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ABSTRACT: All buildings are subjected to some degree of torsion which in turn changes the 

member demands from that of translation only. Torsional effects on buildings subjected to 

earthquakes are not found directly in structural analysis unless full three-dimensional inelastic 

dynamic time history analysis is conducted. Since design is often conducted using two-dimensional 

analysis, these effects are not directly considered. There is currently an understanding of how 

different parameters may influence torsion, however, the degree to which these factors influence 

torsion is relatively unknown. Currently there are two simple design recommendations by 

Beyer/Priestley and MacRae; however, these need to be verified to be used in design. To do this, 

earthquake ground motions are applied in one direction to single storey structures with different in-

plane wall strength and stiffness, rotational inertia and torsional restraint to obtain the inelastic 

dynamic response considering torsion. A single multistorey analysis is performed to verify the 

response compared to that of the single storey. It is found that an increase in strength on an element 

does not increase the demand on any critical element. An increase in rotational mass or a decrease 

in stiffness eccentricity decrease critical wall displacement. Increasing torsional restraint reduces 

the critical wall displacement. Beyer/Priestley’s prediction is generally non-conservative while 

MacRae’s is conservative. The multistorey analysis was well approximated by the single-storey 

response. Both single and multistorey structures are recommended to be designed by MacRae’s 

method of which a design example is provided. 

1 INTRODUCTION 

Buildings with non-uniform mass, stiffness and/or strength over their plan are often described as being 

torsionally irregular. Even for structures designed to be perfectly regular, the movement of live loads around the 

structure can cause torsional irregularity which in turn changes the member demands. The wall with the greatest 

displacement demand is defined as the critical wall. There is currently an understanding of how different 

parameters may influence torsion (Au, 2007), however, the degree to which these factors influence torsion is 

relatively unknown.  

In practice, to consider torsional effects, buildings are generally designed using only walls orientated in the same 

direction as the earthquake (torsionally unrestrained) or a combination of walls with different orientations with 

respect to the earthquake (torsionally restrained). If full three-dimensional inelastic dynamic time history 

analysis were conducted for all structures as part of design, any torsional response and the demands on the 

elements would be found directly. However, since design is often conducted using 2-D analysis, torsional effects 

are not considered explicitly. There is therefore a need to quantify the effect of torsional irregularity on the 

response of the structure and on the element demands in a simple procedure that can be used in design. Currently 

there are two simple design recommendations; Beyer (2007) and Priestley et al (2007), the other by MacRae 

(2009). However, these need to be verified before it can be used in design.  

There is a need to determine which of the two design methods best predicts the response, to quantify whether 

increasing strength can result in an increase in displacement and to quantify the effect of each parameter 
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influencing torsion on torsional demands. This research seeks answers to the following questions: 

1. How does the increase in the strength of an element affect the demand on any critical element?  

2. For torsionally unrestrained and restrained structures, how sensitive is the response considering different 

periods, design ductility, stiffness eccentricities and rotational mass? 

3. For torsionally unrestrained and restrained systems subjected to a ground motion record in one direction 

only, how do the different prediction methods compare with the response considering different periods, 

design ductility, stiffness eccentricities, torsional restraint and rotational mass?  

4. How should single storey torsional structures be designed? 

5. How do the findings for single storey structures apply to a multi-storey structure? 

2 BACKGROUND 

2.1 Defining Torsion 

In a rectangular building in-plane and out-of-plane walls may be considered. The word ‘wall’ is used here to 

mean the lateral force resisting system on one line on the plan. Examples of these include, but are not limited to: 

a series of columns, a braced frame and a shear wall. In a structure, a wall may be in-plane or out-of-plane with 

respect to the earthquake. In-plane walls resist earthquake loading by translation and rotation. Out-of-plane walls 

resist rotation only. Structures subject to torsional demands have been categorized as being either torsionally 

unrestrained as shown in Figure 1a because there are no out-of-plane walls, or torsionally restrained, with both 

in-plane and out-of-plane walls as shown in Figure 1b, (Priestley et al., 2007). For the purpose of this paper, if 

the difference in displacements between the critical wall and centre of mass is less than 10%,  the structure can 

be considered to act in a torsionally restrained manner.  

In Figure 1, s indicates stiffness, v indicates strength, Cm, Cs and Cv are the centre of mass, stiffness and strength 

respectively. k is the stiffness of the wall, V is the strength of the wall, e is the strength or stiffness eccentricity 

(distance in the direction perpendicular to the earthquake from Cs or Cv to Cm relative to the X direction) and E is 

the earthquake loading. 

 

 

 

 

 

 

 

 

 

Considerable research has been conducted on the topic of torsion as described by Au (2007), Au developed a 

simple method to understand and explain the total response of general structures which may deform torsionally 

during earthquake motion considering: rotational inertia, out-of-plane walls, different ductility demands and with 

both high and low levels of torsional sensitivity.  

Currently the New Zealand Standard on Structural Design Actions- Earthquake Actions (Standards New 

Zealand, 2004) specifies that three dimensional time-history analysis is to be used when the structure is 

classified as torsionally sensitive. If a two-dimensional analysis is used for translational effects, torsional effects 

are considered by using a static analysis. Torsion is not properly accounted for in the analysis as the inelastic 

behavior is not considered. 

(a). Torsionally unrestrained system 

 

(b). Torsionally restrained system 

 Figure 1. Systems with Different Torsional Restraint 
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While a considerable body of research has been conducted, there are very few simple design recommendations 

for torsion of yielding structures. In fact two sets of recommendations exist; Beyer, Priestley et al. (2007) and 

MacRae (2009).  

2.2 Beyer/Priestley’s Method 

Beyer and Priestley’s recommendations were based on the response of a number of single and multi-storey 

models of torsionally restrained buildings. This method considers that the stiffness of both in-plane walls (which 

may be yielding) and out-of-plane walls limit torsional deformations. However, there is no specification on the 

minimum out-of-plane wall resistance required for a building to act in a torsionally restrained manner and a clear 

full derivation of the approach is not given. Furthermore, Beyer/Priestley states that increasing the strength on 

part of a structure does not increase the demands on another part. The design approach is limited to torsionally 

restrained systems since it is generally recommended to refrain from torsionally unrestrained systems; however 

the methods are applicable to both systems. Beyer/Priestley’s method is shown in Equations 1-4. These 

equations are not meant to be conservative. The X and Z direction correspond to that shown in Figure 1. V is the 

strength of the member, e is the strength or stiffness eccentricity relative to the centre of mass, JR,eff is the 

effective rotational stiffness, µsys is the system ductility, VB is the total building strength in the direction 

considered and θ is the twist angle, ΔCm is the maximum displacement of the centre of mass of the structure and 

Δmax is the maximum response displacement of the critical wall. 
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2.3 MacRae’s Method 

MacRae’s method, which was developed independently and without knowledge of the work of Beyer/Priestley, 

does not require a definition of torsional restraint as this method relies on the out-of-plane walls to limit torsional 

deformations. MacRae relies only out-of-plane walls to limit the torsional restraint because he considers that in-

plane walls have yielded are unable to resist torsion. A simple method to estimate the likely increase in response 

due to torsion was developed. According to MacRae, while the method is likely to be conservative for elastically 

responding structures, it is likely to be less conservative for buildings with larger in-plane inelastic deformations. 

Because MacRae requires out-of–plane walls to limit torsional deformations, his method cannot be applied to 

torsionally unrestrained structures. It should also be noted however, that all structures are somewhat restrained 

due to structural or non-structural elements providing torsional restraint in the same way as out-of-plane walls.   

MacRae’s method is shown in Equation 5-7. Here, kθ is the rotational stiffness, dx is the distance of each wall 

from the Cs, zmax is the distance in Z direction to the critical wall  from the Cm.  

           
    

   
     

    

   
  (5)         

  (6) 

     
              

      
      (7) 

3 METHODOLOGY 

3.1 Model 

Inelastic dynamic time-history was performed on a two degree of freedom model of simple buildings. The 

benchmark single storey building that is used is taken from Castillo (2004). Figure 2 shows the plan view of this 

structure. M is the mass of the structure and J is the rotational mass (or inertia) of the structure. Rotational mass 
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is a measure of an objects resistance to changes in rotation due to its mass. L is the distance between the walls 

and A is the length of the building. 

 

 

The analysis model of the benchmark building was taken from Au and is shown in Figure 3. It has 2 degrees of 

freedom, with 2 springs representing the 2 in-plane walls connected by a rigid link. The mass is lumped at the 

middle of the structure where rotational mass is also specified. A rotational spring, modelled by a torsional 

stiffness is used to represent the out-of-plane walls. The rotational stiffness is equal to zero in the unrestrained 

analysis. The different parameters (period, design ductility, stiffness and strength eccentricities and rotational 

mass) are varied one at a time to evaluate the effect of torsional action. The springs have stiffness k which 

represent the stiffness of each wall, the rotational stiffness kr represents the stiffness of the out-of-plane walls.  

3.2 Analysis Method 

T is the period of the structure, RM is the proportion of rotational mass specified, where RM=1 means realistic 

rotational mass. k1/k2 is the ratio of Wall 1 stiffness with Wall 2. R is the strength reduction factor and OOP is 

the fraction of Wall 2 stiffness for the out-of-plane walls. These input parameters were first defined and/or 

calculated. An elastic model was then simulated on RUAUMOKO 2D where the yield force of the walls were 

determined. With the same earthquake, the model was then run inelastically; the critical wall displacement was 

recorded and the critical wall displacement for each design method was calculated. This process was repeated 

with 20 earthquake records.  

In each analysis, the ratio of Wall 1 stiffness to Wall 2 was specified (specify k1/k2). The period of the structure 

was then specified and the mass of the structure calculated from Equation 8 below. Equation 8 is used for both 

the unrestrained and restrained cases as the stiffness of the out-of-plane walls in the X direction (as defined in 

Figure 1) is minimal.  

   
 

  
 
 
                 (8) 

Using the mass of the structure the rotational mass can be calculated by using polar moments of inertia. The 

floor slab was analysed as perfectly rigid with the mass M representing the total weight of the floor diaphragm. A 

is the length of the floor diaphragm as shown in Figure 3. The rotational mass is given by Equation 9. This 

equation assumes the mass is uniformly distributed across the floor diaphragm.   

  
   

 
           (9) 

The rotational mass was varied from zero to 1.5 times that calculated by Equation 9 in the analysis. This was 

done to see the effect of rotational mass. Realistic rotational mass was taken as that calculated by Equation 9. It 

was calculated that 1.5J is associated with all mass distributed within 14% of the edge of the floor slab, therefore 

rotational mass greater than 1.5J  is deemed unrealistic.  

The out-of-plane walls were modeled using an equivalent rotational spring (as shown in Figure 3). The stiffness 

of out-of-plane walls was calculated based on a fraction (OOP) of the stiffness of Wall 2. The rotational stiffness 

to model the out-of-plane walls, kr, was calculated using Equation 10. It was assumed that these walls would 

remain elastic throughout the entire response. 

Figure 2. Benchmark single storey building 
Figure 3. Benchmark Analysis Model 

 



5 

 

   
        

 

 
          (10) 

Each analysis was first run elastically to determine the maximum force in the critical wall. The maximum force 

was then divided by a strength reduction factor R, which varied from 1 to 5. This is related to the design ductility 

of the structure.  It is assumed that µsys is equal to R. This force was set as the strength of the critical wall (yield 

force). Assuming strength is proportional to stiffness, the non- critical wall strength was defined as that of the 

critical wall divided by the ratio of Wall 1 stiffness with Wall 2 stiffness. This is shown in Equation 11.  

       
      

       
 

              

       
          (11) 

An inelastic analysis was then run. For each analysis, Beyer/Priestley’s and MacRae’s method for determining 

the maximum critical wall displacement was calculated and compared with maximum displacement of the 

critical wall from the inelastic time history analysis.  

To determine whether increasing the strength of one component of the structure increases the demands on the 

other elements, the non-critical wall had its strength increased by a strength enhancement factor (which varied 

from 1 to 5 in the same way as R) and then an inelastic analysis was performed. 

Inelastic dynamic time history analyses of the benchmark single storey building was carried out using 

RUAUMOKO 2D (Carr, 2011). Small displacement analysis was used as P-delta was tested and had no effects 

on this structure.  

3.3 Interpretation 

A suite of structures with different stiffness eccentricities, structural periods, rotational mass and strengths were 

programmed and analyses carried out. For each combination of parameters in the analysis, twenty records from 

the Los Angeles suite for the SAC Steel Project with a probability of 10% exceedance in 50 years was used. The 

programme MATLAB (The MathWork Inc, 2010) was used. The median using a lognormal distribution of the 

critical wall displacement of the 20 records was then calculated. 

3.4 Base Case 

Each parameter was varied, while keeping all other parameters constant. The spring stiffness of Wall 1, k1 

(lateral stiffness), was always set at 14212kN/m as specified by Au (2007). Damping was set at 5% using Initial 

Stiffness Rayleigh damping in both lateral and torsional modes.  

In design, it is common to assume a perfectly elasto-plastic response this was approximated by a bilinear 

hysteretic model. This was considered reasonable as a bilinear hysteresis provides an adequate approximation of 

the true non-linear response curve, and also because a moderate post-yield stiffness has little effect on the overall 

displacement demands.  

To interpret the results, graphs were plotted for a 0.5s period structure (Au, 2007), where all parameters have 

been held constant except one to see the effect of that parameter (in the case where period was varied, all other 

parameters were kept constant). The trends seen in Figures 4-13 are similar for lower periods. As a base case, the 

ratio of Wall 1 stiffness to Wall 2 was set to 0.5 as this is provides a middle eccentricity (i.e. the stiffness of one 

wall is half that of the other.) The fraction of Wall 2 stiffness as defined in Equation 10, for a base case, was set 

at 50% of the stiffness of the non-critical wall. This represents a moderate torsional restraint (i.e. the walls out-

of-plane walls have half the strength and stiffness of the non-critical wall). R was set as 4 as base case. 

4 TORSIONAL BEHAVIOUR 

In Figures 4-13 the median of the critical wall displacement is plotted. Note that for the torsionally unrestrained 

cases, MacRae’s method is not applicable because it requires presence of some out-of-plane walls. The 

displacement of the Cm is always lower than the critical wall displacement, and the difference is representative 

the torsional component of the displacement. 
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4.1 Beyer/Priestley Assumption 

Beyer/Priestley state that increasing the strength of one component of the structure does not increase the 

demands on the other elements (which may be critical). Two cases were considered where both walls have equal 

stiffness; a base case and a more extreme case with low rotational mass. It can be seen from Figure 4 that the 

Beyer/Priestley assumption is correct, as the strength of non-critical wall increases, the maximum displacement 

of the critical wall remains the same. However, the torsional component of critical wall displacement increases 

with the increase in strength on the non-critical member. The Cm displacement decreases for increased strength 

as the structure is able to resist more translation. This effect is then seen to diminish. Therefore the increase in 

strength of the non-critical wall causes that wall to deflect less. In the more critical case it is seen that for an 

increase in non-critical wall stiffness up to twice the critical wall strength, the demand and the torsional 

component of the demand increase. A greater increase in non-critical wall strength for the extreme case produces 

no extra demand or increase in torsional component of that demand.  

 

(a). RM=1             (b). RM=0.25  

Figure 4. Effect of strength increase of non-critical wall on critical wall displacement. T=0.5, k1/k2= 0.99, R=4. 

4.2 Torsionally Unrestrained Systems 

In all torsionally unrestrained analysis it can be seen that the Cm displacement follows the same trend as the 

critical wall, which is because the wall is attached to the Cm (i.e. a wall in a building cannot move independently 

from the rest of the building).  

From Figure 5 it can be seen that as ductility increases, displacements increase by 40% comparing R=1 to R=5. 

Beyer/Priestley’s predictions are conservative by up to 15% close to the elastic range. However for R>2.7, 

Beyer/Priestley’s prediction of the torsional response is non-conservative by up to 10%.   

Figure 6 shows the effect of period on the critical wall displacement. As period increases, the critical wall 

displacement increases. The reason for and trend of, is equivalent to that of spectral displacement. The torsional 

component of displacement increases to a maximum value at 2s and then decreases with increasing period. 

Beyer/Priestley predictions are conservative particularly at higher periods. 

  

  

 

Figure 7 shows that an increase in rotational mass causes a decrease in the critical wall displacement. The reason 

for this is because the rotational inertia reduces the rotational effects, hence lower displacements occur.  Thus, 

Figure 5. Effect of R on the critical wall displacement. 

T=0.5, RM=1, k1/k2=0.5. 

 

Figure 6. Effect of period on the critical wall 

displacement. RM =1, k1/k2= 0.5, R=4. 

displacement. T=0.5, RM=1, k1/k2=0.5. 
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rotational mass needs to be considered in design to avoid an overconservative design. Beyer/Priestley’s 

prediction is conservative for high (RM=1.3) rotational mass but non- conservative by up to 27% for lower 

rotational mass.  

Figure 8 shows that an increase in the ratio of Wall 1 to Wall 2 stiffness results in decrease in the critical wall 

displacement. The critical wall displacement is equal to the Cm displacement when the stiffness of both walls is 

the same because only translation occurs. The stiffness eccentricity reduces as k1/k2 increases up to a value of 1; 

therefore there are less torsional effects and therefore lower displacements occur.  It can be seen that for an 

increase in strength and stiffness of the critical wall greater than 70% compared with wall 2, the torsional effect 

is insignificant (less than 10%) and the structure can be considered to act in a torsionally restrained manner. 

From a design perspective, this can be useful. The effect of increasing the stiffness and strength of the critical 

wall more than 70% is insignificant in limiting torsion, therefore the designer can take a k1/k2 greater than this as 

being torsionally insensitive. Beyer/Priestley’s prediction of the critical wall displacement is extremely 

conservative for large eccentricities, but becomes accurate as the eccentricity reduces.  

 

 

 

 

4.3 Torsionally Restrained Systems 

In all torsionally restrained analysis, the displacements are less than those from the corresponding torsionally 

unrestrained analysis. This is because the out-of-plane walls limit the torsional component, hence lower 

displacements occur.  

Figure 9 shows the effect of R on a torsionally restrained structure. Displacements increase with increased R by 

up to 33 % comparing R=1 to R=5. The torsional component is seen to remain constant where R increases. 

Beyer/Priestley’s predictions are non-conservative up to 10% in all cases for torsionally restrained structures, 

where as in unrestrained structures Beyer/Priestley was conservative close to the elastic range. MacRae’s 

Prediction of the torsional response are conservative for the elastic case and accurate for the ductile cases (non-

conservative by up to 3%).  

From Figure 10 it can be seen that as period increases, the critical wall displacement increases as seen in the 

unrestrained case. Beyer/Priestley’s predictions are generally non-conservative by up to 9%. MacRae’s 

prediction is slightly non-conservative by up to 4% in the 2-2.75s range, but mainly conservative by up to 7%. 

  

 

Figure 7. Effect of rotational mass on the 

critical wall displacement. T=0.5, k1/k2= 0.5, 

R=4. 

Figure 8. Effect of in-plane wall stiffness and strength 

eccentricity on the critical wall displacement. T=0.5, 

RM=1, R=4. 

 

Figure 9. Effect of R on the critical wall displacement. 

T=0.5, RM=1, k1/k2=0.5, OOP=0.5 

Figure 10. Effect of period on the critical wall 

displacement. RM=1, k1/k2= 0.5, OOP=0.5, R=4 
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Figure 13. Effect of torsional restraint on the critical 

wall displacement. T=0.5, RM=1, k1/k2=0.5, R=4. 

 

 

Figure 11 shows that the general trend of an increase in rotational mass causes a decrease in the critical wall 

displacement as in the unrestrained case. However, for rotational mass greater than 0.3RM, the response is not 

sensitive to torsion. Though rotational mass is less significant in the restrained analyses, at least up to 30% needs 

to be considered. Beyer/Priestley’s prediction is consistently non-conservative by 10%. This leads to the 

conclusion that Beyer/Priestley has overestimated the effect of rotational mass. MacRae’s prediction is 

conservative with lower rotational mass and increases accuracy with increased rotational mass 

Figure 12 shows that an increase in k1/k2 has little effect on the critical wall displacement. This is a different 

trend compared with the unrestrained case. This is due to the structure being restrained. In a restrained case, the 

non-critical wall will resist less torsion as the torsion is resisted by out-of-plane walls. It can be seen that from a 

design perspective, there is no reason to increase strength and stiffness of the critical wall as the effect is 

insignificant. Beyer/Priestley’s predictions considering decreasing stiffness eccentricity are non-conservative by 

up to 11%. MacRae’s prediction is conservative or accurate. It should be noted that MacRae’s method is grossly 

conservative  by up to 107% for high eccentricities.  

 

  

 

 

Figure 13 shows that an increase in the torsional restraint (from the stiffness of out-of-plane walls) reduces the 

critical wall displacement. This is because as the out-of-plane walls become stronger and stiffer, it requires more 

force to cause them to displace, hence lower displacements occur. MacRae’s prediction of the critical wall 

displacement is asymptotic for zero out-of-plane wall restraint. This is because MacRae relies on out-of-plane 

walls to limit torsion. Beyer/Priestley’s predictions are consistently 12% non-conservative. MacRae’s prediction 

is highly conservative for low torsional restraint and accurate as torsional restraint increases.  

 

 

5 MULTISTOREY ANALYSIS AND VALIDATION 

Preliminary multistorey analysis to verify the design methods and to compare the results with the single storey 

Figure 11. Effect of rotational mass on the critical wall 

displacement. T=0.5, k1/k2= 0.5, OOP=0.5. 

Figure 12. Effect of in-plane wall stiffness eccentricity 

on the critical wall displacement. T=0.5, RM=1, 

OOP=0.5, R=4. 
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Table 1. Comparison of different design methods with 

RUAUMOKO 3D response. 

 

response was performed. An appropriately scaled twelve storey, two bay by two bay framed structure was 

analysed using RUAUMOKO 3D (Carr, 2011).  Three- dimensional inelastic time-history analysis was 

performed using earthquake records from the February 22 Christchurch earthquake. From Table 1 it can be seen 

that Beyer/Priestley was 6% (ε) non conservative in predicting the response, while MacRae predicted the 

response within 3%. A single storey structure (using the 2DOF model with the same properties as the 3D 

structure) was also used to predict the response. It was found that the the single storey structure accurately 

predicted the response (within 2%). 

 

 

 

 

 

 

 

 

6 DESIGN APPROACH 

From the behaviour observed in Figures 4 to 13 and Table 1, it can be concluded that MacRae’s method is 

generally conservative. Beyer/Priestley usually underestimates the response by up to 27% and varies in non-

conservatism. It should be noted that for torsionally unrestrained cases, MacRae’s prediction cannot be used. The 

maximum difference in the actual response and MacRae’s method is approximately 9% so perhaps the response 

should be multiplied 1.1 to ensure that the prediction calculated is not non-conservative. In the same way, 

Beyer/Priestley’s method may be able to be multiplied by a factor to account for the non-conservatism, but 

because it is generally non-conservative and the degree to which varies more. To use Beyer/Priestley’s method a 

statistical analysis needs to be performed to quantify accuracy. MacRae’s method will always nearly always give 

a conservative prediction and as such it is recommended that MacRae’s method is used in design. However, it is 

recommended for accuracy, that MacRae’s method be used with structures where k1/k2 and OOP are greater than 

0.3. This means that structures should be designed as torsionally restrained with a minimum OOP of 0.3. 

Torsionally unrestrained structures’ response have not been accurately predicted. A design approach illustrating 

MacRae’s method is outlined below. 

6.1 Methodology and Example 

The following step by step methodology is proposed for structures of that are analysed in two dimensions, which 

are subject to earthquake excitations. 

The structure used in this example is shown in Figure 14. Assume the building is square, all transverse walls 

have the same stiffness, all longitudinal walls have the same stiffness, the Cs is located at the centre of the 

building, the Cm is 0.10b from the centre of the building, z= 0.4b and actual ductility is 2.5.  

Steps:  

1.  Estimate the likely maximum displacement at the centre of mass using standard two dimensional methods. 

2. Compute the rotational demand (TOR) by multiplying the base shear by the maximum eccentricity.  

                  (12)    
       

    
     (13)         (14) 

3. Specify the maximum displacement allowed by the critical wall as a factor (α) of the maximum 

displacement of the Cm. Say α= 1.1 (i.e. a displacement increase of 10% of the Cm is required)  

4.  Using MacRae’s formulae determine the stiffness of the out-of-plane walls required to ensure the 

maximum displacement is not exceeded: 

Critical Wall Displacement (m) 

Ruaumoko 

3D analysis 

Beyer/ 

Priestley’s  

MacRae’s Ruaumoko 

2D 

analysis 

0.3205 0.3016 0.3309 0.3289 

ε -6% 3% 2% 



10 

 

Figure 14. Example structure for a 

design example. 

          
    

        

        
 

             

            
   (15)        

  
          

          
 (16)  

    
  

 
 
 

             (17) 

   
 

 
                  (18) 

            (19) 

 
Hence the out of plane walls must have 64% of the stiffness of the in plane walls for the critical wall 

displacement to be less than 10% greater than the Cm displacement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 CONCLUSIONS AND RECOMMENDATIONS  

From this research the following was found: 

1. Increasing the strength of a non-critical element does not increase the demand on the critical element 

except in extreme cases. For extreme cases the demand increases when the strength of the non-critical 

element is increased by less than 2 times. For normal cases, although the demand does not increase, the 

torsional component of that demand does increase. 

2. An increase in period or ductility, increases critical wall displacement. An increase in rotational mass or 

a decrease in stiffness eccentricity, decrease critical wall displacement. Increasing torsional restraint 

reduces the critical wall displacement. The increase and decrease in response for these parameters has 

been quantified. 

3. MacRae’s method was found to be generally conservative in torsionally restrained cases though 

sometimes grossly, because the torsional restraining effects of in-plane walls have been disregarded. 

Beyer/Priestley’s method varies in non-conservatism. Beyer/Priestley has overestimated the effect of 

rotational mass and torsional restraining effects of in-plane walls.  

4. MacRae’s method, rather than Beyer/Priestley’s is recommended to be used in torsionally restrained 

structures. Single storey structures should be design using MacRae’s method with k1/k2 and OOP are 

greater than 0.3. Non-critical elements can be modelled with the same strengths.  

5. For the particular building studied, the results from the multistorey frame analysis were similar to that 

from the single storey approximation. For the parameters associated with this structure, both methods 

estimated the response well.  
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