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ABSTRACT:  

After strong earthquake shaking, a building may have residual displacements and be out-

of-straight over its height. This study develops a method for such buildings to be 

dynamically straightened, rather than have increasing displacements that may lead to 

collapse, if they experience strong aftershocks. 3 story 2-D steel frame building structure 

were analysed under a series of earthquake events using inelastic dynamic time history 

analysis to evaluate their total response in terms of residual inter-story drift. It is shown 

that by inserting tension only devices, such as simple steel rods or cables, the building 

may indeed have a tendency to return to be straight during aftershocks. 

 

1 INTRODUCTION 

In light of recent major seismic events, such as the Canterbury earthquakes, it has 

become apparent that while modern code provisions minimize life loss in modern structures, 

many buildings may be damaged, and require either extensive repair or replacement. 

Recently, a number of techniques have been developed around the world in order to minimize 

the possibility of structural damage using friction connections and energy dissipaters. As a 

result, a building may have almost no structural damage after an earthquake. However, there 

may be out-of straightness as a result of post-earthquake residual deformations. This issue 

may detrimentally affect structure performance in subsequent seismic events.  

There are contrary arguments about whether or not a number of earthquake shakes 

cause increased residual displacement demands. For example, [Rad et al., 2015(1)] have 

shown that undamaged buildings constructed with initial permanent displacements tend to 

have increased peak and residual displacement demands in the initial displacement direction 

due to earthquake shaking. Moreover, analysis on buildings under sequence of ground 

motions [Rad et al., 2015(2)] was shown that residual inter-story drift response of the 

buildings can be increased because of the sequence earthquake events. However, observations 

from the Christchurch earthquakes have shown that residual displacements do not necessarily 

always increase with each subsequent shaking in the earthquake sequence, and it is not clear 

in what cases of structural deformation/shaking, this can occur, or if this effect can be 

considered in risk evaluation. For example, the residual displacements of Christchurch 

Womens Hospital base isolated structure were reduced from 25mm after the 2010 September 

event to near zero after the 2011 February event [Gavin and Wilkinson, 2010]. Similarly, the 

residual displacement at the top of Pacific Tower decreased from 60mm to 30mm [MacRae et 

al., 2015].  

Currently, no study has been performed to discourage buildings from having further 

displacements in the same direction, or to even straighten these buildings with residual 

deformation, during aftershocks. There is a need to develop such methods for straightening 

buildings as buildings are currently designed for one earthquake event, and the sequence of 

events which often occurs, could result in increased demands and possibly collapse.  
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In order to address this need this paper uses inelastic dynamic time history analyses of 

a 3 story steel frame building using a suite of ground motion records to answer to the 

following question “Can inserting tension devices in a building with residual deformation 

help to re-centre the building during aftershocks?” 

2  MODELLING AND EVALUATION APPROACH 

 

A three-story steel building was selected in this investigation as shown in Figure 1. The 

basic structure was designed as an ordinary building in Wellington on site class C. A constant 

mass of 20 tones, m, was lumped at each floor. The structure is also assumed to have constant 

story height, h, of 4m. Structure was designed with target maximum allowable inter-story 

drifts of 2.5%, and force design reduction factor (R) of 6 according to the Equivalent Static 

Method in NZS1170.5 (2004). Simple steel rods were used as a tension only device. Steel 

rods are considered to be tension-only reinforcing bars with a diameter of 12 and 16 mm and a 

yield strength of 56 and 100 kN respectively. It is placed in the structure after the first event 

and before an aftershock, so that it will be in more tension if the structure moves further in the 

direction it has already deformed, as shown in Figure 2. Detailed information about member 

sizes are also provided in  

Table 1. The period of the structure without adding device was 1.53 sec and by adding 

12mm and 16 mm rods, it changes to 0.92 and 0.76 sec respectively. 

 
 

 

 

 

 

 

 

 

 

Table 1: Details of 3 and 6 story frame elements 

 

 

 

 

 

In this study, the bi-linear hysteresis loop with a post-elastic force-displacement 

stiffness factor of 1% was used for the flexural behaviour of the frame and tension only-

elastoplastic hysteresis loop was used for the rods as shown in Figure 3a and 3b respectively. 

Rayleigh damping equal to 5% of the critical value was assigned to the first and third modes 

and P-delta effects were considered. 

STORY/FLOOR BEAMS COLUMNS 

  3 180UB 22.2 350WC 280 

2 250UB 25.7 350WC 280 

1 360UB 56.7 350WC 280 

Figure 1: Steel Frame Building Figure 2: Out-of-straight Building with Tension 

only device 
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(a) Bi-linear Hysteretic loop (b) Tension-only Elastoplastic Hysteretic loop 

Figure 3: Hysteretic models 

The SAC (SEAOCATC- CUREE) [17] suite of 11 earthquake ground motion records 

for Los Angeles with a probability of exceedance of 10% in 50 years were used. All 

earthquake records are scaled to the elastic design spectral acceleration at the fundamental 

period of the structures considered. Table 2 presents the properties of the ground motions. 

 
Table 2: Ground Motions Used 

SAC 

Name 

Record Earthquake 

Magnitude 

LA01 Imperial Valley, 1940, El Centro 6.9 

LA04 Imperial Valley, 1979, Array #05 6.5 

LA06 Imperial Valley, 1979, Array #06 6.5 

LA07 Landers, 1992, Barstow 7.3 

LA08 Landers, 1992, Barstow 7.3 

LA09 Landers, 1992, Yermo 7.3 

LA011 Loma Prieta, 1989, Gilroy 7 

LA015 Northridge, 1994, Rinaldi RS 6.7 

LA016 Northridge, 1994, Rinaldi RS 6.7 

LA017 Northridge, 1994, Sylmar 6.7 

LA020 North Palm Springs, 1986 6 

 

The dynamic inelastic time history computer program OpenSees [2015] was used in 

this project to run the analysis. Nonlinear behaviour of frame elements was modelled with 

fibre sections. MATLAB (2008) was used to extract residual inter-story drift response 

(RISDR) which is defined as a normalized residual inter-story drift with respect to the story 

height.  

By assuming that the distributions of the maximum residual inter-story drift response 

(RISDR) over all levels for the different records are lognormal [Cornell et al., 2002], the 

median and dispersion are found using Eq. 1 where xi = RISDR of structures due to i
th

 record 

and n is the total number of earthquake records considered. 
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3 RESIDUAL DRIFT RESPONSE: 

 

Figure 4 shows the median RISDR of structures under a sequence of ground motions 

with and without a device. It shows that by applying the same ground motion twice in a row 

in the same direction on a bi-linear structure, the residual displacement would be increased. 

However, it shows that when a tension-only device is applied at all levels of the seismic 

frames between the two shakes, the absolute value of residual response of the building is 

reduced and the building dynamically straightens. Moreover, it shows that residual drifts are 

reduced further by increasing the stiffness and strength of the tension-only device. The same 

information is clearly seen in the displacement-time format in Figure 5 for the North Palm 

Spring record (LA20). 

 

 
Figure 4: Median RISDR of 3 storey building under two sequence of shakes with and without tension only 

device (bar with a diameter of 12 and 16 mm and a yield strength of 56 and 100 kN) 

 

 
Figure 5: Roof displacement response of 3 storey building with and without tension only device (bar with 

a diameter of 12 and 16 mm and a yield strength of 56 and 100 kN) for the North Palm Spring record 

(LA20). 
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4 CONCLUSION 

 

This study shows that buildings with residual displacements may be straightened by 

means of a later earthquake. This is done by inserting a tension rod into the building, so that 

the rod would be in tension if the structure tends to move in the direction it has already 

moved. Moreover, it shows that residual drifts are reduced further by increasing the stiffness 

and strength of the tension only device. 
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