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Abstract 

Low-damage Post-tensioned timber walls arose from the requirement to develop structural so-
lutions capable of ensuring fast re-use of the structure without permanent damage after a seis-
mic event while also protecting human life. These kinds of solutions require rocking timber 
walls equipped with hysteretic dampers. The rocking behavior guarantees the recentering of 
the walls, and it is mainly entrusted to post-tensioned bars placed in ad hoc cavities in the wall. 
Likewise, the energy dissipation mechanisms are provided by axial or shear hysteretic dampers 
which easily replaceable after a seismic event. In this context, the investigation presents a non-
linear numerical model strategy able to reproduce the cyclic behavior of post-tensioned timber 
walls at global and local levels by non-linear static analyses. The proposed model considers 
both material and geometrical non-linearities: the former due to entering the plastic field of 
hysteretic dampers and the latter due to the rocking behavior which causes base uplifts. Along 
the same lines, in this paper, a parametric analysis is developed to investigate the various pa-
rameters that affect the local and global behavior of the systems and influence the recentering 
capacity and dissipative behaviors of the building. The main parameters investigated are: the 
initial level of post-tension in the bars, the number of axial dampers, the geometrical dimen-
sions of the walls, the mechanical characteristics of the wall.  

Keywords: post-tensioned timber walls, dissipative dampers, rocking timber walls, numerical 
modeling, parametric analysis. 
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1 INTRODUCTION 
In the last decades, the ever-increasing need for structural solutions that are sustainable,  seis-
mically safe, and ensure rapid reuse of the buildings has drawn attention to Post-tensioned (PT) 
rocking dissipative timber wall systems, which are mainly comprised of timber walls equipped 
with Post-tesioned bar (PT-bar) which are able to guarantee system recentering, and provided 
by steel damper for energy dissipation. The idea is that, during a seismic event, the timber wall 
works in the elastic field, while the dampers, which provide energy dissipation, are vulnerable 
to damage owing to their entry into plastic field, which also guarantees the energy dissipation; 
then, the damaged dampers can be easily replaced. The global Force/Displacement (F/Δ) re-
sponse of the PT wall system is a typical flag-shape behavior as shown in Figure 1: the bilinear 
backbone curve is mainly controlled by the system's rocking behavior due to the presence of 
PT- bars, but the amplitude of the flag is governed by the dissipative contribution of steel damp-
ers. Several experimental campaigns on post-tensioned wall systems can be found in the scien-
tific literature [1–6], but also on whole buildings or on multi-story/ multi-panel solutions [7–
10]. The growing diffusion of this structural system suggests the significance of developing 
numerical models capable of capturing their experimental responses, indeed, several contribu-
tions can be found in this field [11–15]. 
In this framework, the non-linear numerical model implemented in the open-source software 
OpenSEES [16] and presented in [15], is here adopted to perform a parametric study, to inves-
tigate the effect of several different parameters, such as: timber wall dimensions, initial post-
tensioned force in the bars, mechanical properties of the timber wall and the number of axial 
dampers, on the global response of PT-wall systems in terms of Force/Displacement curves and 
PT-Force responses.  

Figure 1: Typical flag-shape force/ displacement (F/Δ) curve of a PT- system subjected to cycling loading. 
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2 NUMERICAL MODEL 

2.1 Description of the numerical model 
The PT-wall configuration employed to carry out parametric analysis is a single wall configu-
ration which has been equipped with one PT-bar and two couples of axial dampers disposed 
along the base of the wall [15]. The proposed numerical model, which is developed as a 2D 
model in OpenSEES [16], takes into account both geometrical and material non-linearities to 
get the rocking behavior of the timber wall and the entry into the plastic field of hysteretic 
dampers, respectively. As shown in Figure 2, the timber panel is schematized with 2D quad 
elements to which an orthotropic material is assigned in terms of stress/strain curve (σ/ε). The 
PT-bar is modeled with a two-node link element, fixed at the base and connected at the top of 
the wall, to which a steel material is assigned with an elastoplastic force-displacement curve, 
characterized by an elastic stiffness K and a yielding force Fy; further, an initial level of defor-
mation εin is introduced to simulate the initial PT-Force. The axial dampers are modeled with 
zero-length elements and a hysteretic force-displacement curve is calibrated according to ex-
perimental results (section2.2). Furthermore, the wall is connected at the base with unilateral 
constraints able to provide displacements once upward (gap elements), in order to  simulate the 
rocking behavior of the timber wall. The numerical model is subjected to cyclic static nonlinear 
analysis, and the control point is disposed at the top of the wall; the loading protocol is chosen 
in analogy to that employed in the experimental analyses used to validate the proposed numer-
ical model. 

 
Figure 2: Numerical meshes of PT-wall setup. 

In order to validate the numerical model, the experimental tests performed by Chen et al. 2020 
[4] were employed as a reference. In particular, the setup has been characterized by a single 
CLT panel equipped with one PT-bar  positioned in the middle of the wall, and with two couples 
of axial dampers located along the base. Further detailed information on the selected experi-
mental campaigns are reported in Table; in particular, there are information on geometrical 
characteristic and material properties, where: EL and ET are the elastic moduli of the timber, 
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GLT and GLR are the shear moduli of the timber, with subscripts L, T, R that indicate longitudinal, 
transverse and radial directions, respectively; Eb is the elastic modulus of the steel of the PT-
bar, PT-Fin is the initial PT-Force imposed on the PT-bar; fy,A and EA are the yielding stress and 
the relevant elastic modulus of the axial damper.  

Element Material Property Value 

Wall CLT EL=ET 
GLT=GLR 

6000 MPa 
348 MPa 

PT-bar Steel 
Fb 

PT-Fin 
Diameter 

205 GPa 
89 kN 
20 mm 

Axial 
Damper 

Mild 
Steel 

Fy,A 
EA 

300 MPa 
200 GPa 

Table 1: Geometrical and mechanical parameters of the selected experimental campaign [4] 

The nonlinear law adopted for the dampers is calibrated based on preliminary axial experi-
mental tests performed on the axial dampers, by minimizing differences in terms of strength, 
stiffness and cyclic behavior between the numerical response and the experimental one. The 
adopted numerical law is the Giuffré-Menegotto-Pinto Model with Isotropic Strain Hardening 
[17], which is implemented in OpenSEES as “Steel 02”. Table 2 shows the values assigned to 
the parameters of the “Steel 02” law: Fy, the yield strength; E, initial elastic tangent stiffness; b, 
hardening ratio; R0, cR1 and cR2, i.e. the parameters that control the transition from elastic to 
plastic branches [17].  

Constitutive law Parameters Values 

STEEL 02 

Fy (kN) 42.5 
E (MPa) 43000 

b 0.02 
R0 50 
cR1 0.955 
cR2 0.2 

Table 2: Parameters assigned to Steel 02” law for axial dampers. 

2.2 Outcomes of the numerical evaluation 
The comparison between the experimental cyclic behavior of the axial dampers and the cali-
brated numerical one, is reported in Figure 3 in terms of force-displacement curve.  The Force/ 
Drift responses and Post-tension force/ Drift curves are reported in Figure 4a and b, respectively. 
The strong contribution of the hysteretic dampers is evident in the Force/ Drift response; in 
particular, a drift value other than zero at zero force is provided, due to the contribution of the 
dampers that is more pronounced than that of the PT-bars, leading to a poor recentering system 
and no evident flag behaviour, as illustrated in Figure 1. The high contribution of dampers is 
also evident in terms of strenght, since the Force/Drift envelope slightly differs from the bilinear 
trend, as shown in Figure 1. The rocking behaviour is emerged by the Post-tension force/ Drift 
curves, in which the PT-Force substantially increases  while moving from the position of zero 
drift to the position of drift larger than zero in absolute value. Both the Force/ Drift responses 
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and Post-tension force/ Drift ones are well captured  by the numerical models, with the excep-
tion of a small difference in terms of PT-force variation which reaches 20% for the Drift of 
2.5%. 

Figure 3: Calibration of axial dampers – Force/Displacement (F/D) response. 

(a) (b) 
Figure 4: Comparison of numerical and experimental Force/Drift responses. 

3 PARAMETRIC INVESTIGATION 
Starting with the setup analysed in section 2.2, a set of parametric analysis is carried out to 
assess the effect of different paremeters on the response of PT-wall systems. The investigated 
parameters are the main geometrical and mechanical parameters, as well as the applied post-
tensioned force, which are as follows: B = the wall base; H = the wall height; the initial PT-
force of the bars, E= the timber characteristics in terms of elastic modulus (that indicates, for 
simplicity, the value of EL=ET defined in section 2.2) and G= shear modulus (that indicates the 
value of GLT =GLR defined in section 2.2) and the number of axial dampers. All the analysis are 
carried out imposing an initial level of PT-Force of 135 kN, unless otherwise indicated.  
Figures 5 to 7 illustrate the results in terms of Force/Drift curves. Figure 5 shows the effect of 
wall dimensions on increasing strength and stiffness. These increases become more evident as 
B increases (Figure 5a), due to the presence of axial dampers, which are subjected to higher 
displacement if the distance from the corners remains constant, and therefore they provide an 
ever more evident contribution in terms of strength, stiffness and dissipative capacity. Figure 6 
shows the variety of mechanical properties in terms of E and G (Figure 6a) as well as PT-force 
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(Figure 6b). As seen in Figure 6a, strength and stiffness may be slightly influenced by changing 
E and G, while, as expected, no effective difference in terms of dissipative capacity is provided, 
since no difference in the amplitude of the Force/Drift curves is noticed The effect of the initial 
value of PT-Force is shown in Figure 6b: increasing this value,  the system's strength , stiffness 
and re-centering capability enhance, as shown by the well defined flag shape of the Force/ Drift 
curve obtained for an initial PT-Force of 270 kN. Figure  shows the influence of the number of 
axial dampers: a  greater number of axial dampers assures higher strength, stiffness and dissi-
pative capacity of the system, at the detriment of the re-centering capability, which instead 
reduces. 
In syntesis, the effect of the analysed parameters on the global behaviour of the system can be 
summarized as follows: 
- increasing the base of the wall B, also initial stiffness, strength, and dissipative capacity 

significantly increase; 
- increasing height of the wall H, the initial stiffness and strength show a slight variation; 
- there is a slight effect of changing mechanical properties in terms of E and G on strength, 

stiffness and energy dissipation; 
- increasing initial PT-Force of the bar, strength and stiffness of the system increase, but the 

most important effect is in significantly improve the re-centering capacity of the system; 
- increasing number of axial damper, strength and dissipative capacity of the system increase, 

while the the re-centering capacity decreases. 

Downstream of this brief description, in order to design a PT-wall system with good re-center-
ing capacity and a good dissipative capacity, it is important to pay attention to the number of 
dampers to provide in the function of the initial PT-Force of the bars. Moreover, with the same 
number of dampers and initial PT-Force, it is possible to improve strength and stiffness of the 
system by increasing the dimensions of the walls.  

   (a) (b) 
Figure 5: Effect of the timber wall geometrical parameters on Force/ Drift response: wall base B (a) and wall 
height H (b). 
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   (a) (b) 
Figure 6 Effect of the mechanical characteristics E and G (a) and of the initial PT-Force on Force/ Drift response 
(b). 

Figure 7:Effect of the number of axial dampers on the Force/ Drift response. 

4 CONCLUSIONS 
A Finite Element nonlinear numerical model was developed in the OpenSEES environment for 
the evaluation of the cyclic response of Post-Tensioned dissipative timber walls systems. The 
numerical model, which takes into account of both material and geometrical non-linearities, 
was validated firstly with the results of an experimetal campaign carried out on a single wall 
system equipped with one PT-bar and two couples of axial dampers disposed near the corners, 
along the base. The validation was performed by comparing the global results in terms of 
Force/Drift curves and PT-bar/Drift responses, showing a good agreement in terms of stiffness, 
strength, cyclic behaviour, and energy dissipation. After validation, a parametric analysis was 
carried out in order to analyse the role of different parameters on the global behavior of post-
tensioned timber walls: the wall base; the wall heigh; the initial post-tensioned force of the bars; 
the timber mechanical properties; the number of axial dampers. The results highlight that an 
important effect on initial stiffness, strength, and PT-Force variation is due to the variation of 
the base wall, while the initial post-tension in the bar has an important role on the re-centering 
capacity of the system; the number of dampers strongly affects both the dissipative capacity 
and the recentering contribution of the system. 

3277



V. Tomei, M. Zucconi, H. Monsef and B. Ferracuti 

5 ACKNOWLEDGEMENT 
The financial support of ENHANCE 2021-2023 - Research Groups 2020, financed by the POR 
FESR Lazio 2014 - 2020 (Action 1.2.1), are gratefully acknowledged. 

6 REFERENCES 
[1] A. Iqbal, S. Pampanin, A. Palermo, A.H. Buchanan, Performance and design of LVL 

walls coupled with UFP dissipaters, J. Earthq. Eng. 19 (2015) 383–409. 
https://doi.org/10.1080/13632469.2014.987406. 

[2] F. Sarti, A. Palermo, S. Pampanin, Development and Testing of an Alternative 
Dissipative Posttensioned Rocking Timber Wall with Boundary Columns, J. Struct. Eng. 
(United States). 142 (2016). https://doi.org/10.1061/(ASCE)ST.1943-541X.0001390. 

[3] M. Massari, M. Savoia, A.R. Barbosa, Experimental and Numerical Study of Two-Story 
Post-Tensioned Seismic Resisting CLT Wall with External Hysteretic Energy 
Dissipaters, in: Atti Del XVII Convegno ANIDIS L’ingegneria Sismica Ital., 2017. 

[4] Z. Chen, M. Popovski, A. Iqbal, Structural Performance of Post-Tensioned CLT Shear 
Walls with Energy Dissipators. Journal of Structural Engineering, J. Struct. Eng. 146 
(2020). https://doi.org/doi:10.1061/(asce)st.1943-541x.0002569. 

[5] L. Pozza, L. Benedetti, V. Tomei, B. Ferracuti, M. Zucconi, C. Mazzotti, Cyclic response 
of CLT Post-Tensioned Walls: Experimental and numerical investigation, Constr. Build. 
Mater. 308 (2021) 125019. https://doi.org/10.1016/J.CONBUILDMAT.2021.125019. 

[6] L. Pozza, L. Benedetti, V. Tomei, B. Ferracuti, M. Zucconi, C. Mazzotti, Post-Tensioned 
low damage CLT walls with replaceable hysteretic devices – concept, experimental and 
numerical characterization, in: M. Papadrakakis, M. Fragiadakis (Eds.), 8th Int. Conf. 
Comput. Methods Struct. Dyn. Earthq. Eng. Streamed from Athens, Greece 28-30 June 
2021, Institute of Structural Analysis and Antiseismic Research School of Civil 
Engineering National Technical University of Athens (NTUA) Greece, Streamed from 
Athens, Greece, 2021: pp. 2352–2358. 

[7] S. Pei, J.W. Van De Lindt, A.R. Barbosa, J.W. Berman, E. McDonnell, J. Daniel Dolan, 
H.E. Blomgren, R.B. Zimmerman, D. Huang, S. Wichman, Experimental Seismic 
Response of a Resilient 2-Story Mass-Timber Building with Post-Tensioned Rocking 
Walls, J. Struct. Eng. (United States). 145 (2019). 
https://doi.org/10.1061/(ASCE)ST.1943-541X.0002382. 

[8] J.R. Brown, M. li, A. Palermo, S. Pampanin, F. Sarti, Nokes. Roger, Experimental testing 
and analytical modelling of single and double post-tensioned CLT shear walls, Eng. 
Struct. 256 (2022).https://doi.org/https://doi.org/10.1016/j.engstruct.2022.114065. 

[9] A. Polastri, D. Casagrande, Mechanical behaviour of multi-panel cross laminated timber 
shear-walls with stiff connectors, Constr. Build. Mater. 332 (2022) 127275. 
https://doi.org/10.1016/j.conbuildmat.2022.127275. 

[10] R. Thiers-Moggia, C. Málaga-Chuquitaype, Performance-based seismic design and 
assessment of rocking timber buildings equipped with inerters, Eng. Struct. 248 (2021) 
113164. https://doi.org/10.1016/j.engstruct.2021.113164. 

[11] A.W. Wilson, C.J. Motter, A.R. Phillips, J.D. Dolan, Modeling techniques for post-
tensioned cross-laminated timber rocking walls, Eng. Struct. 195 (2019) 299–308. 
https://doi.org/10.1016/j.engstruct.2019.06.011. 

[12] V. Tomei, M. Zucconi, B. Ferracuti, Cyclic model of post-tensioned low damage timber 
walls with dissipative devices, Procedia Struct. Integr. 44 (2023) 598–604. 
https://doi.org/10.1016/J.PROSTR.2023.01.078. 

[13] T.X. Ho, T.N. Dao, S. Aaleti, J.W. van de Lindt, D.R. Rammer, Hybrid System of 

3278



V. Tomei,  M. Zucconi, H. Monsef and B. Ferracuti 

Unbonded Post-Tensioned CLT Panels and Light-Frame Wood Shear Walls, J. Struct. 
Eng. 143 (2017) 04016171. https://doi.org/10.1061/(asce)st.1943-541x.0001665. 

[14] V. Tomei, M. Zucconi, B. Ferracuti, Post-tensioned rocking dissipative timber wall 
systems: Numerical prediction, J. Build. Eng. 66 (2023). 
https://doi.org/10.1016/J.JOBE.2023.105897. 

[15] Z. Chen, M. Popovski, Material-based models for post-tensioned shear wall system with 
energy dissipators, Eng. Struct. 213 (2020). 
https://doi.org/10.1016/j.engstruct.2020.110543. 

[16] F. McKenna, M.H. Scott, G.L. Fenves, Nonlinear finite-element analysis software 
architecture using object composition, J. Comput. Civ. Eng. 24 (2010). 
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000002. 

[17] F.E. Fllippou, E.P. Popov, V. V Bertero, Effects of bond deterioration on hysteretic 
behavior of reinforced concrete joints, Report EERC 83-19, Earthquake Engineering 
Research Center, University of California, Berkeley, 1983. 

3279


