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A B S T R A C T  
 

 

Direct displacement based design (DDBD) is a conceptual framework that directly designs a structure 

to achieve an expected performance level under specified seismic intensity. In this study, two 

important issues relevant to torsional response of mass eccentric 8-story RC building designed with 
DDBD approach are investigated. These issues are including the effects of unbalanced mass 

distribution scenario on the torsional response parameters and the study of these parameters with 

reference to diagonal displacement. Diagonal displacement is the SRSS combination of the 
displacement demands along the direction of excitation and orthogonal direction. Three different 

unbalanced mass distribution scenarios which produce the same mass eccentricity were applied to the 

plan of the generic structural model to determine the general range of the mass moment of inertia 

(MMI) variation due to different unbalanced mass distribution scenarios. Expressions were established 

to correlate MMI and mass eccentricity in each scenario. Results show that for slight eccentricities the 

variation of the MMI is negligible but as eccentricity is increased the range of the variation is 
extended. Then, sensitivity analyses based on finite element method and inelastic time history analysis 

have been carried out on 8-story RC building frame designed with DDBD approach with different 

levels of mass eccentricity and different MMI. Torsional response parameters in terms of maximum 
displacement demands of edge elements, diaphragm rotation, nominal relative displacement and 

nominal rotation is compared with diagonal and horizontal displacement demands along seismic 

excitation. 
doi: 10.5829/idosi.ije.2015.28.09c.02 

 
 

 
1. INTRODUCTION1 
 

Most seismic design codes still focus on force rather 

than displacement. Over the past two decades different 

displacement oriented design approaches have been 

developed [1]. Direct displacement based design 

(DDBD) has been developed in conjunction with the 

fundamental objections on conventional force based 

design method [2]. This approach that utilizes the idea 

of ‘substitute structure’ [3] has been the focus of 

different researches. Priestley and Kowalsky presented 

DDBD basic formulation for RC structures in detail [2]. 

Sullivan et al. investigated the limitation and seismic 

performance of different displacement based design 

approaches and suggested the DDBD as one of the most 

reliable approaches [1]. Pettinga and Priestley 

                                                           
1
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investigated the seismic behavior of RC tube frames 

designed with DDBD approach [4]. Sullivan et al. 

developed the DDBD procedure for RC frame-wall 

structures considering interaction effects between frame 

and shear walls [5]. Pettinga and Priestley developed a 

method for explicitly accounting P-∆ effects in 

structures when using DDBD method [6]. Calvi and 

Sullivan developed a model draft code (DBD09) for 

displacement based seismic design [7]. Salwadeh 

developed DDBD procedure for vertically irregular 

frame-wall structures [8]. Sullivan et al. reviewed the 

model draft code DBD09 provisions and superseded it 

by DBD12 [9].  

 

Two Important Issues Relevant to Torsional Response of Asymmetric 8-Story RC 

Building Designed with Direct Displacement based Design Approach 

Some researchers also have been conducted for

 extending DDBD procedure to asymmetric structures in

 layout. Beyer et al. investigated the torsional inelastic

 response of structural wall buildings and developed a

 method for estimating the torsion-induced displacement
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demands to extend DDBD method to asymmetric wall 

buildings [10]. Although this research, provided 

recommendations and provisions for DDBD of 

asymmetric structures, but the concept is still under 

development and require more contribution. Main focus 

of this study is to contribute with further extension of 

DDBD approach to design asymmetric mass eccentric 

structures in layout. Accurate estimate of seismic 

displacement demand corresponding to expected 

performance level of the structure is one of the most 

important steps of DDBD approach. For asymmetric 

structures subjected to seismic excitation, rotational 

response is expected to occur. Consequently 

displacement demand at a particular floor level of 

structure is no longer uniform and displacement 

demands for each of lateral force-resisting elements 

should be addressed directly. Torsional inelastic 

behavior of the asymmetric buildings has been the focus 

of many researches and different design procedures 

have been developed for considering torsion-induced 

displacement.  

 

 
Figure 1. Generic Asymmetric Structural Model 

 
 
3. BRIEF REVIEW OF THE GENERAL DDBD 
APPROACH 
 

Using DDBD approach, an inelastic multi degree of 

freedom (MDOF) system is substituted with an elastic 

single degree of freedom (SDOF) system characterized 

by secant stiffness Ke at peak displacement ∆d and an 

Equivalent Viscous Damping (EVD). This damping 

represents the effects of elastic damping and hysteretic 

damping due to inelastic responses. For a known design 

displacement and rational estimation of yield 

displacement ∆y, it is straightforward to determine 

displacement ductility demand μ, and thus EVD. 

Afterward, using sets of elastic displacement response 

spectra (DRS) for different levels of damping, the 

effective period Te of equivalent SDOF structure at 

design displacement is calculated. For a known 

effective period, the effective stiffness and then base 

shear of the equivalent SDOF structure at design 

displacement is determined [14]. Each of these steps is 

described in more detail in the following sections. 

 

 

4. DESCRIPTION OF DDBD PROCEDURE FOR RC 
BUILDING FRAMES 
 

In this study, DDBD procedure based on the provisions 

provided by Sullivan et al. [9] were applied to the 8-

story RC building of Figure 1. Detailed description of 

the procedure is provided hereunder. 
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General review and description of some of these 

researches may be found in Rotenberg [11] and 

Destefano and Pintucchi [12]. Variety of absolute, 

relative and nominal torsional response quantitative 

parameters generally related to displacement demands 

has been introduced in the literature. These parameters 

describe somewhat dynamic torsional response of 

asymmetric structures. In this research, the effects of 

unbalanced mass distribution scenario and diagonal 

displacement on the torsional response parameters of an 

asymmetric 8-Story RC building designed with DDBD 

approach are investigated. 

 

2. GENERIC ASYMMETRIC STRUCTURAL MODEL  
 
The generic asymmetric model is a mass eccentric 8-
story RC moment resistant building as shown in the 
Figure 1. Building is asymmetric in X direction and the 
center of geometry is taken as the origin of the X-Y co-
ordinate system. Typical floor of the building have 3 
spans with 5.0 m width in each direction and constant 3 
m story heights. Building is located in a very high 
seismic hazard zone and on type III soil according to the 
site classification of the Iranian Seismic Code [13]. 
Gravity load transfer system is RC two-way slab which 
is considered to be rigid. The building is assumed to be 
residential and the non-factored gravity loads are: dead 
load equal to 7.5 KN/m

2
 and live load equal to 2 

KN/m
2
. Seismic weight of each story considering dead 

load plus 20 percent of live load is equal to 1777.5 KN, 
which typically assumed to be lumped at floor levels.
 Characteristic material strengths are taken as concrete
 compression strength of 40 MPa and reinforcing steel
 yield strength of 400 MPa. 
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TABLE 1. Performance criteria for damage control 

performance level  

Limit Performance Criteria 

0.02Maximum drift 

0.004Residual drift 

               
        

 ́  
       Concrete comp.  strain 

             Rebar tension strain 

 
 
4. 1. Expected Performance and Limitations         
Building is designed to achieve damage control 

corresponding to the life safety performance level in 

Iranian Seismic Code. The design displacement for the 

building corresponding to the expected performance 

level may be controlled by material strain limits; by 

drift limits, which are typically used to control damage 

to non-structural components, by residual drift limits or 

by any other deformation quantity that is appropriate for 

the structure being designed [9]. In this regard, based on 

the provisions provided in DBD12, for expected 

performance level, performance criteria in terms of 

maximum drift, residual drift and material strain at 

plastic hinge regions shall be limited to the values in 

Table 1 for structural elements. Where εc,dc is the 

concrete compressive strain for damage control limit 

state, ρv the volumetric ratio of reinforcement hoops or 

spirals, fyh the yield stress of transverse confining 

reinforcement, εsu the ultimate strain of longitudinal 

reinforcement and finally    
  the confined concrete 

compressive strength as per Mander model [15]. 

 

4. 2. Design Displacement Profile              Building is 

designed for drift limit value in Table 1 and material 

strain limits at plastic hinges are checked later in design 

section. The design displacement ∆d, is defined as:  

n
2

i i
i 1

d n

i i
i 1

(m )

(m )






 





  

(1) 

where mi is the seismic mass and ∆i the displacement at 

level i which is obtained from Equation (2). 

n i
i θ c i

n 1

(4H h )
ω .θ .h .

(4H h )


 


 

(2) 

where ωϴ is the higher mode reduction factor, ϴc the 

drift ratio limit, hi the height of level i, Hn the total 

building height and h1 the height of the first level. 

 

4. 3. Yield Displacement and Ductility Demands   

The displacement ductility demand μ, is defined as: 

d

y







 

(3) 

where ∆y is the yield displacement that for regular RC 

frames is calculated by Equation (4) presented by 

Priestley [14].  

y y eθ H  
 

(4) 

where ϴy is the yield drift that comes from Equation (5) 

and He the effective height which is derived later in 

Equation (7). 

b
y y

b

l
θ 0.5ε

h

 
   

   

(5) 

where εy is the yield strain of longitudinal 

reinforcement, lb the length of beams between column 

centerlines and hb the depth of beam sections in of RC 

frame.  

 

4. 4. Equevalent SDOF Characteristics        Direct 

displacement based design approach relies on 

substituting an inelastic MDOF system with an elastic 

SDOF system characterizes by secant stiffness at design 

displacement and an equivalent viscous damping 

(EVD). SDOF representation parameters [9] are: 

 The effective mass    

n

i i
i 1

e
d

(m )
m 







 

(6) 

 The effective height of the equivalent SDOF 

structure,He 

n

i i i
i 1

e n

i i
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H
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
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
 

(7) 

 The EVD of a well detailed RC frame structure is 

included the sum of the elastic damping ξel  and 

hystersis damping ξhys as Equation (8). 

eq el hys

μ 1
ξ ξ ξ 0.05 0.565

μπ

 
     

   

(8) 

 
4. 5. Effective Stiffness, Base Shear And Its 
Distribution          For a design displacement ∆d and 

corresponding    , the effective period of the equivalent 

SDOF structure, Te  can be found from the elastic DRS 

sets. Then, the effective stiffness Ke at the design 

displacement is obtained from Equation (9) which is the 

simple inversion of the equation for the period of a 

SDOF structure. 

2 e
e 2

e

m
K 4π

T


 

(9) 
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DDBD approach needs sets of DRS for higher level of 

damping rather than commonly used 5% one. There is 

no information available in Iranian seismic code to 

describe how to decrease DRS for higher level of 

damping. To develop such a sets of DRS, a suite of 

seven artificial records were generated to be matched 

with the design response spectrum of Iranian Seismic 

Code corresponding to the study site for 5% damping. 

Matching procedure based on Wavelet transformation 

proposed by Suarez and Montejo [16] was applied using 

program provided in Matlab environment. Wavelet 

transformation is one of the most powerful tools in 

time-frequency domain for record generation. In the 

matching procedure considered, a real original record 

that is compatible with the study site condition is 

presented as input record. The procedure manipulates 

the input record to generate the spectrum compatible 

with accelerogram. Furthermore, the non-stationary 

characteristic of the original record is somewhat 

preserved in generated record. DRS were developed for 

each generated records and level of damping using 

Seismo signal [17]. The smoothed mean values were 

considered as design DRS for each level of damping as 

shown in Figure 2. The design base shear of a SDOF 

structure Vb that will be used to define the strength of 

plastic hinge regions shall be determined in accordance 

with Equation (10) [9]:    

b e d P ξ e PV K . V 2.5R .PGA.m V     
 

(10) 

n

i i
i 1
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e
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V 0.5
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


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
 

(11) 

where VP-∆ is the P-delta component of the base shear, 

Rξ the response spectrum modification factor, PGA the 

peak ground acceleration and Pi the total expected 

gravity load on level i of the building during 

earthquake. Seismic characteristics and response 

spectrum of Iranian Seismic Code [13] corresponding to 

the study site was applied in this paper. Calculation of 

the equivalent SDOF characteristics of the building 

based on the procedure described before is shown in 

Table 2. The resulting DDBD parameters of the 

building are summarized in Table 3. The calculated 

design base shear in Table 3 is distributed to the seismic 

masses at different story levels according to Equation 

(12) [9]. For frame buildings in which the lateral 

resisting system forms plastic hinges over the full height 

of the structure, the value of k is assumed to be k=0.9. 

 

   
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(12) 

where Fi  is the lateral force at the story level i.  

TABLE 2. Calculation of the equivalent SDOF characteristics 

for 8-story RC building 

St. 
    

(KN.S
2

/m) 

    

(m) 

    

(m) 

    

(m) 

    

(m) 

    

- 

    

(m) 

   

- 

   

- 

1 177.75 3 0.060 0.5 5 0.011 0.182 1.51 0.111 

2 177.75 6 0.116 0.5 5 0.011 0.182 1.51 0.111 

3 177.75 9 0.168 0.45 5 0.012 0.202 1.36 0.098 

4 177.75 12 0.217 0.45 5 0.012 0.202 1.36 0.098 

5 177.75 15 0.261 0.4 5 0.014 0.228 1.21 0.081 

6 177.75 18 0.302 0.4 5 0.014 0.228 1.21 0.081 

7 177.75 21 0.339 0.4 5 0.014 0.228 1.21 0.081 

8 177.75 24 0.372 0.4 5 0.014 0.228 1.21 0.081 

 

 
TABLE 3. DDBD parameters for 8-story RC building 

Story 
    

(KN.S
2

/m) 

    

(m) 

    

(m) 

      

% 

    

(Sec) 

    

(KN/m) 

    

(KN) 

8 1185.7 16.56 0.275 9.67 1.71 16008.5 4519.2 

 

 

 
Figure 2. Design displacement response spectra (DRS) 

 

 

4. 6. Structural Analysis and Section Design   
Analysis based on the equilibrium considerations [14] 

have been carried out on the building to determine the 

required moment capacity of intended plastic hinge 

locations. The equilibrium method lets designer to 

select the moment capacities of the column-based 

hinges, provided that the resulting moment throughout 

the structure are in equilibrium with external applied 

forces. However, to determine the seismic demands at 

the column-based hinges, rational engineering decision 

should be made. In this regard, the bottom story point of 

contra-flexure was assumed to be at 0.6H1, where H1 is 

the first story height. The full procedure, details and 

rational decisions for equilibrium method may be found 

in Section 5.5.2 of Priestley et al. [14]. After 

determining the seismic demands, the building was 

designed for desired beam-sway mechanism due to 

inelastic response. To ensure that unwanted inelastic 

mechanism and brittle shear failure do not occur, 
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capacity design based on the Section 9.3 of DBD12 was 

applied [9]. Moments and shears in regions required to 

remain elastic were amplified to account for higher 

mode dynamic amplification and possible increased 

material strength in plastic hinges location. After 

determining capacity design force levels, section 

analysis program Microsoft CUMBIA provided by 

Montejo and Kowalsky [18] were used to design 

reinforcing details of structural elements and 

performing moment-curvature analysis. This program 

implements concrete confinement model presented by 

Mander [15]. The ultimate concrete compression strain 

and rebar tension strain for each section of elements 

were checked with the strain limit values of Table 2 

manually. Characteristic material properties without any 

amplification were used for designing the capacity 

protected actions while plastic hinge regions were 

designed for expected material strengths. Expected 

concrete compressive strength    
  and expected yield 

stress of steel reinforcement     were assumed as 

   
        

  and            respectively, where   
  

and    are characteristic concrete compressive strength 

and characteristic yield stress of steel reinforcement. 

For all design actions, except those of plastic hinge 

regions, normal material strength reduction factor were 

applied in line with ACI318-99. For design actions of 

plastic hinge regions, strength reduction factor were not 

applied. 

 

 

5. UNBALANCED MASS DISTRIBUTION SCENARIOS 
 
A large number of parameters affect inelastic response 

of asymmetric buildings. One of the most important 

ones which affect dynamic characteristics of the 

buildings is mass moment of inertia (MMI). This 

parameter directly depends on the unbalanced mass 

distribution scenario which produces the eccentricity in 

layout. Considering constant mass, corresponding to a 

given mass eccentricity, probably there are infinite 

unbalanced mass distribution scenarios. Therefore, for a 

known mass eccentricity a range of MMI is possible. In 

this study, to estimate the range of the MMI variation, 

three different unbalanced mass distribution scenarios 

which produce the same mass eccentricity is considered. 

With reference to symmetric structure, total seismic 

mass is kept constant in each scenario. These scenarios 

are: 1.unbalanced double-band mass scenario as shown 

in Figure 3(a), 2.unbalanced single-band mass scenario 

as shown in Figure 3(b), and 3.unbalanced concentrated 

mass scenario as shown in Figure 3(c), where   is a 

geometric factor as shown in Figure (3),   the uniform 

mass of the diaphragm and   unbalanced uniform mass 

distributor. These scenarios were applied to the generic 

asymmetric structural model (L=15 and  =1/3) and 

expressions were established to correlate MMI and mass 

eccentricity (  ) for each scenario. Normalized MMI 

( ) with reference to corresponding symmetric building 

is defined as: 

r

m

I

I
  

(13) 

where Im and Ir are the MMIs corresponding to 

unbalanced mass distribution scenario and symmetric 

model (                  . Correlation between 

mass eccentricity (  ) and normalized MMI ( ) is 

shown in Figure 4. 

 

 

(a). Unbalanced double-band mass scenario 

(b). Unbalanced single-band mass scenario 

(c). Unbalanced concentrated mass scenario 

Figure 3. Different unbalanced mass distribution scenarios

 

 L 

L 

 

 . 𝐿 

 

 . 𝐿 

   

  (1 +  ) 

  (1 −  ) 

𝑌 

𝑋 

𝐶𝑀 
   

 L 

L 

 

 . 𝐿 

   

  (1 +  ) 

𝑌 

𝑋 

𝐶𝑀 

   

 L 

L 

 

𝑌 

𝑋 

𝐶𝑀 

   

 

4
 

 

4
 

 

4
 

 

4
 

   



E. Izadi Z. and A. S. Moghadam / IJE TRANSACTIONS C: Aspects  Vol. 28, No. 9, (September 2015)  1257-1267                         1262 

 

 

 
Figure 4. Correlation between mass eccentricity and 

normalized MMI  

 

 

 
Figure 5. Comparison of artificially generated records spectra 

with design response spectrum 

 

 

For slight eccentricities, the variation of   is 

negligible, but as eccentricity is increased the range of 

the variation is extended. As shown in the Figure 4, 

variation range of the normalized MMI is less than 

±40% even in the case of severe eccentricity. 

Consequently, normalized MMI is taken as    0.6, 

0.8, 1.0, 1.2 and 1.4 for sensitivity analysis.   

 

 

6. GROUND MOTIONS AND MODELING  
 

For the purpose of seismic assessment, a series of 

inelastic time history analysis (ITHA) have been carried 

out on the building. A suite of fifteen artificial 

accelerograms were generated to match with the design 

response spectrum. Matching procedure based on 

Wavelet transformation proposed by Suarez and 

Montejo [16] was applied using program provided in 

Matlab environment. Acceleration response spectrum of 

artificially generated records in comparison to the 

design acceleration response spectrum has been 

demonstrated in Figure 5. ITHA of the building is 

performed using OpenSees [19] which is an object 

oriented framework for finite element analysis. The 

models are subjected to one-directional records along 

the X direction. The structural elements are modeled as 

fiber elements to consider plasticity along the elements 

and their cross sections. Separate stress-strain 

characteristics were used for the unconfined cover 

concrete and the confined core concrete as per Mander 

model [15]. An artificially low damping coefficient    in 

the fundamental mode was specified for initial elastic 

damping based on the recommendation of Priestley et 

al. [14]. Artificially low damping coefficient is 

approximately equal to: 

  * ξ(1 0.1 μ 1 1 r )
ξ

μ

(1 rμ r)

  


 
 

(14) 

where r is the post yield stiffness ratio (post yield 

stiffness to the initial stiffness) that for a well-detailed 

RC frame is assumed about r=0.05. 

 

 

7. SEISMIC EVALUATION OF ASYMMETRIC 
BUILDINGS 

 

To study the seismic torsional behavior of the purposed 

asymmetric buildings, unbalanced single band mass 

scenario as shown in Figure 3(b) was applied to produce 

mass eccentricity (  ). Four asymmetric models with 

  =5, 10, 15 and 20% of the plan dimension 

respectively (L=15m) were considered and 

corresponding MMI were calculated for each model. 

ITHA have been carried out on the asymmetric models 

with different level of eccentricity and corresponding 

MMI. Results are presented as mean value of the 

maximum responses for fifteen artificial records. 

Torsional response parameters in terms of maximum 

diaphragm rotation, maximum nominal relative 

displacement and maximum nominal rotation are 

presented hereunder.  

 

7. 1. Maximum Diaphragm Rotation          Maximum 

rotation is taken as one of the response parameters 

which represent the severity of torsional behavior. 

Nevertheless, this parameter is not among the common 

parameters used in torsional provisions of design codes. 

Maximum diaphragm rotation and maximum 

displacement demand at the center of mass do not occur 

at the same instant. Thus maximum diaphragm rotation 

is not a practical parameter for addressing maximum 

displacement demands of asymmetric buildings. Figure 
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6(a) shows maximum diaphragm rotation for different 

levels of mass eccentricity. As shown in the figure 

maximum rotation at all level of the building is 

increased as the eccentricity is extended. Furthermore it 

is seen that for severe eccentricities, maximum rotation 

is much less sensitive to the amount of eccentricity. 

 

7. 2. Maximum Nominal Relative Displacement   
This parameter is one of the most common practical 

parameters used in torsional studies which represent the 

dynamic torsional behavior of eccentric structures.  

Nominal relative displacement is defined as [10]: 

mc

rel

.

max




  (15) 

where      is maximum displacement at the story level 

and      maximum center of mass displacement. Figure 

6(b) shows maximum nominal relative displacement for 

different eccentricities. It is shown in the figure that 

independent of the amount of eccentricity, nominal 

relative displacement is somehow uniform over the 

height of the building and for severe eccentricities 

(        ), maximum nominal relative 

displacement is also much less sensitive to the amount 

of eccentricity. Furthermore, for severe eccentricity, 

nominal relative displacement has diminished 

surprisingly. 

 

7. 3. Maximum Nominal Rotation       For 

asymmetric buildings subjected to seismic excitation, it 

is not possible to directly associate maximum 

displacement and rotation of the structure to the 

maximum displacement demands of the lateral load 

resisting elements. To overcome this problem, 

diaphragm nominal rotation has been suggested by 

Castillo [20]. Nominal rotation is widely used as one of 

the most common parameters in torsional provisions of 

some displacement based design codes. Maximum 

nominal rotation    is defined as:  

cmcp

mc
N

X 


 .max  

(16) 

where      is maximum displacement of critical lateral 

load resisting element,      maximum displacement at 

the center of mass and        the distance between 

critical element and center of mass. Figure 6(c) plots the 

variations of maximum nominal rotation for different 

eccentricities. Maximum nominal rotation is influenced 

significantly by the eccentricity level. For severe 

eccentricity (        ), maximum nominal rotation 

is also much less sensitive to the amount of eccentricity. 

Furthermore, for severe eccentricities, nominal rotation 

has been diminished surprisingly. 

 

 

8. SENSITIVITY ANALYSIS FOR MMI 
 

Sensitivity analysis based on ITHA was performed on 

the designed structure with slight (em/L=5%) and 

severe (em/L=15%) mass eccentricity. Normalized 

MMI ( ) was changed gradually and the effects of 

unbalanced mass distribution scenarios on the seismic 

torsional response parameters was measured. Figure 7 

shows maximum diaphragm rotation for slight 

(em/L=5%) and severe (em/L=15%) eccentricity. 

Significant variation of maximum rotation due to 

change of normalized MMI is observed. This variation, 

as shown in Figure 7, is significant for both models with 

slight and severe eccentricity. Furthermore maximum 

diaphragm rotation is increased as normalized MMI is 

increased. 

 

 

 

(a) (b) (c) 

Figure 6. Torsional response parameters due to different levels of mass eccentricity 
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Figure 8 shows maximum nominal relative 

displacement for slight and severe mass eccentricities. It 

is seen that nominal relative displacement at different 

story levels of each model is relatively uniform. 

Furthermore, this parameter is influenced significantly 

by normalized MMI ( ) for both models with slight and 

severe mass eccentricities. Figure 9 plots the variations 

of maximum nominal rotation for slight and severe 

mass eccentricities. Maximum nominal rotation for both 

models is influenced significantly by the level of the 

normalized MMI ( ). Figure 10 summarizes the 

sensitivity of the envelope (along height) of the 

maximum torsional response parameters with 

normallized MMI ( ) for the models with slight and 

severe eccentricity. Generally, the envelope of the 

maximum diaphragm rotation, as well as maximum 

nominal rotation, occurs at the upper story levels, while 

the envelope of the maximum nominal relative 

displacement is at the lower story levels. 

 

 

 
Figure 7. Sensitivity of maximum diaphragm rotation with 

normalized MMI 

 

 

 
Figure 8. Sensitivity of maximum nominal relative 

displacement with normalized MMI 

 
Figure 9. Sensitivity of maximum nominal rotation with 

normalized MMI 

 

 

 
Figure 10. Summary of the sensitivity of torsional response 

parameters with normalized MMI 
 

 

 

9. DIAGONAL DISPLACEMENT-BASED SEISMIC 
ASSESSMENT 
 

Although foregoing torsional response parameters 

describe dynamic behavior of the asymmetric buildings, 

but variation of these parameters with reference to 

displacement as a vector is still open to question. Here 

diagonal displacement is chosen as a vector 

representation of displacements that is calculated as the 

SRSS combination of the displacement demands along 

the direction of excitation and orthogonal direction. 

Generally, diagonal displacement effects on the 

torsional response parameters are assumed negligible 

while these effects may cause severe local damages at 

floor corners due to stress and strain concentration. 

Figure 11 compares maximum demands with reference 

to horizontal and diagonal displacement of the 8-story 

RC building with slight and severe mass eccentricities. 
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Based on what was said in previous sections, 

displacement demands at a particular floor level of an 

eccentric structure due to torsional response is not 

uniform and demands should be addressed directly for 

each lateral load resistant element. Therefore, maximum 

displacement demands at the soft edge, center of mass 

and stiff edge are presented and described separately. It 

is observed in Figure 11 that maximum demand at the 

center of mass for both models with slight and severe 

eccentricities is not strongly influenced by considering 

diagonal displacements rather than horizontal 

displacements. 

 

 

 

Figure 11. Comparison of maximum demands with reference 

to horizontal and diagonal displacement 

 

Figure 12. Comparison of maximum nominal relative 

displacement with reference to horizontal and diagonal 

displacement

Figure 13. Comparison of maximum nominal rotation with 

reference to horizontal and diagonal displacement 

 

 
Figure 14. Comparison of maximum torsional response with 

reference to horizontal and diagonal displacement for different 

mass eccentricity levels 
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for the models with severe eccentricity, the effect is 

significant. Maximum nominal relative displacement 

and maximum nominal rotation of the 8-story RC 

building with reference to horizontal and diagonal 

displacements are shown in the Figures 12 and 13. For 

the model with slight eccentricity, the variation is 

negligible, but for that with severe eccentricity, it is 

significant. Figure 14 summarizes the comparison of the 

envelope (along height) of maximum torsional response 

parameters with reference to horizontal and diagonal 

displacements at different levels of eccentricity. It is 
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obvious in Figure 14 that as mass eccentricity is 

increased, the effect of diagonal displacement is much 

more sensible. 

 

 

 

10. CONCLUSIONS 
 

For contribution with further extension of DDBD 

approach to asymmetric buildings, two important issues 

relevant to torsional response of mass eccentric 8-story 

RC building designed with DDBD approach were 

investigated. These issues are the effects of unbalanced 

mass distribution scenario and diagonal displacement on 

the torsional response parameters. Based on the results, 

the following conclusions are reached:  

 Three different unbalanced mass distribution 

scenarios which produce the same mass eccentricity 

are considered to apply to a generic asymmetric 

model. For slight eccentricities, the variation of 

normalized MMI is negligible, but as eccentricity is 

increased the range of the variation is extended. 

Variation range of normalized MMI is less than 

±40% even in the case of severe eccentricity. 

 Maximum torsional response parameters of 

asymmetric building in terms of diaphragm rotation, 

nominal relative displacement and nominal rotation 

for different level of mass eccentricity were 

investigated. Independent of the level of mass 

eccentricity, nominal relative displacement is 

relatively uniform over the height of the building. 

For severe eccentricities, maximum torsional 

response parameters are much less sensitive to the 

amount of eccentricity; furthermore, nominal 

relative displacement and also nominal rotation have 

diminished surprisingly. 

 Sensitivity analysis was performed on the building 

with slight (em/L=5%) and severe (em/L=15%) 

mass eccentricity to study the correlation of the 

torsional response parameters with normalized MMI. 

Maximum torsional response parameters are strongly 

influenced by normalized MMI ( ) for both models 

with slight and severe mass eccentricities. 

 Torsional response parameters with reference to 

displacement as a vector (diagonal displacement) do 

not influence significantly for slight eccentricities, 

but as eccentricity is increased, the effect is much 

more sensible.    
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هچكيد
 

 

سطح عملکرد  کیبه  دنیمنظور رسه است که سازه را ب یروش مفهوم کی مکان، رییبر اساس تغ میمستق یروش طراح

در  شده ادیروش  شتریمنظور مشارکت در توسعه به مطالعه ب نیکند. در ایم یطراح نیمع یامورد انتظار تحت شدت لرزه

 یطراح یبتن آرمه نامتقارن جرم یشطبقه قاب خم 8 سازه یچشی، دو مقوله مهم در ارتباط با پاسخ پنامتقارنهای  سازه

نامتوازن  عیتوز یویسنار ریمطالعه تآث یکی. ردیگ یمورد مطالعه قرار م رمکانییبر اساس تغ میمستق یشده به روش طراح

باشد.  یمورب م یرمکانهاییپارامترها با در نظر گرفتن اثر تغ نیه امطالع یگریسازه نامتقارن و د یچشیپ یجرم بر پارامترها

زلزله و امتداد متعامد آن  کیدر امتداد اعمال تحر رمکانهاییجذر مجموع مربعات تغ بیمورب به ترک رمکانییتغ نجایدر ا

ممان  راتییمحدوده تغ نییمنظور تعه نامتوازن جرم ب عیمختلف توز یویارتباط تعداد سه سنار نیگردد. در ا یاطلاق م

 یدوران ینرسیو ممان ا یجرم تیمرتبط نمودن خروج از مرکز یبرا یدر نظر گرفته شده و معادلات یدوران ینرسیا

بسته به  یدوران ینرسیممان ا راتییکم، تغ یتهایدر محدوده خروج از مرکزکه دهد  ینشان م جیاست. نتا دهیاستخراج گرد

بشدت  زیآن ن راتییمحدوده تغ ابدی یم شیافزا تیاما هر چه مقدار خروج از مرکز ،باشد یمختلف کم م یوهایسنار

سطوح  یبرا یارتجاعریغ یزمان خچهیتار یلهایروش المان محدود و تحل یبر مبنا تیحساس زی. در ادامه آنالابدی یم شیافزا

شده به روش  یقه بتن آرمه طراحطب 8سازه  یبر رو یدوران ینرسیمختلف ممان ا ریو مقاد تیمختلف خروج از مرکز

 یرمکانییتغ یازهاین ممیسازه شامل ماکز یچشیپاسخ پ یاست. پارامترها شدهانجام  رمکانییبر اساس تغ میمستق یطراح

با در نظر گرفتن اثر  افراگمید یدوران اسم ممیو ماکز یاسم ینسب رمکانییتغ ممیماکز افراگم،یدوران د ممیها، ماکز لبه

قرار  سهیمورد مطالعه و مقا یا رزهل کیدر امتداد اعمال تحر یافق ازین یرمکانهاییتغ نیمورب و همچن ازین یرمکانهاییتغ

 گرفته است. 
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