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ABSTRACT: The nonlinear behaviour of connections between structural elements is critical to the performance of 

mass-timber structures under seismic loads. However, limited work has been developed in nonlinear modelling and 

fragility assessment of mass-timber structures. To improve the accuracy of this approach, in particular when considering 

structures with ring-doweled moment-resisting connections, a nonlinear modelling approach and fragility assessment 

are proposed and a prototype example of a three-story building is analysed herein as a case study. For the case study, 

connections and members were designed following the prescriptions in Eurocode 5 and Eurocode 8, considering a high 

ductility structure. The mechanical properties of the structure are modelled as random variables to evaluate the impact 

of uncertainty on the prediction of the structural performance, in particular, on the probability of occurrence of ductile 

and brittle failure modes. The structure is studied under both nonlinear static analysis and multi-record incremental 

dynamic analysis. From these, fragility curves for different damage levels are computed and a q-factor is proposed.  

Results indicate that the requirements of Eurocode 5 and Eurocode 8 are sufficient to guarantee adequate performance 

for this type of structure, albeit these may be overconservative. Moreover, it is shown that uncertainties in material 

properties have a significant impact on the collapse capacity of these structures. 
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1 INTRODUCTION  
123 

Due to the brittle nature of most common failure modes 

in timber elements, ductility of timber structures is 

usually a result of the ductility of structural connections. 

The seismic design of timber structures focuses on 

guaranteeing that large inelastic deformations occur at 

the connections, by increasing the slenderness of 

connectors, and thereby ensuring that yielding of these 

connectors occurs before any brittle failure mode. In 

spite of being critical to the seismic performance of 

timber structures, the inelastic behaviour of connections 

is not directly taken into account in the design process. 

Instead, the capacity of a structure to dissipate energy is 

modelled using seismic response modification factors, 

such as the R-factor or the q-factor. The q-factor, which 

is also known as the “behaviour factor”, depends on the 

local ductility of elements and connections and the 

structural redundancy [1,2]. For timber structures, large 

displacements can be developed in the connections when 

slender dowels are used and well-designed detailing 

guarantees that brittle failure modes (e.g., splitting) are 
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prevented. The level of detailed information regarding 

timber structures is lower than the one for steel and 

concrete structures, leading to definitions of q-factors in 

the Eurocode 8 (EC8) [3] that have a wider range of 

application. In fact, EC8 does not account for the 

overstrength or the type of connections when quantifying 

the q-factor in timber structures. Moreover, only the 

most common building structural typologies are 

referenced in EC8, and no information is provided for 

structures composed of mass-timber frame structures 

built with glue laminated or cross-laminated timber 

(CLT). Limited research exists on the quantification of 

the ductility and overstrength properties of innovative 

timber structures (e.g. [4-6]). However, these studies 

neglect the effect of material uncertainties on ductility 

and overstrength, and on the response 

modification/behaviour factors. The development of 

fragility curves for these structures is not part of the 

scope of the previous studies as well.   

 

2 OBJECTIVE 
 

The main objective of this work is to present results on 

the performance of mass-timber structures designed with 

ring-doweled moment resisting connections under 

seismic loading due to earthquake ground shaking. The 

performance of this structural typology is quantified by 

estimating the behaviour q-factor, which is computed 

using multi-record incremental dynamic analysis of 

nonlinear finite element models that explicitly consider 

the nonlinear behaviour of the ring-doweled connections, 

and by presenting a set of immediate occupancy, life-

mailto:Luis.Neves@nottingham.ac.uk


safety, and collapse prevention fragility curves for a case 

study of a three-story building. 

 

3 METHODS 
 

3.1 NUMERICAL MODELLING 

A range of models has been developed for connections 

in timber structures considering different scales of 

analysis. Micro-models focus on the modelling of 

individual fasteners to a great level of detail (e.g. [7]), 

while meso-models consider an entire connection 

composed of several fasteners (e.g. [8]). Macro-models 

can be used to represent the behaviour of components of 

a structure or the entire structure. When the objective is 

to analyse a structure, meso-models represent the best 

balance between accuracy and detail versus 

computational cost. In this study, the meso-models 

considered consist in nonlinear rotational elements that 

represent the macro response of connections between 

mass-timber beams and columns. The timber elements 

are modelled as linear elastic beam-column elements.  

These meso-models used here are calibrated with 

experimental tests’ results available in the literature. 

Existing experimental results on the response of 

moment-resisting connections indicate that these present 

a pinched behaviour with stiffness and strength 

degradation (e.g. [9-11]). These characteristics are 

similar to those observed in reinforced concrete and steel 

structures. As a result, it is possible to use models and 

implementations initially meant for other materials, such 

as those presented in [12] and [13]. In this study, the 

Open System for Earthquake Engineering Simulation 

(OpenSees) finite element package [14] is used, due to 

its flexibility, extensive library of nonlinear models, and 

efficiency. OpenSees includes a force-deformation 

model proposed by [15] known as Pinching4. The 

Pinching4 model can be used to model a pinched load-

deformation response and includes three modes of cyclic 

degradation: i) strength degradation, ii) unloading 

stiffness degradation, and iii) reloading stiffness 

degradation. The experimental results on ring-type 

doweled mass-timber connections tested by [9] are used 

to calibrate the Pinching4 model for use in the nonlinear 

structural model of the case study building. 

 

3.2 FINITE ELEMENT MODELLING AND 

ANALYSIS 

The beams and columns were modelled using linear 

elastic frame elements connected with zero-length 

springs. The springs moment-rotation relationship is 

characterized by the Pinching4 as shown in Figure 1. 

Geometric nonlinearities are taken into account by 

considering P-Delta effects. Rayleigh damping with a 

damping ratio ξ = 2% is assigned to the model to account 

for energy dissipation modes other than the one captured 

through the nonlinear behaviour of connections. 

Newton-Raphson method is used to solve the system of 

equations, with a tolerance of 10-8 on the inner product 

of the unbalanced load and displacement increments at 

each iteration [16]. Newmark integration was used 

considering  = 0.5 and  = 0.25. The time step adopted 

was equal to 0.002s.  

 

 
 

Figure 1: Numerical model of ring-doweled moment-resisting 

joint: (a) OpenSees model; (b) Pinching4 parameters.  
 

3.3 CALIBRATION OF HYSTERETIC 

BEHAVIOUR OF JOINTS 

In order to calibrate the constitutive model of the joints, 

a single-degree-of-freedom model was used to reproduce 

the results of a fully reversal cyclic test described in [9] 

shown in Figure 2.   

 

 
 

 
 

Figure 2: Comparison between experimental and numerical 

model results of ring-doweled moment-resisting joint: (a) 

Experimental test versus numerical results; (b) Energy 

dissipated: test vs numerical results. 

 

The Pinching4 model was selected as it includes 

pinching, stiffness degradation and strength degradation 

phenomena observed in the experimental results. This 

model is defined by a response envelope, unload-reload 

(a) 

(b) 



rules and three damage rules that control the evolution of 

the three deterioration mechanisms. The model is 

defined by 4 moment-rotation (M-) pairs, defining the 4 

states, the rules that control changes between states, and 

the rules that govern evolution of states. The 

experimental results indicate that the behaviour of the 

connection is, as expected considering its geometry, 

symmetric under hogging and sagging moments. The 

response envelope was defined by defining points I to IV 

in Figure 1b, resulting in the values shown in Table 1. 

Points V to IX were calibrated based on the energy 

dissipated per cycle as shown in Figure 2b. The cyclic 

damage is reproduced by the reduction in unloading 

stiffness, strength and reloading stiffness. The same 

approach is used to model each effect of damage. Each 

damage index is given by  
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and where i refers to the current displacement increment, 

i are parameters used to fit the damage rules to the 

experimental data, E is the hysteretic energy and 

Emonotonic is the energy required to achieve failure under 

monotonic loading. The values defmax and defmin are, 

respectively, the positive and negative deformations that 

define failure, and dmax,i and dmin,i are, respectively, the 

overall maximum and minimum deformation demands 

achieved until increment i. In [17] and [18], each 

parameter of Pinching4 model is presented with more 

details.  

Table 1: Points used to define the force-deformation response 

backbone curve for the ring-doweled beam-column 

connections. 

Point Mi (kN.m) i (rad) 

I 83.9 0.012 

II 114.5 0.034 

III 128.6 0.068 

IV 16.8 0.129 

 

3.4 UNCERTAINTY IN TIMBER PROPERTIES 

Timber, as a natural material, presents significant 

variability in its engineering properties. This variability 

can significantly affect the strength of both members and 

connections and, eventually, alter the structural failure 

mode from a ductile to a brittle mode. In this study, this 

is addressed by defining the properties of timber using 

probability distributions. A total of 7 variables were 

defined as probabilistic (see Table 2). Their probability 

distributions were computed based on the properties of 

three reference properties: bending strength, bending 

modulus of elasticity, and density or specific gravity. 

The probabilistic models for these variables were 

defined using the characteristic values available in [19] 

and EN14080 [20] for homogeneous GL24h. The 

distributions for all other random variables were defined 

based on procedures proposed in [19].  

 

Table 2: Random variables for timber material properties 

X  Dist.  E[X]  CoV[X]  Description 

Rm LN 31 0.15 

Bending strength 

parallel to the grain 

(MPa) 

Em LN 11500 0.13 
Bending modulus of 

elasticity (MPa) 

den N 420 0.1 Density (kg/m3) 

Rt,0 LN 18.6 0.18 
Tension strength // 

to the grain (MPa) 

Rc,0 LN 23.4 0.12 

Compression 

strength // to the 

grain (MPa) 

Gv LN 718.8 0.13 
Shear modulus 

(MPa) 

Rv LN 3.12 0.15 
Shear strength 

(MPa) 

 

The correlation between properties of each structural 

element was defined following the JCSS Probabilistic 

Model Code [19]. The correlation between the same 

property in different elements was assumed equal to 0.8. 

The strength and stiffness of the connections was 

computed considering the expression presented in 

Eurocode 5 (EC5) [21], taking into account the 

probabilistic distribution of the random variables. 

However, the expression proposed in the EC5 for the 

stiffness of connections estimates significantly higher 

values than the ones determined from the experimental 

tests. For this reason, the expression in EC5 was used 

with a bias factor of 0.55. The strength of the connection 

was computed using a simplified distribution of forces in 

the fasteners, and the strength of each fastener was 

computed using Johansen expression [22]. Again, a 

significant difference was found between the predicted 

and the observed strength of the connections. As for 

stiffness, a bias factor equal to 0.83 was considered. 

Further details on the computation of stiffness and 

strength of the connection are provided in [2]. 

There is no information in the literature on the 

probabilistic distribution of the parameters defining the 

nonlinear behaviour of the connection, modelled using 

the Pinching4 model. In addition, the number of 

experimental tests available is insufficient for estimating 

these parameters with any degree of confidence. For this 

reason, a simplified approach was used, considering a 

lognormal distribution, assuming the mean value is equal 

to the experimentally observed values, and using a large 

coefficient of variation (CoV = 40%) to take into 

account the lack of knowledge. 

 

3.5 FRAGILITY CURVES  

Fragility curves represent the conditional distribution of 

the probability of failure (e.g., probability of exceeding a 

specific drift, damage or collapse threshold) as a 

function of one or more hazard intensity measures (e.g., 

peak ground acceleration). Fragility curves can be 

computed using: expert judgment, empirical methods, 

analytical methods, or hybrid methods that combine two 

or more of the first three methods [23]. It is commonly 

accepted that fragility curves follow a lognormal 

distribution function (e.g. [24-26]). The parameters of 

this function can be determined using the Monte-Carlo 



simulation. In Monte-Carlo simulation a large set of 

samples is generated, following the joint probability 

distribution of all random variables. Each sample is 

analysed as in a deterministic problem, and the value of 

the limit state function is computed for each sample. The 

probability of failure is then given by the ratio between 

the number of failures and the total number of structures. 

 

4 CASE STUDY  
 

4.1 BUILDING DESCRIPTION 

The structure under analysis is a three-story building 

constructed using a timber moment resisting frame. The 

structure was designed in [27]. Beams and columns are 

built using GL24h glue laminated timber, and ring-

doweled connections are designed to link beams and 

columns. In this study, it was assumed that the structure 

would be built in a site in Lisbon, Portugal, and the 

structural safety was re-evaluated using EC5 and EC8 

for that specific site. The structure was designed aiming 

at a ductility level compatible with High Ductility Class 

(DCH) as defined in EC8. The geometry of the structure 

and its structural components are shown in Figures 3 and 

4.  

 

 

 
 

Figure 3: Two story building with ring-doweled moment-

resisting joints: (a) elevation; (b) moment resisting joints 

detailing. 

 

 
 

 

 
 

Figure 4: Traditional floor assemble structure: (a) floor plan; 

(b) floor components;(c) joists-to-beam connections.  
 

4.2 PUSHOVER ANALYSIS 

In a first step, the structure was analysed through a 

nonlinear static (pushover) analysis. A set of 1000 

structural models were generated using Latin Hypercube 

sampling (LHS), leading to capacity curves shown in 

Figure 4a. The capacity curve of each structure was 

approximated by a bilinear curve), as shown in Figure 

4b, using the Energy Equivalent Elastic Plastic method 

[12].  

 

 
 

 
 

Figure 5: Nonlinear static analysis: (a) Capacity curves; (b) 

Equivalent bilinear inelastic model 
 

By using the results obtained from the pushover curves 

and applying the q-factor definition proposed in [27], it 

was possible to determine the distribution of q-factors 

for the structural set. As shown in Figure 6, the mean 

q-factor value obtained was 7.2, with a CoV of 8.4%. 

 

(a) 

(b) 

(c) 

(a) 

(b) 



 
Figure 5: q-factor probability density function (PDF).  
 

To define fragility curves, thresholds corresponding to 

Immediate Occupancy (IO), Life Safety (LS) and 

Collapse Prevention (CP) damage states were first 

defined. IO was defined as the story drift ratio associated 

with the first yielding of any connection. LS was defined 

as any connections reaching the capping rotation III in 

Figure 1a, while CP corresponds to a 20% decrease from 

peak capacity estimated from the pushover analysis.  

 

4.3 GROUND MOTION SELECTION 

A set of 24 ground motion records was extracted from 

the PEER database (PEER 2012) and scaled to the 

spectra defined in EC8 for Lisbon, Portugal. According 

to EC8, two types of seismic spectra must be considered 

when designing for this site: a large magnitude and far-

field earthquake (Type I), and a lower magnitude and 

near-field earthquake (Type II). The 5% linearly damped 

response spectra of the scaled ground motions are shown 

in Figure 6. In addition, the range of periods of interest 

(i.e., those within 0.3 and 3.0 times the median 

fundamental period of the structure) are also indicated in 

Figure 6.  

 

 

 
Figure 6: Response spectra in multi-record IDA: (a) Type I; 

(b) Type II 

 

4.4 INCREMENTAL DYNAMIC ANALYSIS 

Incremental dynamic analysis (IDA) [28] was used to 

develop the fragility curves. A total of 1000 structure 

samples were generated based on the assumed random 

variables and their distributions. Consequently, a total of 

24000 curves were generated for the entire structure set. 

For simplicity, only the results obtained for a median 

structure are presented in this document. The IDA results 

obtained for the median structure (i.e. structure 

considering all random variables set equal to their 

median value) are presented in Figure 7. 

 

 
Figure 7: Set of 24 IDA curves obtained for the analysis of the 

median structure using the 24 ground motions selected.  
 

4.5 FRAGILITY FUNCTIONS 

The spectral accelerations were extracted from the 

incremental dynamic analysis for each limit state. The 

fragility curves were computed, for each limit state, by 

fitting a lognormal distribution to the spectral 

accelerations leading to the violation of each limit state 

threshold. Table 3 summarizes the results for the 

fragility curves for IO, LS and CP damage states, for 

both the entire sample and the median structure.   

 
Table 3: Fragility curves parameters for IO, LS and CP 

Structural set Median structure. 
 

Limit state max 
 

All samples Median 

 (g) CoV  (g) CoV 

D > IO 

0.011 0.24 0.14 0.23 0.12 

0.012 0.26 0.14 0.26 0.12 

0.013 0.28 0.14 0.28 0.12 

D > LS 

0.043 1.27 0.40 1.23 0.36 

0.049 1.45 0.43 1.41 0.37 

0.057 1.67 0.46 1.63 0.41 

D > CP 

0.071 1.93 0.50 2.00 0.49 

0.079 2.01 0.51 2.11 0.51 

0.088 2.04 0.51 2.15 0.51 

 

From the parameters presented in Table 3, one can 

observe that the CoV obtained using all samples is 

higher than the CoV obtained using only the median 

properties. The exception refers to the Collapse 

Prevention Limit State, where the influence of the 

material uncertainties is not relevant.  

 



The entire sample was segregated in different q-factors 

levels. Thus, in Figure 8, the fragility curves are 

presented for different q-factor levels considering the LS 

and CP thresholds. It can be seen that the fragility curves 

associated to high q-factor levels present higher 

variability. In addition, the expected values observed 

increase with the associated q-factor level.   

 
 

  
 
Figure 8: Fragility curves for different q-factor levels: (a) Life 

Safety; (b) Collapse Prevention 
 

5 CONCLUSIONS 
 

The present paper evaluates the performance of a 

mass-timber structure with ring-doweled moment 

resisting connections, under seismic loads. The 

ring-doweled joints are based on those experimentally 

studied under cyclic loading in [9]. A three-story 

building designed according to EC5 and EC8 for a site in 

Lisbon, Portugal, was analysed. The structure was 

modelled considering the beams and columns as linear 

elastic members, while the connections were modelled 

using the OpenSees Pinching4 model. The latter model 

includes pinching and deterioration of stiffness and 

strength that were calibrated based on the test data 

available in [9]. The properties of the members and 

connections were defined taking into account the 

variability of properties of timber.  

Results indicate that considering the uncertainty in the 

material properties has limited impact on the expected 

value of the fragility curves. However, it has a 

significant impact on the coefficient of variation of the 

fragility curves. Results also indicate that the rules 

defining the requirements for considering a structure 

ductile are adequate or potentially too conservative as, 

even considering uncertainty in material properties and 

model, all observed failures were ductile.   
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