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ABSTRACT: The effect of reductions in the level of initial post-tensioning force on the 

structural response of a set of 4, 8, and 12 storey rocking walls was studied. Non-linear 

time history analysis was performed on the rocking structure with pre-stressed tendons and 

mild steel energy dissipaters. It was found that the increase in drift demand due to post-

tensioning loss was up to 100% for the 4 storey wall and up to 85% for the 8 and 12 storey 

walls for post-tensioning losses of 95%, 75% and 65% respectively, compared to the design 

level post-tensioning force. 

1 INTRODUCTION 

1.1 Overview 

Rocking structural systems are an advanced method to ensure the seismic resilience of structures by 

creating a non-linear elastic response. The key advantage of these systems is the ability to provide 

hysteretic energy absorption in a repeatable manner. Post-tensioning tendons (PT) are often used in 

rocking systems to provide a conventional fixed base response under low levels of shaking, add inherent 

self-centring and prevent the structure from excessive drifts.  

1.2 Literature review 

There have been several examples of utilising rocking systems in structures to provide some base 

isolations and reduce the construction cost. The rocking chimney of Christchurch airport (Sharpe & 

Skinner, 1983) and the South Rangitikei viaduct (Beck & Skinner, 1974) are among early examples of 

construction of rocking systems in New Zealand.  These systems dissipate earthquake response energy 

in a damage free manner (Priestley, Sritharan, Conley, & Pampanin, 2000) and unlike fixed-based 

conventional designs, can accommodate inelastic behaviour without suffering from excessive residual 

drift (Holden, Restrepo, & Mander, 2003).  

Rocking self-centring systems can be designed with PT allowed to yield at the design seismic force 

level. In the design of squat rocking steel braced frames and precast rocking walls some PT yielding can 

be allowed to prevent a large post up-lift stiffness due to the relatively short unbounded length of 

tendons, as shown by (Wiebe & Christopoulos, 2014).  Also, previous research has shown that tendons 

can lose some of their pre-stress force level over time due to stress relaxation of tendons (Reda Taha & 

Shrive, 2003) and structure deformation.  

1.3 Rocking systems with post-tensioning loss 

A typical structural rocking wall is shown in Figure 1. Two post-tensioning tendons are located near the 

rocking toes at one end, and anchored on the top of the structure at the other end. Mild steel energy 
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dissipaters are located at the rocking joint midpoint. 

 

 

Figure 1: Schematic of a post-tensioned rocking wall. 

The hysteresis behaviour of the system is presented in Figure 2, assuming that post-tensioning forces 

are not large enough to re-centre the rocking system and close the rocking joint after the uplift. The 

system is at rest at "a", and "b" is the start of the gap opening. At "c" energy dissipaters yield and the 

structure reaches the maximum displacement at "d". Upon unloading, the gap at the rocking base keeps 

closing and energy dissipaters lose their tension and undergo compressive deformation till "e", where 

there is not enough post-tensioning force to close the rocking gap. Therefore, the structure pivots about 

the energy dissipaters instead of the rocking toe. At "f", energy dissipaters engage again and the structure 

rocks about the opposite toe till "g", where dissipaters yield in tension.  

 

  

Figure 2: Hysteresis loop of a rocking element that lacks enough post-tensioning force to close the rocking joint. 

The strength reduction factor R, for a rocking system can be obtained from:  
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Where fixed baseM   is the maximum base moment of the structure under the design level seismic force 

assuming a fixed-base, linear response and rockingM  is the base moment at the onset of rocking. PTM   

and edM  are moment contributions from post-tensioning tendons and energy dissipaters to the rocking 

moment, rockingM , respectively. wM  is the moment contribution from the rocking system self-weight. 

1.4 Objectives and scope 

The reduction in initial pre-stress force of PTs influences the behaviour of the rocking joint and can lead 
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to an alternative rocking pivot point. The change of rocking pivot point can severely impact the 

performance of rocking systems and it is of great importance to answer the following questions: 

How does the post-tensioning loss effect the structural force and displacement response and how does 

this change as the number of floors increase? 

2 METHODOLOGY 

2.1 Modelling 

A simplified FEM is developed to study the global dynamic behaviour of structural rocking walls. The 

FE mesh and degrees of freedom for a 4 storey rocking wall are presented in Figure 3. A very high 

stiffness is selected for elements at the footing to represent the rigid behaviour. The rigid footing is 

located on top of non-linear elements that represent post-tensioning tendons and energy dissipaters. A 

very high stiffness is assigned to post-tensioning tendons during compression to account for the ground 

stiffness and the stiffness during tension is obtained from tendons material properties and section 

parameters. The energy dissipater exhibits an elasto-plastic behaviour. Both tendons and the energy 

dissipater provide axial forces only.  

 

 

Figure 3: FE mesh and degrees of freedom. 

Viscous damping forces are calculated using Caughey (Caughey & O’Kelly, 1965) user specified 

damping model. The damping matrix is calculated based on the initial elastic stiffness and a value of 

3% of the critical damping is selected for the first mode, and 5% for all the other modes. This approach 

of reducing the damping for the first mode is suggested by (Smyrou, Priestley, & Carr, 2011) for 

structures with non-linearity at the base and prevents over damping of the rocking mode. 

2.2 Ground motion 

The medium suite of earthquake records from the SAC project (Somerville, 1997) is selected to perform 
response simulations. The medium suite have probability of exceedance of 10% in 50 years and includes 
20 ground motion records. All the time histories are derived from actual recordings of crustal 
earthquakes on stiff soils. The response spectra of this suite is shown in Figure 4. 

 



4 

 

Figure 4: Response spectra of earthquake records. 

2.3 Wall selection 

A set of 4, 8, and 12 storey structural rocking walls are adopted form (Pennucci, Calvi, & Sullivan, 

2009) and their rocking joints are re-designed to suit the research purposes. It is unlikely to design taller 

rocking systems in reality, without considering a mechanism to limit the higher mode effects (Wiebe, 

Christopoulos, Tremblay, & Leclerc, 2013). Each structure is designed for the strength reduction factor 

of R = 5, and dissipaters strength of 0.45ed rockingM M . The design parameters of rocking walls, used in 

this study are provided in Table 1. Gross cross-section area of the walls are used to determine their 

stiffness in the FEM. The stiffness of tendons and dissipaters are also calculated based on the values 

presented in Table 1. It is assumed that structural walls are separated from gravity bearing systems and 

only their self-weight is considered in the analysis. The seismic mass of each floor is 250 tons. It is 

assumed that structural walls suit the 2D dynamic analysis. 

Table 1: Section design values 

 4 storey 8 storey 12 storey 

wl (m) 4 6 7.5 

ws (m) 0.4 0.4 0.4 

mild (%) (each side) 1.47 1.63 1.52 

pt (%) (each side) 0.46 0.4 0.34 

/pt pt yf f   0.37 0.48 0.52 

ubl (m) 0.2 0.4 0.6 

/As wd l  0.35 0.35 0.35 

/pt wd l  0.125 0.125 0.125 

Where wl and ws are walls length and width respectively. mild  and pt  represent the ratio of mild steel 

dissipaters and post-tensioning tendons area to walls cross-section respectively. ptf  shows post-tensions 

pre-stress and pt yf   is post-tensions yielding stress. ubl  is the unbounded length of mild steel fuse bars, 

and Asd  and ptd  are distances between energy dissipaters and post-tensioning tendons to the nearest toe 

respectively. Material properties are shown in Table 2. 
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Table 2: Material characteristics 

Mild Steel Bars Φ30 
yf  = 300MPa 

sE  = 210GPa 

Concrete 
cf   = 40MPa cE  = 30GPa 

Post-tension Tendons 
pt yf   = 1560MPa ptE  = 195GPa 

 

3 WALLS BEHAVIOUR 

3.1 NTHA 

Numerical analysis is performed to obtain the structural response of the 4, 8, and 12 storey rocking walls 

with different post-tensioning loss ratios η, under the design level ground motion time histories. Where 

0 1   is a ratio, indicating the amount of loss in the initial post-tensioning force. For no post-

tensioning loss 0  , and for a complete loss of post-tensioning, 1  .   

The results of NTHA are shown in Figure 5, where each line represents the median peak inter-storey 

drift of a structure with a specific post-tensioning loss.  As long as 0.15  , structures maintain enough 

post-tensioning force to close the rocking joint, but higher values of   lead to the change of rocking 

pivot point, where significant increases in displacement demand are observed.  It is shown that the 

increase in displacement demand compared to the initial design with 0  , is up to 100% for structures 

of various heights. 

For the 4 storey wall, structures with higher values of  , have a higher displacement demand. However, 

no particular trend is observed for the displacement demand of structural walls of 8 and 12 storey with

0.65  . 

Also, by looking at the drift profiles of the 12 storey wall, it can be concluded that the excitation of 

higher modes is more significant for structures with 0.45  .  
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Figure 5: Comparison between displacement demand of 4, 8, and 12 storey rocking walls with various post-
tensioning loss ratios. 
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4 CONCLUSION 

Rocking solutions can provide earthquake resistance to the structural system. However, it is possible for 

the rocking structure to experience a peak drift significantly greater than the design level, due to the 

post-tensioning loss of pre-stressed tendons. The increase in drift demand of the 4 storey rocking wall 

with post-tensioning loss was up to 100% compared to the design drift. For the case of 8 and 12 storey 

walls, the increase in drift demand was up to 85% compared to the design drift. Rocking systems are 

usually designed with rocking joints that can behave essentially in a damage-free manner even under 

displacements greater than the design level. Therefore, careful design and construction of other 

structural and non-structural elements is required to ensure that structure maintains its integrity in the 

event of post-tensioning loss. 
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