stiffness matrix [D] is deőned as follows:762

[D] = [D]
e
−

[D]
e
{

∂f
∂σ

}{

∂f
∂σ

}T

[D]
e

1
h +

{

∂f
∂σ

}T

[D]
e
{

∂f
∂σ

}

(B.3)

The yield function is modiőed to account for anisotropic behavior, described by the αij :763
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where B represents the vector of partial derivatives. {φ} denotes the product of [D]
e

and {B} such as:764
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where σ is the effective stress at initial yield.765

In the yield function, let us assume that:766

α11 = α12 + α31, α22 = α12 + α23, α33 = α23 + α31 (B.6)

Adopting Eq. B.6 and substituting these into the elasto-plastic stiffness matrix equation gives:767
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2σ
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2σ
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Substituting these into the elasto-plastic stiffness matrix equation gives:768

[D] = [D]
e
−

{φ} {φ}
T

{B}
T
{φ}+ 4σ2H

(B.8)

where H is the hardening modulus. The term σ2H helps adjust the inŕuence of the material’s hardening769

behavior on the overall stiffness matrix calculation.770

This reőned model captures the nuanced interactions between stress and strain in orthotropic materials.771

The procedure for the determination of anisotropic parameters αij is discussed in Appendix C.772

Appendix C. Determination of anisotropic parameters773

The Hill yield criterion provides a systematic approach for determining the anisotropic parameters of a774

material based on experimental yield stresses obtained under simple tension and shear along the material’s775

principal axes. This criterion adapts well to orthotropic materials, which exhibit different strengths and776

behaviors depending on the direction of the load.777

Given the effective stress at initial yield, σ0, which is typically selected based on the yield stress in a778

reference direction (e.g., σ0 = σ011 if direction 1 is chosen as the reference), the parameters αi,j are calculated779

based on yield stresses (σ0ij) obtained from experimental tests. These tests measure the initial yield stress780

under compression or shear in different principal directions:781
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To derive individual values for each αi,j , the equations can be solved simultaneously. This involves782

algebraic manipulation to isolate each term, taking into account the interaction between different directions783

as inŕuenced by the orthotropic nature of the material:784
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This method provides a robust framework for adjusting material models to reŕect real-world behaviors785

based on empirical data.786

Appendix D. Plasticity-fracture constitutive model algorithm787

Appendix E. Test setup for truss joints788

(a) (b)

Figure E.24: Test setup for truss joints and instrumentation: photo (a) and detail of the instrumentation (b)
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Appendix F. Test setup of the truss and FE model789

(a)  test on truss (b)   truss model in ABAQUS

Figure F.25: Photo of the experimental setup of the planar truss structure (a) and truss model in ABAQUS (b).
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Table D.7: Plasticity-fracture constitutive model algorithm for the beam material.

Initial values: ε0 = 0; εp0 = 0;σ0 = 0

Input material parameters: Materials constants {E1, E2, E3, µ12, µ13, µ23, G12, G13, G23}; Reference yielding

stress σ0 ; Anisotropic parameters αij ; Choose a hardening function and obtain hardening modulus H;

1. Form orthotropic elastic matrix according to Eq. A.3 and calculate the total elastic stress tensor

σj+1 = σj + [D]
e
∆ε

2. Calculate stress component, deviatoric stress and equivalent stress σ according to Eq. 3

3. Plasticity veriőcation:

3.1 Evaluate the yield function

Eq. 3 → f (σii) = σ < 0 ?

3.2 Yes → No plasticity

∆εp0 = 0

3.3 No → Plasticity algorithm

3.3.1 Calculate dεpl according to H and ŕow rule

dεpij =
df

H

∂f
∂σij

3.3.2 Obtain equivalent plastic strain εpl and storing value of εpl in State Variables 1 → STATEV(1)

εpl = εpl + dεpl

4. Damage veriőcation

4.1 Obtain stress components and evaluate the damage function

Eq.21 → D =
(

σ
ft,90

)2

+
(

τ
fv,0

)2

< 1 ?

4.2 Yes → No damage

4.2.1 Form elasto-plastic stiffness matrix [D] according to Eq. B.8

4.2.2 Renew stress components

{σij} = {σij}+ [D] {dεij}

4.2.3 Renew State Variables 2 → STATEV(2)

STATEV(2)=1

4.3 No → Damage algorithm

4.3.1 Zero elasto-plastic stiffness matrix

[D]=0

4.3.2 Renew State Variables 2 → STATEV(2)

STATEV(2)=0

5. Next iteration
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