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Abstract: The need to satisfy high seismic performance of structures and to 

comply with the latest worldwide policies of environmental sustainability is 

leading engineers and researchers to higher interest in timber buildings. A post-

tensioned timber frame specimen was tested at the structural laboratory of the 

University of Basilicata in Italy, in three different configurations: i) without 

dissipation (post-tensioning only-F configuration); ii) with dissipative angles (DF- 

dissipative rocking configuration) and iii) with dissipative bracing systems (BF - 

braced frame configuration). The shaking table tests were performed considering 

a set of spectra-compatible seismic inputs at different seismic intensities. This 

paper describes the experimental estimation of energy dissipated by multistorey 

post-tensioned timber prototype frame with different anti-seismic hysteretic 

dissipative devices used in the DF and BF testing configurations. The main 

experimental seismic key parameters have also been investigated in all testing 

configurations. 
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1 Introduction 

In recent years, Europe Union strategies and worldwide policies are moving towards the reduction of 

greenhouse gas emissions and there is an increased trend to consider again timber as construction material 

for multi-storey buildings optimizing the structural concept and the seismic design, with the dual purpose 

to obtain more sustainable and anti-seismic constructions. In order to significantly reduce structural and 

non-structural damage and avoid high economic loss due to strong seismic events, in the last decades 

research studies focused on the development of low damage design and technologies [1-5]. 

The application of the displacement based design (DBD) procedure has been extended toward the 

design of timber buildings and in order to improve the seismic performance a recent technology of post-

tensioned timber frame has been developed. This technique is based on the PREcast Seismic Structural 

System (PRESSS), originally developed at University of California (San Diego) by Priestley et al. [6] for 

precast concrete frame and wall constructions. The system, successfully applied to create timber jointed 

ductile connections at the University of Canterbury (New Zealand) [7], consists in the use of high strength 

unbounded steel cables or bars to connect timber beams and columns, or columns and walls to their 
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foundations, providing self-centering capability to the frame. In order to increase the seismic performance 

internal or external dampers are added, to provide additional strength and energy dissipation capability. 

This low damage system allows to significantly reduce the damage to the structural and non-structural 

members by dissipating earthquake energy using energy dissipation dampers, in which the eventual damage 

is concentrated. The choice of metallic yielding dampers represented an optimal low-cost solution requiring 

a little maintenance and easily replaceable in case of damage. 

The hysteretic energy dissipation absorbed by a structural system during an earthquake excitation is a 

useful seismic performance key factor, besides maximum displacement and interstorey drift, which can be 

also related to the amount of damage in it [8-9], demonstrating that the energy-dissipation capability varied 

significantly after the structure experiences seismic damage [5]. Moreover, there is a good correlation 

between the hysteretic energy dissipated and inelastic deformation/acceleration demands of a structure 

composed by structural members with stable hysteretic loops and large hysteretic energy dissipation 

capacity, representing a better system performance. The concept of energy absorbed by hysteretic cyclic 

response of a system was introduced by Jacobsen (1960) [10] through equivalent linearization techniques 

in analytical studies and it was associated to the area of hysteretic loops in experimental tests and used in 

several studies [11]. This concept was used to estimate the damping of numerous composite structures and 

also applied for timber structures [12-13].  

In this paper the experimental estimation of energy dissipated by a post-tensioned timber frame 

building tested with different anti-seismic hysteretic devices has been presented, based on the area under 

the base shear-displacement curve performed during experimental tests. A multistorey post-tensioned 

timber frame specimen was tested at the structural Laboratory of University pf Basilicata, alternatively 

combining the bare frame with two different types of energy dissipation systems [14-15]. The seismic 

response in terms of the main global and local hysteretic behaviour has been discussed and the amount of 

hysteretic energy dissipated by the different damper devices and by the frame have been investigated 

considering different seismic inputs at increasing PGA level, from a Service Level Earthquake (SLE) to a 

Design Base Earthquake (DBE). 

2 Experimental model 

The experimental model was a 3-D, 3-storey, 2/3 scaled post-tensioned glulam timber frame 

characterized by single bays in both directions, with dimensions in plant of 4 m x 3 m and inter-storey 

height of 2 m [14-15]. The prototype model was designed according to European code [16] for office use 

at first and second floors (live load of Q = 3 kPa) and considering a rooftop garden load (Q = 2 kPa). The 

testing frame was realized using glulam grade GL32h [17] and it was post-tensioned at the beam-column 

joints in both directions. Suitable scale factors were applied to the prototype model based on the Cauchy-

Froude similitude laws [18]. The frame was designed and tested at the structural laboratory of the University 

of Basilicata in three different configurations: i ) F configuration (Fig. 1a), with post-tensioning only; ii) 

DF configuration with dissipative steel angles at the beam column and column foundation joints [19] and 

iii) BF configuration (Fig. 1b) with dissipative bracing systems [20] composed by V-inverted timber roads 

and two U-shaped flexural plate (UFP) steel dampers. Fig. 1c and Fig 1d show the construction detail of 

the beam column joint in DF configuration and of the dissipative bracing connection with UFPs in BF 

configuration, respectively. Table 1 summarizes the loads of the prototype frame in DF and BF 

configurations. 

The experimental campaign was performed using a set of seven natural earthquake records, selected 

from the European strong motion database. These spectra-compatible records were defined according to 

the current Eurocode [16] considering a peak ground acceleration PGA of 0.44 g and medium soil class 

(type B) in high seismic zone, and they were opportunely reduced by means of appropriate scale factors. A 

reduced set of three selected seismic inputs has been considered in this paper as shown in Fig. 2. During 

shake table testing the frame was tested considering all seismic inputs at different intensities, from 10% to 

100% of PGA level.  
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The seismic response of the frame was recorded by more than 50 acquisition channels in all 

configurations. Different types of sensors were installed on the test frame, providing measurements of 

acceleration, displacement force and strain. More details about the sections size, the connection details and 

the instrumentation can be found in Di Cesare et al. [15]. 

Table 1. Loads of the DF and BF prototype frames. 

Level 
DF model 

(kN) 
BF model 

(kN) 
Additional 

masses (kN) 
Total weight DF  

(kN) 
Total weight BF 

(kN) 
1 and 2 10.7 11.2 44.1 54.8 55.8 

3 9.9 10.4 44.1 54.0 54.5 

 a)  b)  

 c)  d)  

Fig. 1.  General views of experimental model at the structural laboratory of University of Basilicata: a) post-

tensioned timber bare frame (F configuration) (extracted from Di Cesare A et al. [15] paper); b) post-tensioned 

model with dissipative bracing systems (BF configuration); c) detail of the beam column connection (DF 

configuration); d) detail of the dissipative bracing system (extracted from Di Cesare A et al. [22] paper). 

 
Fig. 2.  Main characteristics of the three selected earthquakes. 
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3 Experimental results 

3.1 Global seismic response 

Fig. 3 shows the global seismic hysteretic response in terms of base shear vs inter-storey drift for F, 

DF and BF testing configurations for the three selected seismic inputs at 75% of PGA level. The global flag 

shape hysteretic loop was more evident for strongest earthquake inputs 196 and 535, with the capability to 

absorb energy while rocking back to the undamaged position after the shaking. In case of tests with 

earthquake EQ535, it is evident that the seismic response of the structure was drastically reduced in terms 

of drift amplitude with a slight increase in base shear when the dissipative bracing systems were introduced. 

 
Fig.3. Base shear vs inter-storey drift for selected seismic inputs of all testing configurations at 75% of PGA. 

Fig. 4 shows the mean values of maximum 1st storey drift and base shear for the three configurations 

at all PGA levels. As can be observed both drift and base shear increase linearly with the increase of the 

ground motion intensity. At lower seismic intensities (up to 25% - SLE) no significant variations of drift 

between the three testing configurations were observed, because the hysteretic devices remained 

substantially elastic. At higher PGA levels the dissipative bracing systems of BF model a significant 

reduction of storey drift was observed, with a slightly increase of base shear, due to the stiffness of the 

bracing system [15]. In particular at 100% of PGA the drift reduced of about 30% than the DF configuration. 
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Fig. 4. Mean of maximum values evaluated for 1228, 196 and 535 seismic inputs in terms of base shear and 1st 

storey drift for the F, DF and BF testing configurations at all PGA levels. 

 
Fig. 5. Moment- rotation of the beam-column connection at the three storey in F and DF configurations for seismic 

inputs 1228, 196 and 535 at 75% of PGA level. 

3.2 Local seismic response 

Fig. 5 shows the local response of the beam-column joint in terms of moment - rotation of the 

connection without and with dissipative steel angles (F and DF configurations, respectively) at the three 
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stories of the prototype frame for 1228, 196 and 535 seismic inputs at 75% of PGA level. The complete 

self-centering capability of F configuration and the dissipative capacity with the typical flag-shaped 

behaviour of DF configuration of the post-tensioned beam-column joints at the three stories were clearly 

observed for all seismic inputs.  

Fig. 6 shows the local hysteresis of the UFP dampers at the three storey of the braced frame BF in 

terms of force-displacement for the selected ground motions at 75% of PGA level. The UFPs were activated 

at all the three stories (UFP1, UFP2 and UFP3) showed a stable hysteretic behaviour without degradation 

in strength and stiffness and without failure for a high number of consecutive cycles. 

For more details about other important global key parameters (e.g. acceleration, post-tensioning, 

equivalent damping) and local key parameters of the devices (e.g. number of cycles of UFPs) please refer 

to [13-15], [21-22]. 

 
Fig. 6. Force-displacement of UFPs of each storey of the BF model for selected seismic inputs at 75% of PGA 

3.3 Energy dissipation 

The overall hysteretic energy dissipation of the timber frame is a reflection of many contributors, 

mainly including the yielding of hysteretic steel dampers (steel angles and UFPs) and nonlinear geometric 

behaviour of rocking mechanisms of beam-column joints and of column-foundation connections. The 

hysteretic response of the timber structure is mainly governed by the dissipative connections of the 
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structural members during the seismic motions and is also a function of the seismic input energy.  

 
  (a) 1228 100%                      (b) 196 100%                      (c) 535 100% 

Fig. 7.  Comparison between cumulated hysteretic energy dissipated by UFP devices installed into dissipative 

braces at the three storey of the post-tensioned timber BF model for the selected seismic inputs at 100% of PGA. 

 

 
  (a) 1228 100%                      (b) 196 100%                      (c) 535 100% 

Fig. 8.  Comparison between cumulated hysteretic energy of the couple UFP devices installed into the single 

dissipative brace at the first storey of the BF model configuration and the couple of dissipative angles installed at the 

single beam column connection at the first storey of the DF model configuration for the selected seismic inputs at 

100% of PGA. 

 

 
  (a) 1228 100%                      (b) 196 100%                      (c) 535 100% 

Fig. 9.  Comparison between global energy dissipated by the DF and BF models for 1228, 196 and 535 earthquakes 

at 100% of PGA level. 

Fig. 7 shows the estimation of the cumulated hysteretic energy dissipated by the two couple of UFP 

devices installed at each storey of the BF model into dissipative braces (two UFPs for each side) for the 

1228, 196 and 535 seismic inputs at 100% of PGA level. As can be observed, different amounts of hysteretic 
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energy have been dissipated by UFPs, that reduced by passing from 1st to 3rd storey, which can be related 

to the different geometrical characteristics (reduced widths) of the devices. 

Fig. 8 shows the comparison between cumulated hysteretic energy dissipated by the dampers (two 

UFPs) installed into the V-inverted bracing at the 1st storey of the BF model configuration and the 

dissipative angles installed at each beam column connection (two ID5A [14]) at the 1st storey of the DF 

model configuration for the three selected seismic inputs at 100% of PGA. The amount of hysteretic energy 

dissipated by the steel angles and UFPs has been estimated based on the area of the hysteretic loops of the 

local force-displacement response. As can be observed the hysteretic energy dissipation capacity 

significantly increase when UFP dampers are introduced into the model, as expected by design. This can 

be related to the capacity of the UFP flexural devices to sustain higher cumulative displacements compared 

to the steel angle devices. The different amounts of energy dissipated between the three seismic motions is 

related to the different characteristics of the earthquakes, with different input energy. 

Fig. 9 shows the global energy dissipated, estimated based on the area of the hysteretic loops of the 

the global hysteretic curves of DF and BF models, for 1228, 196 and 535 seismic inputs at 100% of PGA 

level. As can be observed, the global amount of dissipated energy reflects the response of the local hysteretic 

energy dissipated by steel angles and UFPs, with higher amount of energy dissipated by the BF model. It 

can be observed a higher amount of energy dissipated for the strongest seismic inputs 196 and 535. 

Fig. 10a shows maximum values of the global energy dissipated for DF and BF configurations for the 

three selected seismic inputs at all PGA level and the corresponding mean value. The maximum energy 

dissipated tends to increase linearly with the increase of the intensity of ground motions, in particular from 

50% to 100% of PGA. It can be observed that up to SLE (< 25% of PGA level) the maximum energy 

dissipated is almost similar between DF and BF model configurations because the dampers are not yet 

activated, while at higher PGA levels (>50% of PGA) the effect of dissipative bracing (BF model) is evident 

with higher amount of energy dissipated respect to DF model. Fig. 10b shows the maximum drift versus 

the dissipated energy of the timber frame in DF and BF configurations. A linear trend can be observed for 

both configurations. It can be pointed out that at the same level of energy dissipated a reduced inter-storey 

drift has been observed for the BF model, demonstrating the higher energy dissipation capability of the 

dissipative bracing systems introduced, as expected by design. 

 
(a)                                              (b) 

Fig. 10.  (a) Maximum global energy dissipated by DF and BF models for the three selected seismic inputs at all 

PGA levels and corresponding mean value; (b) Maximum global energy dissipated versus maximum displacement 

for all seismic tests in DF and BF configurations. 

4 Conclusions 

In this study the experimental energy dissipated by post-tensioned timber frame structures with 

different anti-seismic devices has been investigated. A 3D, 3 storey post-tensioned timber frame prototype 
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building has been dynamically tested at the structural laboratory of the University of Basilicata in three 

different configurations: with post tensioning only (F), with dissipative steel angles at the joint connections 

(DF) and with dissipative bracing systems (BF).  

The global and local hysteretic response of the frame in terms of fundamental seismic key indicators 

and of hysteretic energy dissipated by the steel dampers and by the timber frame in DF and BF 

configurations have been evaluated. The global hysteretic response of the post-tensioned timber frame with 

dissipative systems showed a flag-shaped behaviour with a complete re-centering capability. The BF model 

showed a significant reduction of the storey drift respect to the F and DF configuration, with a slightly 

increase of base shear. The local response of both steel angles and UFP devices showed a stable hysteretic 

behaviour at all stories. The estimation of the cumulated hysteretic energy dissipated by UFP devices of the 

bracing system showed an increase of more than two times respect to the steel angles at the beam column 

joints, demonstrating the excellent dissipative capacity of the system. The global energy dissipated by the 

BF model was higher more than 25% respect to the DF model at highest intensity levels (from 50% to 100% 

of PGA). 

All experimental results demonstrated the robustness of the design procedure and show that the 

introduction of dissipative bracing systems allowed an improvement of the seismic response of the post-

tensioned timber frame. 
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