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ABSTRACT: Simple models of regular shear-type building structures of 3, 9, 15 and 20 
storeys were designed according to the equivalent static method of the New Zealand 
seismic loading standards, NZS 1170.5 (2004). These models were subjected to the 20 
SAC Los Angeles 10 in 50 earthquake records, scaled to various levels and analysed 
using inelastic dynamic time history analysis considering P-Δ effects. A probabilistic 
definition of the change in structural response due to different levels of vertical mass 
irregularity is provided which may be used as a design tool. Vertical mass irregularity has 
the most effect on peak inter-storey drift when the eccentric mass is placed either on the 
very top, or very bottom few storeys. 

1 INTRODUCTION 

Simple methods for structural design have been developed using regular structures. When structures 
become irregular (resulting from non-uniform mass, stiffness, strength, structural form, or a 
combination of these in the horizontal or vertical directions), the ability of simple methods to 
accurately represent structural response decreases. Methods to define structural regularity have been 
developed based on engineering judgement and lack a quantitative basis (SEAOC blue book). 

Very few studies have been carried out to study the vertical regularity. Those that have (e.g., Ghersi, 
(2004), Michalis (2006)) do not provide information which is required for the New Zealand code 
methods. This paper describes a study to quantify, in a probabilistic sense, the effect of vertical mass 
irregularity on shear type structures with different target drift ratios. 

2 STRUCTURAL FORM, DESIGN AND MODELLING 

The frames (3, 9, 15 and 20 storeys) designed were selected to emphasize the effect of vertical mass 
irregularity. Each frame was designed to have the maximum possible code inter-storey drift at all 
levels simultaneously when designed according to the NZS1170.5 Equivalent Static Method (SANZ 
2004). This method is similar to the FEMA 356 (2002) Linear Static Procedure.  

Each frame was modelled as a shear beam to reduce computational effort. Each level has a horizontal 
single-degree-of-freedom and the column between the levels deforms in double curvature providing 
stiffness to the frame. Previous studies by Tagawa (2006) have shown that such a model can represent 
real structural behaviour well. A post elastic stiffness (bilinear) factor of 1 % and an initial stiffness 
proportional damping ratio of 5 % were used in the first mode and in the mode corresponding to the 
number of storeys in the structure using the Rayleigh approach. 

It was assumed that the structures are on strong rock (site subsoil class A), the period of the building 
was computed from eigenvalue analysis ignoring the P-delta effect, the shortest distance to a major 
fault, D, was assumed to be 0, the structural performance factor, Sp, was taken as 0.70, the zone hazard 
factor, Z, was taken as 0.40 for Wellington, the return period factor, Ru, was taken as unity implying 
that the design was for earthquakes with an annual probability of exceedance of 1/500 years, and a 
ductility, μ, of 4 was assumed. After calculation of the design base shear without consideration of P-
delta effects, V, P-delta effects were considered according to Section 6.5.4.2 Method B to obtain the 
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additional structural actions and displacements. Target drifts ranging from 0.5 % to the code maximum 
allowable value of 2.5 % were used. An iterative process was used to obtain storey stiffnesses and 
strengths corresponding to the target drift. 

3 APPLICATION OF MASS IRREGULARITY 

To investigate the effect of mass irregularity, the mass at different levels was increased between 1 and 
5. Each time the mass was changed, the structure was redesigned according to the method described 
above. 

To identify the structural type, number of storeys, irregularity type, irregularity location, irregularity 
amount, and target drift ratio for the structures designed according to the linear static procedure, a 
special notation of the form MNSWLEMI(TD) was used. For example, in ISDR20W191.5(2.0 %), 
“ISDR” indicates that the model (M) has a constant inter-storey drift ratio, 20 is the number of storeys 
in the model (NS), “W” indicates that the structure has a weight (W) (or mass) irregularity and is not 
“R” regular, 19 is the level (LE) with the mass irregularity, and 1.5 indicates that the mass is irregular 
with the mass at the 19th level being 1.5 times that of a regular structure, the target drift ratio (TD) is 
2.0 %. Also, ISDR20R(1.8 %) would indicate a 20 storey model is regular with constant mass at each 
level designed to have a constant inter-storey drift ratio with height and a target drift ratio of 1.8 %. 

4 ANALYSIS METHOD AND INTERPRETATION OF RESULTS 

The 20 SAC Los Angeles 10in50 records were selected. Response spectra were developed for each 
record. For every frame designed, the median spectral response (based on a lognormal assumption) for 
all records at the fundamental period of the structure was obtained. The records were all scaled by the 
same factor and applied to the structure. A scale factor of SF indicated that the median spectral 
response gave the same value as the NZS 1170.5 code (2004) for an elastically responding single-
degree-of-freedom oscillator designed for Wellington without consideration of P-delta effects. Here, 
the ductility, μ, was assumed to be unity as was the Sp factor.  

Inelastic dynamic time history analyses were carried out for the structure at different levels of ground 
motion intensity using the computer program RUAUMOKO (Carr 2004). This was described by the 
median spectral acceleration, Sa, of the suite of records at the fundamental period of the structure being 
designed, assuming a damping ratio of 5 %. The record suite was scaled to obtain various Sa. For each 
Sa the peak inter-storey drift from all storeys in the structure was obtained for each record. It was 
assumed that the distribution of peak drift is lognormal so the logarithmic mean, μln, was computed as 
the mean of the logarithm of each value, and the lognormal standard deviation, σln, was computed as 
the sample standard deviation of the logarithm of each value. 

For the irregular structure designed to the same target drift ratio, the period is different from that of the 
regular structure, so the design spectral acceleration is also different, but the same process described 
above is used to scale the earthquake records to the design spectral acceleration and to obtain the peak 
storey drift distribution.  

For a given target inter-storey drift ratio, the inter-storey drift distributions (having different medians 
and standard deviations) for both regular and irregular structures were obtained. The probability that 
the peak inter-storey drift ratio of the irregular structure, ΔI, is greater than that of the regular structure, 
ΔR, P[ΔI > ΔR] is given by Equation 1. According to this method, for the models ISDR20R(1.5 %) and 
ISDR20W201.5(1.5 %), the mean and standard deviation logarithmic drifts, μlnI, μlnR, σlnI, and σlnR, are -
4.1069, -4.1272, 0.2368 and 0.2015 respectively giving P[ΔI > ΔR] = 52.61 %.  
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When a structure is designed with a number of target drift ratios, ΔT, a relationship between P[ΔI > 
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ΔR| ΔT] and ΔT may be found. In most of the cases, the probability of having a greater response in the 
irregular structure to that of a regular structure, designed using the NZS 1170.5 equivalent static 
method to the same target drift ratio, ΔT, was greater than 50 %.  

Using the code defined maximum mass irregularity of 1.5 times the floor mass at the top level, the 
P[ΔI > ΔR] was obtained. This probability was then used to determine the maximum allowable mass 
(M) irregularity at other floors (F). It can be seen in Figure1 that the upper and lower storeys are most 
sensitive to the addition of mass. Also, the same trends occurred for all frame heights. 

 
    (a) 9 storeys, P[Δ(ISDR9WFM) > Δ(ISDR9R)] = 59.30 %  (b) 20 storeys, P[Δ(ISDR20WFM) > Δ(ISDR20R)] = 58.04 % 

Figure 1. Storey masses required to cause same probability of exceedence as that associated with a mass 
irregularity of 1.5 on the top storey at the design level acceleration. 

 

For different target probabilities the storey most sensitive to the addition of mass was identified. This 
depends on the probability considered. For lower probabilities, the most sensitive storey tended to be 
at the top of the frame, while for higher probabilities it was generally in the lower storeys. The 
minimum mass eccentricity in the most sensitive storey of the frame is plotted as shown in Figure 2 is 
nearly linear until 62 % for all the models used in this work except for the 3 storey structure. 

 
Figure 2. Minimum mass eccentricity M allowed to have a given P[Δ(ΙSDRNWFM) > Δ(ΙSDRNR)] for N equals 

3, 9, 15 and 20. 

A lower bound linear design curve could be developed from the graph, so that the maximum mass 
eccentricity anywhere in the structure for a given drift probability of exceedence may be obtained. 
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5 CONCLUSIONS 

This study describes the effect of vertical mass irregularity on a shear type of structures designed 
according to the New Zealand equivalent static method considering P-delta effects. The seismic 
behaviour was expressed probabilistically.  

In summary: 

1. A method of evaluating the effects of mass irregularity was developed. 

2. Lower and upper levels are the most sensitive to the addition of mass. 

3. The methodology developed may be used to determine the maximum acceptable mass 
irregularity for a given probability that the response of an eccentric structure will exceed that 
of a regular structure, thereby being a powerful design tool. 
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