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ABSTRACT 
 
This study explores the relationship between torsional irregularity and collapse performance in 
older RC buildings. The assessments utilize three-dimensional nonlinear models of an eight-story 
nonductile RC building with a full height shear wall. These models are based on a real building 
that performed poorly in the 2010-2011 Christchurch, New Zealand earthquakes. To investigate 
the role of torsion in the building’s collapse, the shear wall location is varied, ranging from an 
arrangement that is perfectly symmetric, to one that is highly eccentric. This variation is 
conducted in order to capture the relative difference of performance between a symmetric and an 
extremely asymmetric (torsionally-sensitive) structure.  Collapse performance is explored as a 
function of each building’s torsional irregularity, quantified by the Torsional Ratio. The study 
shows that some torsional irregularity can be present before the torsion substantially affects the 
collapse risk.  However, significant torsion irregularity, especially if in combination with overall 
building weakness, is an indicator of elevated collapse risk.  These findings have been used to 
develop limits for torsional sensitivity in the ATC 78 procedure for identification of vulnerable 
concrete buildings.  
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Introduction 
 
Torsional irregularity is generally expected to increase buildings’ seismic collapse risk. Older 
reinforced concrete (RC) structures pose especially significant collapse risks because of 
nonductile design deficiencies that may lead to brittle and sudden failure mechanisms [1]. In 
addition to the amplified displacement demand from torsion on nonductile walls and columns, 
torsion may amplify collapse risk through interaction with other design weaknesses such as weak 
stories, poor reinforcement detailing and load path discontinuities. The perception that torsion 
problems are a significant contributor to collapse risk has been shaped by building collapses in 
past earthquakes, such as the CTV building in Christchurch, New Zealand in 2011, as well as a 
large number of other cases observed in New Zealand and other earthquakes over the past 
several decades [2].  
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 The goal of this study is to identify when torsional irregularities significantly amplify 
collapse risk of nonductile RC structures, while avoiding excessive conservatism in identification 
of buildings with torsion problems. Thus, the study also aims to quantify when torsion is 
negligible, and is not expected to significantly amplify the collapse risk. We examine torsional 
irregularity as a collapse indicator, i.e. a parameter that is highly correlated to collapse risk [3]. 
These studies have been used in the ATC 78 methodology for identification of potentially 
vulnerable concrete buildings [4]. The ATC 78 methodology is intended to provide a relatively 
inexpensive tool for identifying retrofit priorities in a building stock. It focuses explicitly on 
targeting building with high collapse risk, and aims to employ relatively simple calculations; 
buildings exhibiting high collapse risk in ATC 78 can be later evaluated through more detailed 
procedures.  
 

Definition of Torsional Ratio 
 
The severity of torsion is quantified by the torsional ratio, TR. TR is defined as the torsional 
demand, TD, of the critical story, x, divided by the torsional capacity, TC, of the critical story:  
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Torsional demand at story x, TDx, is directional, and is calculated for each direction of earthquake 
loading:   

 Dx pxT V e=                  (2) 
where: 
Vpx  = plastic shear capacity of the critical story; 
e = eccentricity between the center of mass and the center of strength in the direction 
perpendicular to the direction of earthquake loading; e is not to be taken as less than 5% of the 
overall plan dimension perpendicular to the direction of earthquake loading (i.e., 0.05L); 
L  = maximum plan dimension perpendicular to the direction of earthquake loading. 
The center of rotation is taken as the center of strength [3].  
 
 Torsional capacity at story x, TCx, is calculated considering the capacity of frame/wall 
lines in all orientations, and is thus the same regardless of the direction of loading considered: 
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where: 
Rfi  = is the orthogonal distance between the frame/wall line i and the center of strength;  
Vpfi  = is the plastic capacity of frame/wall line i; and 
nf  = is the number of frame/wall lines in story x, considering all those that resist 
torsion, regardless of orientation 
 
 For most buildings, the critical story is the first story. However, TR can and should be 
calculated at other stories if there are vertical discontinuities, or other changes in structural 
response. We note also that, for simplicity, accidental torsion is not directly considered, except in 
the use of a minimum of 5% eccentricity in Eq. (2). The ATC 78 report [4] provides more details 
on this calculation.  
 



Simulation of Collapse of Torsionally-Sensitive Buildings 
 
Buildings Analyzed 
 
The torsion assessment is based on variations of a real structure that have differing degrees of 
torsional irregularity. The 8-story real structure that provides the basis for these archetypes 
experienced larger than design seismic loading in the 2011 Christchurch, NZ earthquake, and 
was designed using pre-1974 ACI design codes [5]. The structure experienced significant 
damage in that earthquake, and reconnaissance studies [2, 5] found that torsion was a contributor 
to this damage. In this study, the configuration of this building was varied systematically to 
investigate the influence of torsion on collapse risk.  
 
 This study investigates 15 8-story buildings with the same floor plan, as shown in Fig. 1. 
The structures vary in terms of the location and length of the added reinforced concrete wall, 
such that they range from a symmetric pure frame building, to a building with extreme torsion 
behavior due to a large eccentrically placed wall. Each wall building with an eccentric wall has a 
comparison symmetric case with the same length wall placed at the center of the plan (i.e., a 
comparison case of equivalent lateral strength). (The real structure had an off-center core wall.) 
 
 Story heights of 10 ft. are consistent over the height of the structure. All columns are 18 
in. square with eight #6 rebar placed symmetrically. Tie spacing is 6 in. over the height of the 
columns.  All beams are 8 in. by 30 in. and have two #7 rebar placed at the top and two at the 
bottom. These designs differ somewhat from the original structure, and ensure that the structures 
have a column-to-beam strength ratio, Mc/Mb, of 0.85 at every location, indicating that moment 
failure will occur in the columns before the beams. All columns in the modeled building have a 
ratio of flexural to shear strength, Vp/Vn, of 0.63, indicating the expected failure mode is flexure. 
Although shear critical columns are not directly considered in this study, the columns fail 
flexurally in a brittle manner, such that flexural degradation occurs at low drifts and the columns 
are expected to experience a rapid reduction of post peak strength not dissimilar from a shear 
failure. 
 
  

 
Figure 1. Buildings analyzed in torsional study. Each irregular case has a corresponding 

symmetric case. All properties are the same in the symmetric and torsional cases, 
except for the location of the wall and the Torsional Ratio. WI is the wall index, and 



defines the ratio of wall area to the total floor area supported above the wall. The 
period (T) represents the period in the shaking direction, obtained from eigenvalue 
analysis of the building model.  

 
 Wall designs vary from building to building. Shorter walls are 8 in. thick with #8 rebar 
spaced at 8 in. on center in both the vertical and horizontal directions. Larger walls (found in 
Cases D through G) are 12 in. thick and have additional rows of #8 longitudinal reinforcing bars 
over a length of 0.15L at each end of the wall. The walls are assumed not to have clearly defined 
boundary elements, as is typical of older RC construction in the U.S., New Zealand and 
elsewhere.                                              
 
Modeling 
 
The building is modeled in three dimensions. Column, beam and wall elements are modeled with 
force-based distributed plasticity fiber elements. In the fiber elements, the concrete fibers are 
assigned the Kent-Scott-Park stress strain model, assuming no tensile strength [6]. The steel 
material is defined in tension in as a tri-linear curve that follows modeling recommendations in 
[7], considering strain hardening and steel fracture. The backbone of the steel model in 
compression is modified to account for buckling in columns and walls, which depends on the tie 
spacing. The parameters for the buckling model follow the Dhakal model, which is based on 
experimental results and finite element models of buckling of reinforcing bars [8]. The length of 
the plastic hinge is determined from recommendations by Paulay and Priestley [9], and is used to 
define the location of the integration points and weighting scheme such that the response is 
regularized (i.e., independent on the number of elements).  
 
 Floor diaphragms are modeled as rigid, due to the presence of a thick concrete slab, and 
the base is fixed. Beam-column joints are not explicitly modeled. The models assume 2% 
Raleigh damping at the first and third modes, in addition to hysteretic damping. Each element 
definition utilized a P-delta geometric transformation. 
 
Analysis Procedures  
 
Each building is excited in only the in-plane direction of the walls in an attempt to clearly 
separate torsional and lateral responses. The analysis uses both horizontal recordings of the 22 
far-field pairs of ground motions defined in the FEMA P-695 document [10], for a total of 44 
individual analyses. Each building is assessed using incremental dynamic analysis, in which the 
ground motions are scaled until collapse occurs. Parallel processing and the JANUS 
supercomputer at the University of Colorado Boulder are used to reduce the computational 
expense.  
 
 Collapse is defined as occurring when displacement demand on at least 25% of the 
columns has reached or exceeded 1% story drift.  This drift demand is not constant over the plan 
of the building, due to torsion. The force displacement curves in Fig. 2 show how a collapse 
criteria of 1% drift was determined from initial sensitivity studies. This figure shows the force 
displacement response of two columns, with the locations shown on the figure. These responses 
indicate that these flexurally-dominated columns experience a dramatic loss in capacity around 
1% drift due to poor detailing, such that the column is not contributing significantly to the lateral 
capacity of the building beyond that point.   
 



 The median collapse capacity is employed to quantify collapse performance. For the 
purposes of this comparison, we quantify ground motion intensity in terms of spectral 
accelerations. These spectral accelerations are all reported at the same period, using 0.66s as an 
average period for the buildings under consideration. 
 

 
Figure 2.    Response of columns in a torsionally-irregular building model, showing how the 1% 

story drift collapse definition was determined.  
 

Detailed Results for Selected Buildings   
 
Figs. 3 and 4 provide the pushover and incremental dynamic analysis results for Case E. The 
pushover in Fig. 3 shows the contributions from the wall and framing systems, as well as the 
total system response. For Case E, the wall is somewhat stronger than the frame systems, and the 
failure of the columns controls the post-peak response.  This behavior is consistent with most of 
the other cases examined.  
  
 

 
Figure 3.   Pushover results for case E, de-aggregated to show contributions from frame and wall 

lines. 
 
Fig. 4 provides an example of the dynamic analysis results. These results show that symmetric 
cases are generally able to withstand larger ground motion intensities (spectral accelerations) 
before reaching collapse than the torsionally irregular buildings.  For Case E, the median 
collapse capacity, in terms of spectral acceleration at a period of 0.66s, is 2.3g for the symmetric 
building, which is 30% larger than the median collapse capacity for the torsional building. 



 
Figure 4.    Incremental dynamic analysis results for Case E, showing response of the building 

with the symmetrically-placed wall and the asymmetrically-placed wall, and the 
lower collapse capacity of the torsionally-irregular building. The x-axis is the story 
drift in the 1st story, which is also the peak story drift.  

 
Results  

Overview 
 
Fig. 5a summarizes the median collapse capacities for all the buildings analyzed. For Cases A-C, 
there is negligible difference in the collapse resistance of the torsional and symmetric cases; for 
Cases E-G there is an increasing difference in behavior between the torsional and symmetric 
cases, with the torsionally-irregular buildings exhibiting lower collapse resistance. The results in 
Fig. 5a also show an increase in strength for the later cases, which results from the longer walls 
in those models.  This difference in strength is removed through normalization in Fig. 5b.   
 

 
Figure 5.   (a) Median collapse capacities of all the building cases analyzed in this study; (b) 

collapse fragilities for the torsionally-irregular buildings, plotted in terms of µStrength.   
 
 Fig. 5b examines the collapse results for the torsionally asymmetric buildings (bottom 
row in Fig. 1). For this purpose, the collapse capacities (i.e. ground motion intensities) of each 
building are normalized by the strength of the building in the parameter µStrength, permitting 
comparison across buildings with different wall lengths and, accordingly different lateral 
strengths; the x-axis is represented as the torsional ratio. On this plot, each building is 



represented by a set of points aligned vertically at its torsional ratio, indicating key percentiles 
from the collapse fragility curve. Each set of points connected by a dashed line represents a 
different percentile on the collapse fragility curves for the torsionally irregular buildings. The 
normalized median collapse points are shown in turquoise. The points corresponding to the 30th 
and 70th percentiles are also highlighted to clarify later discussions. Greater values of µStrength 
indicate higher demand relative to the building strength. 
 
Extreme Torsion 
 
The idea of extreme torsion is to identify those buildings that have torsional irregularity that is so 
significant that the buildings are likely to be particularly high collapse risk, regardless of the 
building’s other properties. For the purposes of this discussion, we define extreme torsion as 
those buildings that are found to have more than 70% probability of collapse in the dynamic 
simulations of building response, according to the results Fig. 5b.   
 
 We focus on that region of the plot where torsion has a significant influence on collapse 
(i.e. TR > 0.8, Cases E through G). Buildings with TR = 0.8 and µStrength > 5 have a simulated 
collapse probability greater than 0.70.  As TR increases beyond 0.8, indicating even greater 
torsional irregularity, the µStrength required to cause collapse is smaller (i.e. smaller excitation 
relative to base shear strength will cause collapse). A µStrength of greater than 5 indicates a 
relatively weak building, even for nonductile RC buildings, so relatively stronger buildings can 
withstand more torsion.  
 
Torsion has Little Influence  
 
In many buildings, even those that have some torsional irregularity, torsion may not significantly 
influence response. This section describes the results used to identify those buildings for which 
torsion effects are estimated to be insignificant. To define those situations in which we can 
neglect torsion for the purpose of identifying critical collapse risk buildings we return to Cases 
A-C, where the difference in collapse capacity between symmetric and torsional cases is shown 
to be negligible, as plotted in Fig. 5a. These results identify the region (TR < 0.4) for which 
torsion is not expected to be significant, as shown in Fig. 6a.  
 
 Note that this TR limit is effective at identifying cases where torsion does not 
significantly influence collapse risk, but the calculation of TR is cumbersome. Fig. 6b is the same 
as Fig. 6a, except the x-axis has been replaced by the wall index (WI). (The ATC 78 
methodology adopts a wall index that is similar in concept to that proposed by Sozen [12].) Fig. 
6b shows that buildings with WI < 0.006 are not expected to have significant enough torsion 
effects to warrant detailed analysis of torsional effects in terms of their influence on collapse. 
Because the WI is the same regardless of where the walls are found in the building, this analysis 
suggests that a building with WI < 0.006, regardless of how the walls are configured, does not 
have sufficient torsional irregularity to substantially alter the collapse outcome. In other words, 
these buildings are not expected to be vulnerable to torsion. Older RC frame buildings without 
walls generally have so many well-distributed columns due to gravity load demands that they are 
not particularly vulnerable to torsion.  
 



 
 

Figure 6.   Buildings for which torsional effects can be neglected are shown in the shaded area as 
a function of: (a) torsional ratio and (b) wall index. Buildings that fall in the shaded 
area were shown to have negligible difference in behavior between symmetric and 
torsional models. The 70th and 30th percentile curves are taken from Fig. 5b.  

 
Conclusions 

 
This study aims to quantify the relationship between torsional irregularity and collapse risk of 
older nonductile RC buildings. This relationship is used to identify buildings for which torsional 
irregularity is very significant, and correlated to poor collapse performance, and those cases 
where torsional irregularity does not substantially impact the results. For this purpose, we model 
15 variations of a real building in three-dimensions and assess the collapse performance using 
incremental dynamic analysis.  
 

The study shows that some torsional irregularity can be present before the torsion 
substantially affects the collapse risk.  In the ATC 78 procedure, this finding is used to identify a 
lower limit on torsional irregularity, below which torsion does not need to be considered in the 
assessment. However, significant torsion irregularity, especially if in combination with overall 
building weakness, is an indicator of elevated collapse risk.  In the ATC 78 procedure, this 
finding is used to quantify an upper limit on torsional irregularity, which, in combination with a 
building’s strength, identifies buildings that are exceptionally high risk on the basis of torsion 
alone.  
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