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ABSTRACT: Architectural layouts often require buildings to be structurally asymmetric 

in plan. During earthquake excitation the asymmetry induces a torsional component of 

response, which can negatively impact performance and render simplified seismic 

assessment procedures less effective at estimating demands. 

This paper investigates the seismic response of single-storey asymmetric-plan systems 

subjected to unidirectional earthquake excitation. A new procedure is developed that 

leverages off existing displacement-based assessment principles and has a strong focus on 

the mechanics of the problem at hand. The procedure relies on the assumption that the 

centre-of-mass displacement can be accurately determined using an equivalent single-

degree-of-freedom system. The rotation of the system is then determined using a novel 

approach that assigns effective stiffness properties to the structural elements. 

Comparison with benchmark results from nonlinear response history analysis shows that 

the procedure can provide good estimates of displacement demands on structural 

elements. It is therefore concluded that the procedure may serve as a robust starting point 

for further development to include the consideration of torsion within multi-storey 

buildings subject to bidirectional excitation. 

1 INTRODUCTION 

Architectural layouts of buildings often require that lateral load resisting elements, with varying 

properties, be placed in an asymmetric configuration with respect to the building plan. During 

earthquake excitation the asymmetry induces a torsional component of response, which can negatively 

impact on the performance of a structure. Furthermore, simplified seismic assessment procedures tend 

to have difficulty in accurately predicting the complex torsional seismic response. 

This paper proposes an effective stiffness-based approach for estimating the seismic response of 

single-storey asymmetric-plan buildings. Single-storey systems, such as that shown in Figure 1a are 

considered because they can be used to represent more realistic multi-storey buildings, whilst offering 

a significant level of simplification. Furthermore, as shown in Figure 1b they can be numerically 

modelled with a minimal number of elements. This significantly reduces computational demands and 

allows for parametric studies to be carried out with ease. 

Section 2 of this paper outlines the key properties of such single-storey asymmetric-plan buildings and 

discusses some of the past studies on these systems. Section 3 describes the newly proposed effective 

stiffness-based assessment procedure and then in Section 4 the approach is evaluated through 

comparison with results of nonlinear response-history analysis (NLRHA). Section 5 provides 

conclusions and future recommendations. 
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Figure 1. (a) Plan view of a representative single-storey asymmetric-plan building. (b) Schematic of numerical 
modelling strategy. 

2 KEY PROPERTIES OF SINGLE-STORY ASYMMETRIC-PLAN BUILDINGS AND 

EXISTING STUDIES 

2.1 Key properties of single-storey asymmetric-plan buildings 

As mentioned in the introduction, single-storey asymmetric-plan systems are studied because of their 

simplicity and the minimal computational demand required to analyse them. A possible configuration 

of such a building is shown in Figure 1a. In this case, two walls are used in both the x and z directions 

to resist earthquake shaking. In the z direction, Wall 1 is indicated as being stiffer and stronger than 

Wall 2. As a result, the centre-of-stiffness (CR) and centre-of-strength (CV) are both to the left of the 

centre-of-mass (CM). It is therefore expected that the displacement demands on Wall 2 will be greater 

than those on Wall 1. The distances from the CM to the CR and the CV are referred to as the stiffness 

and strength eccentricities, respectively, which can be calculated as follows: 
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where kzi and Vzi are respectively the stiffness and strength of wall i in the z direction and xi is the 

distance in the x direction from the CM to Wall i. 

It will be noted that the walls in the x direction are shown as being of equal length and it is assumed 

for the purposes of this work that there is no eccentricity in the z direction. Furthermore, only 

unidirectional excitation, in the z direction, will be considered. A rigid-diaphragm is assumed and 

therefore the mass can be lumped at the CM. It is important to include not only the translational mass, 

m, but also the rotational inertia, Irot (see Castillo 2004). 

As shown in Figure 1a, wall 3 and 4 have a relatively large lever arm and so the system can be 

considered as ‘torsionally restrained’. Another possible, although undesirable, configuration would be 

to have walls 3 and 4 located at the centre of the plan (i.e. z = 0). In this case their lever arm would be 

of zero length and the system considered as ‘torsionally unrestrained.’ 

2.2 Existing studies 

As summarised by Anagnostopoulos et al. (2015), the torsional seismic response of structures has 
been studied extensively in the past. Here the discussion is limited to only the most relevant studies on 
single-storey asymmetric-plan systems.  
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Paulay (1996; 1997; 2000; 2001) carried out a number of investigations into the torsional response of 
asymmetric ductile buildings. Arguments relating to seismic design were put forward and often 
demonstrated through examples using simple single-storey systems. It was demonstrated that 
traditional codified techniques, based on the evaluation of torsional effects in elastic systems, are 
largely irrelevant during inelastic response. As a result, it was emphasised that the distribution of 
strength to the structural elements (which was argued to be the designer’s choice) is of critical 
importance. A focus was also placed on controlling the ductility demand on critical structural 
elements, rather than the consideration of limiting the rotation of the system.  

To come to such conclusions, Paulay often considered ductile systems under a static lateral load. 
Although this is useful for elucidating some of the phenomena relating to torsional response, it must 
be kept in mind that it is the response under dynamic earthquake excitation that is of interest, which is 
significantly more complex than the consideration of a static lateral load only. To this end, further 
studies were carried out by Paulay’s student Castillo (2004). 

Castillo (2004) analysed both torsionally restrained and unrestrained single-storey systems under 
unidirectional excitation using a set of three ground motions. The most significant findings are listed 
below. Based on these findings, Castillo (2004) developed a design method which then later served as 
a basis for a design method developed by Beyer et al. (2008). 

 The stiff wall in torsionally unrestrained systems can yield, but only if the rotational inertia is 
greater than zero. This is in contrast to the behaviour of such systems under an equivalent 
static horizontal force, in which the stiff wall will never yield. It is therefore essential to 
include the rotational inertia in such studies. 

 The displacement demand on the CM can be predicted by an equivalent single-degree-of-
freedom (SDOF) system that has been assigned the effective translational mass of the system 
and the total lateral stiffness. This is a crucial finding for subsequent development of 
displacement-based design/assessment methods. 

 Stiffness eccentricity plays a relatively minor role in the response of ductile systems and if 
strength eccentricity is zero then the displacement demand on the CM, stiff edge and flexible 
edge will be similar. It should be kept in mind though that this finding was made considering 
only systems with large ductility demands in the order of 5. 

 Strength eccentricity is acceptable as long as it results from an excess of strength above that 
required for zero strength eccentricity. This was a critical finding for the later development of 
Castillo’s design method. 

Beyer et al. (2008) carried out an extensive parametric study on single-storey asymmetric-plan 
systems, with a focus on consideration of different strength eccentricity ratios. The parametric study 
considered both unidirectional and bidirectional loading along with unidirectional and bidirectional 
eccentricities. Both torsionally restrained and unrestrained systems were examined. The findings of the 
study were able to corroborate a number of the conclusions drawn previously by Castillo (2004). In 
addition, and with respect to the objectives of the current work, the most important finding was that 
the stiffness eccentricity still has some influence on the response in the inelastic range, even for 
systems with zero strength eccentricity. The research findings were used to develop a displacement-
based design approach for RC wall buildings, which was adopted by Priestley et al. (2007). 

3 PROPOSED EFFECTIVE STIFFNESS-BASED ASSESSMENT PROCEDURE 

Preliminary studies (Fox 2016) identified that existing seismic assessment procedure (Chopra and 

Goel 2004; Beyer et al. 2008; Kreslin and Fajfar 2012) were rather limited in their ability accurately 

determine the displacement demands on structural elements in single-storey asymmetric-plan systems. 

Based on the preliminary studies and the findings of past research, a new seismic assessment 

procedure was developed. The new procedure relies on two key principles. The first is that the CM 

displacement can be obtained by considering an equivalent SDOF system and using the principles of 

displacement-based assessment outlined in Priestley et al. (2007). This assumption was similarly used 

by Beyer et al. (2008). The second is that the rotational component of response can be obtained 
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through an eigenvalue analysis with effective stiffnesses assigned to the walls. The specific steps of 

the approach are as follows: 

1) Make an initial estimate of the CM displacement, ΔCM. A reasonable initial guess can be 

obtained using the equal displacement rule, i.e. ΔCM = Sd(T1). 

2) Assuming that the structure is fully torsionally restrained (i.e. no rotation about the vertical y 

axis) and therefore Δzi =ΔCM, calculate the ductility demand on each wall using Equation 3: 
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where Δy,zi is the yield displacement of wall i in the z direction. 

3) Calculate a system ductility demand, an equivalent viscous damping ratio, and a displacement 

reduction factor using Equations 4, 5 and 6, respectively. Note that all three equations are 

taken from Priestley et al. (2007) and that Equation 5, which is based on a thin Takeda 

hysteresis rule, is appropriate for RC wall buildings. 
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where Vi is the force resisted wall i, i.e. it should be duly accounted for that a wall may or may 

not have yielded. 
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4) Calculate the effective stiffness and effective period of the building using Equations 7 and 8, 
respectively. 
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5) Obtain a new estimate of the CM displacement demand using Equation 9. If this does not 
match the original guess then return to step 1 using the revised estimate and repeat until 
convergence. 

 eCM TSd.   (9) 

6) Having obtained the CM displacement, the next step is to determine the effective stiffness of 
each wall using Equation 10. These stiffnesses are then in turn used to calculate an effective 
stiffness eccentricity and an effective rotational stiffness using Equations 11 and 12, 
respectively. 
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7)  A standard eigenvalue analysis is then carried out, but with effective stiffness properties 
assigned to the walls. Equation 13 is the used to determine a torque, T, to apply to the system. 
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where V is the total base shear force in the z direction and 11 and 21 are the two terms in the 

first mode eigenvector, corresponding to z-direction translation and rotation about the y axis, 

respectively. 

8) Once the torque is known, the rotation of the building can then be calculated using Equation 14 
and subsequently the displacements of the walls obtained from Equations 15 and 16. At this 
point the displacements of the walls can then be used to obtain revised estimates of effective 
stiffnesses (step 6) and steps 6 to 8 are repeated until convergence is achieved. 
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9) Finally, the third mode (or predominantly torsional mode) of vibration must be accounted for. 
This is achieved by using standard elastic modal response spectrum analysis (see Chopra 
2007) but with the walls assigned effective stiffness properties. The first and third mode 
responses can then be combined using the square-root-sum-of-the-squares modal combination 
rule. Note that third mode of vibration only plays a significant role when the stiffness 
eccentricity is large, and its effects are more pronounced at the stiff end of the building. 

From initial evaluations, two limitations were imposed on the applicability of this method. The first 
being that it is not applicable for cases where the stiffness and strength eccentricities have opposing 
signs. The second is that it should not be applied to cases in which the stronger z direction wall is 
predicted to never yield. This second condition typically occurs when the strength eccentricity is large 
relative to the torsional restraint provided by the transverse walls. 

4 EVALUATION OF THE PROPOSED METHOD 

4.1 Evaluation procedure 

The performance of the proposed method is now evaluated through the assessment of a case study 

building and with a comparison against benchmark NLRHA results. The case study building is 

equivalent to that shown in Figure 1 and is assigned the properties listed in Table 1. The stiffnesses 

and strengths of walls 1 and 2 are varied so that a number of different combinations of stiffness and 

strength eccentricities can be achieved. In total, four different strength eccentricities are considered, 

and for each different strength eccentricity four different stiffness eccentricities are considered, as 

shown in Table 2. Note that in Table 2 the eccentricities are normalised by the plan width, bx, and the 

stiffness eccentricities are in fact given as the difference between normalised stiffness and strength 

eccentricity. 
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Table 1. Summary of case study building properties. 

Width in x direction, bx (m) 25.0 

Width in z direction, bz (m) 15.0 

Total strength of walls in z direction, Vy,zi (kN) 1897 

Total stiffness of walls in z direction, kzi (kN/m) 19674 

Strength of walls 3 and 4, V3/4 (kN) 949 

Stiffness of walls 3 and 4, K3/4 (kN/m) 9837 

Mass, m (t) 1120 

Rotational inertia, Irot  (tm
2
) 8.53×10

4 

Each different configuration of the case study building is then analysed using the newly proposed 

method and NLRHA. This is carried out in an incremental approach whereby the seismic demands are 

scaled over 20 different intensity levels from 0.03 to 0.6 g in terms of the reference peak ground 

acceleration on rock, ag, as defined in Eurocode 8 (CEN 2004). The choice to use an incremental 

approach was made so that the structures would be tested over a range of ductility demands and the 

transition from elastic to inelastic would be captured. The design response spectrum used in the 

proposed procedure corresponds to the Eurocode 8 (CEN 2004) type 1 spectrum for ground type C 

(but with TD = 4 s) and is shown in Figure 2 for ag = 0.4 g. For NLRHA a set of 10 ground motions 

were selected by Maley et al. (2013) to match, in terms of the median of the set, the design response 

spectrum. The response spectra of the individual ground motions and the median spectrum are shown 

in Figure 2. 

NLRHA was carried out using Ruaumoko3D (Carr 2012) and the numerical model was configured as 

shown in Figure 1b. The springs, which represent the lateral load resisting elements, were assigned a 

modified Takeda hysteresis rule with α = 0.5 and β = 0.0 (see Carr 2008). A Rayleigh damping model 

(using the tangent stiffness matrix) was adopted and 5% damping assigned at the first and third modes 

of vibration (note that the second mode is translation in the x direction). 

Table 2. Values of varied parameters. 

ev/bx -0.15, -0.1, -0.05, 0.0 

(er -ev)/bx -0.2, -0.1, 0.0, 0.1
 

 

 

 (a) (b) 

Figure 2.  5% damped response spectra for the 10 ground motion set of Maley et al. (2013): (a) acceleration; 
and (b) displacement. 
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4.2 Results 

Figure 3 shows the results obtained in terms of CM displacements. Although this is not the main 

quantity of interest, it is important to check that it is accurately evaluated, as a key assumption of the 

procedure is that the CM displacement can be predicted using an equivalent SDOF system. Figure 3a 

shows the absolute values of ΔCM obtained from NLRHA, wherein it can be observed that changes in 

stiffness and strength eccentricity have only a minimal effect. Figure 3b then shows the values 

obtained from the new approach, normalised by the median response obtained from NLRHA (herein 

referred to as an error ratio). It can be observed that generally the CM displacement is predicted with 

an acceptable degree of accuracy, within the order of 20 %. 

Figure 4 shows the error ratios for the wall 1 and 2 displacements. This is much more relevant as it is 

the demands on the structural elements that are of the greatest interest to the engineer. It can be seen 

that the maximum value of the error ratio is in the order of 30 %. This is a significant improvement 

when compared to other methods examined by Fox (2016) that lead to errors as large as 75 %. 

 

 

 (a) (b) 

Figure 3.  (a) Case study building CM displacements from NLRHA for different strength and stiffness 
eccentricities. (b) CM displacements from new approach normalised by those from NLRHA (i.e. 
error ratio). 

 

 (a) (b) 

Figure 4.  Error ratio between proposed method and NLRHA results for the displacements of: (a) wall 1; and 
(b) wall 2. 
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5 CONCLUSIONS AND FUTURE DEVELOPMENTS 

A new procedure has been proposed for the seismic assessment of single-storey asymmetric-plan 

buildings. The key innovation behind the procedure is that it assigns effective stiffness properties to 

the walls in order to determine the rotation of the system, and subsequent displacement demands on 

structural elements. An evaluation of the performance of the new procedure was carried out through a 

comparison against the results of nonlinear response-history analysis. The evaluation considered a 

single case study building, but with a number of different stiffness and strength eccentricities, across a 

range of intensities. The approach was shown to predict the response to a satisfactory level of 

accuracy, with a maximum error of 30 % in the prediction of wall displacements  

To be of practical value for earthquake engineering, a number of future developments should be made 

to the approach. These include the extension to systems with bidirectional eccentricities, consideration 

of bidirectional excitation, and the extension to multi-storey buildings. The excellent results obtained 

in this paper justify its extension to consider these additional aspects. 
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