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ABSTRACT: The design procedure using Displacement Focussed Force Based 
Design is described for multi level reinforced concrete frames.  A design example is 
provided and the designed frames are analysed using nonlinear time history analyses.  
The results of these analyses demonstrate that the design procedure assists the designer 
to provide a structure with a more predictable performance than can be achieved by 
current methods. 

 
 
1. INTRODUCTION 
 
To date most structures have been designed and constructed with the philosophy that they 
should not collapse during a large earthquake, but it is understood by the earthquake 
engineering community, that it is possible that they may suffer significant damage during a 
large earthquake.  In seeking increasing improvement in the seismic performance of structures 
this philosophy has started to be challenged.  This challenge has partly been supported by the 
perceived poor performance of structures in the Northridge and Kobe earthquakes.  In these 
earthquakes, it was found that some reinforced concrete structures that had been designed and 
constructed to “modern” code provisions collapsed, and of equal concern, some surviving 
structures were found to be damaged to such an extent that the cost of repair was far greater 
than anticipated.   
 
A new approach is emerging where it is hoped that engineers maybe able to design structures 
that perform in a seismic sense, “better”, certainly with more predictability than they do 
currently.  The new approach is represented by a concept, “performance based design”, where 
in addition to collapse prevention, the designer is expected to explicitly address the level of 
performance of the structure.  That is, to make appropriate decisions to limit structural and 
non structural damage.  Presently it is at the concept stage and is not an accepted design 
procedure.  To some extent, seismic design in New Zealand with its almost universal 
acceptance of “capacity design” to help control structural damage is a step towards a 
“performance based” approach.  In recent years, Priestley, a proponent of performance 
criteria, has published a number of papers on the “Direct Displacement Based Design 
(DDBD)” approach (Priestley 2000a,b).  The advantages of DDBD is that it assists the 
designer to focus on the seismic design displacements of the structure, allowing for the 
allocation of stiffness and strength to provide a seismic performance that does not provide 
excessive demands on critical elements and sections. 
 
Another approach to performance based design is Displacement Focussed Force Based 
Design (DFFBD).  This has been described by (Davidson 2002) and (Judi 2002) as a design 
approach for simple “sdof” structures.  It has the advantage that in essence, it only requires a 
slight variation of strategy from the regularly used “Force Based Design” (FBD) as prescribed 
in current codes, for example NZS1170.5 (SANZ 2004).  Thus its implementation requires no 
change in the “rules” in any current Standards.  This paper describes how the Displacement 
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Focussed Force Based Design approach may be implemented in the design of reinforced 
concrete frame structures.  
 
 
2. BACKGROUND THEORY AND CONCEPTS 
 
The Displacement Focussed Force Based Design (DFFBD) approach is based upon a number 
of well accepted concepts of earthquake engineering and structural dynamics.   
 
The first of these is the “Equal Displacement” hypothesis.  This was first proposed by 
(Veletsos and Newmark 1960) and has been validated since by many other researchers.  This 
hypothesis states that as a result of an earthquake ground motion, the maximum displacement 
of a yielding sdof system is “equal” to the maximum displacement of an elastic sdof system 
with same “elastic” period.  For this to be valid, it has been observed that the period of the 
sdof system must be in a mid range; approximately between 0.7 and 4.0 seconds.  These 
period values depend largely on the soil class at the site.  It must also be noted that the 
“equivalence” of the displacements must be interpreted in a statistical sense.  The hypothesis 
is illustrated in the basic skeletal force – displacement curve shown in Fig.1.  From the figure 
we use the definition for ductility’ 
 
   μ = δm / δy 
and for the equal displacement hypothesis to be valid 
 
   δm = δe . 

 
Figure 1.  Skeleton Force – Displacement relationship 
 
This hypothesis was initially shown to be valid for elastic – plastic hysteretic forms, but in 
recent work (Judi 2002) showed that it was equally valid for a range of systems with modestly 
degrading hysteretic forms such as those used to represent reinforced concrete beam hinges 
such as the “Takeda” model (Takeda 1970).  Figures 2 (a, b and c)  illustrate this hypothesis.  
In these figures the ratios of the maximum inelastic displacement to the maximum elastic 
displacement, δm / δe are plotted versus the elastic period of the system.  For each period there 
are twelve ratios plotted, one for each of the twelve earthquake records used in the analyses.  
In addition, the mean and the mean plus one standard deviation of these ratios are plotted as 
solid and dashed lines respectively.  The earthquake  records used are unscaled and selected 
from a list suggested by ATC-40 (Applied Technology Council 1996) as suitable for time 
history analyses of buildings on stiff or medium sites.  These earthquakes have a magnitude 
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of M ≥ 6.5 and a peak ground acceleration greater than 0.2g.  The chosen records are listed in 
the Appendix.  From these figures, the following general observations maybe made. 
1. There is large scatter in the results. 
2. Over the period range 0.7 – 4.0 seconds, the mean ratio is approximately equal to one. 
3. The mean plus one standard deviation exceeds “one” over this period range. 
4. The larger the ductility ratio, the larger the scatter. 
5. These results are not a consequence of a design procedure.  Each result plotted is the 

response of a sdof system with a stiffness, mass and strength.  The variability observed is 
a consequence of the nature of earthquake loading. 

 

Figure 2 (a)  Displacement Ratio Ductility 2 
 
The second concept used in the design process is to select the properties of a sdof system that 
has the seismic response that is “equivalent” to the design frame.  This is achieved by 
assuming that the displacement response of the frame may be described by a fixed shape, 
scaled by an amplitude that varies with time.  This assumption can be shown to be accurate 
for elastic frames.  It is only approximate for nonlinearly responding frames where analyses 
indicate that at the time of maximum displacement,  the displaced shape of the frame is no 
longer first mode, but something similar.  The replacement of a multi-degree of freedom 
structure by an equivalent sdof system is not new as it is used in the design process as it is 
currently performed, and by other alternative proposed methods such as DDBD.  For DFFBD, 
the equivalent sdof system must have the same period of vibration as the frame and the same 
maximum design displacement.  This displacement can be calculated, dD , using theory from 
structural dynamics to be equal to the frame displacement at a height, he, chosen so that  
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Displacement Ratios - Ductility 4
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Figure 2 (b)  Displacement Ratios Ductility 4 
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Figure 2 (c)  Displacement Ratios  Ductility 6 
 

φ(he) = 1/p.               
(1) 
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where “p” is the modal participation factor calculated using the chosen shape, φ. 
 
 
3.  DESIGN STEPS 
 
1. Select a design displacement, dD 
This is the displacement of the equivalent sdof system and according to the theory above, it is 
equal to the displacement of the frame at height he.  The determination of he depends upon 
the deflected shape of the frame.  The choice of the magnitude of the design displacement is 
the designer’s, the maximum value however is controlled by interstorey drift limits, given in 
NZS1170.5 and material strain requirements.  The maximum material strains are given in the 
Concrete Standard (SANZ 2006).  Fenwick(2006a,b) has recently proposed amendments to 
the Standard that provide a simple methodology of calculating “effective” curvatures in 
plastic hinge regions and maximum values for these curvatures. 
 
It is important to remember that damage to the secondary structure and contents will primarily 
result from interstorey drift (or the displacement of the structure), and the cost of repair of 
these can be significant.  The damage to the primary structure is more closely related to the 
amount of nonlinear deformation that it undergoes.  The designer’s ability to select both of 
these; the displacement and nonlinear deformation, contributes to his determination of the 
seismic “performance” of the structure. 
 
2. Obtain the maximum design elastic period TD 
The elastic site hazard spectrum is given in NZS1170.5 in Eq. 3.1(1) as 
 
  C(T) = Ch(T) Z R N(T,D) 
 
The corresponding elastic displacement spectrum may be obtained from this as 
 
  d(T) = (2*π/T)^2 * C(T) * g                    
(2) 
 
A plot of the NZS1170.5 displacement design spectrum, d(T), for shallow soil (Class C) sites 
(with R and N = 1, Z = 0.4) is shown below in Fig.3.  Indicated on the figure is how one 
obtains a design elastic period of TD from a design displacement of dD . 
 
3. Adjust the model stiffness so that T1 is less or equal to TD 
It is assumed at this stage the layout of the frame is confirmed.  The designer has limited 
choices, but will have ability to adjust the first mode period, T1 , by altering the depth and 
thickness of the beams and columns.  The “effective” stiffness properties for appropriate limit 
state should be chosen.  Thus if it is anticipated that a ductility six design is going to be 
chosen, then for the beams, we are guided by the Concrete Standard to select Ieff = 0.4 Ig.  If 
however a lower ductility may be chosen requiring a stronger beam, the effective stiffness 
could be larger.  Usually it is quite a simple task to adjust the stiffness of the members to 
achieve this goal, remembering that the relative dimensions of the members must allow for a 
capacity design. 
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 Figure 3.  Elastic Design Spectrum for NZS1170.5 (Z = 0.4) 
 
4. Analyse for Design Forces 
The “Equivalent Static” or “Modal Response Spectrum” methods may be used at this step 
using the model period T1.  The design base shear is obtained in the usual manner from 
NZS1170.5 using the chosen ductility factor. 
 
5. Design Members 
This is the usual design process.  If steel percentages are sufficiently high such that the initial 
assumption of member stiffness made in Step 3 are considered invalid, then the member sizes 
may be adjusted to obtain a new value of T1. 
 
 
4.  DESIGN EXAMPLE 
 
The design example is the four storey two bay frame chosen as an example by (Priestley 
2000a) and shown in Fig.4.  The seismic weight at each floor is 1000 kN, the interstorey 
height is 3.0m and the centreline spans of the bays are 6.0m.  A design decision was made 
that the three columns would be identical and have the same dimensions for their full height, 
and the beams would be the same size but allowance would be made for the possibility of 
different strengths at each level.  Column hinging would be permitted only at the base of the 
first level allowing the frame to deform in the typical “beam sway” mechanism. 
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Figure 4.  Four Storey, Two bay Frame 
  
It is assumed for simplicity that the gravity loads on the beams are small and their design is 
dominated by seismic action.  The parameters required to calculate the site hazard spectrum 
are; Z = 0.4, R = 1.0, N = 1.0.  The chosen member properties are; 
f’c = 35 MPa     
Ec = 3320 √40 + 6900 = 27900 MPa 
fy  = 400 MPa 
Ieff = 0.4 Ig (beams) 
Ieff  = 0.6 Ig (columns) 
A SAP2000 (CSI 2006) model was developed using 500 square columns and 500 x 300 
beams.  Both beams and columns were modelled with rigid end zones equal to half the depth 
of the member they were framing into.  The results of the initial analysis gave a first period, 
T1 = 1.23 seconds. 
 
Step 1 Select a Design Displacement 
The design displacement is calculated from an assumed displaced shape of the frame. There a 
number of possible shapes to choose from.  Priestley (Priestley 200b) suggests for frame 
structures up to four levels, that a linear profile would be suitable.  Other possibilities are the 
first mode shape or the deflected shape resulting from an Equivalent Static analysis.  (The 
“shape” that we require is independent of the magnitude of the forces applied.)  Table 1. lists 
these three possible shapes, φ.  The design will assume a beam sway mechanism, so with a 
chosen displaced shape, the maximum deflection can be calculated and this will be governed 
by; 
(i) the maximum curvature in a critical beam, or 
(ii) the maximum curvature in the base of the columns, or 
(iii) the maximum interstorey drift as per NZS1170.5, or 
(iv) something smaller than above to reduce secondary structure damage. 
 
Fenwick (Fenwick 2006a) proposes that the maximum allowable curvature in rectangular 
concrete sections designed to the Concrete Standard be 
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  κmax = Kd Ky κy                   
(3) 
 
where κy is the yield curvature given by  
 
  κy = 2 εy / h                  
(4) 
 
εy  is the yield strain in the reinforcement 
h is the depth of the section, and 
Ky and Kd   are parameters to allow the theory to best fit test results. 
For fy = 400 MPa, Ky = 1.0.  For beams and columns of limited ductility,  
Kd = 10 and for ductile members, Kd = 17.5. 
 
Hence for 500 deep ductile members, 
  κmax  = (Kd =17.5)(Ky =1.0)(κy = 2*0.002/0.5) 
   = 0.14 rad/m 
The allowable hinge rotation is obtained by multiplying the curvature by the effective hinge 
length.  Fenwick has fitted test results to the theory using the following definition for 
effective hinge length. 
“The smaller of 

• half depth of the member 
• the larger of 0.2 M/V or quarter depth of the member” 

Using this criterion, the beams and columns of this frame, have an effective hinge length of 
half the depth, that 0.25m.  This results provides us with a maximum plastic hinge rotation of 
  θmax  = 0.14 * 0.25  
   = 0.035 rad. 
 

Table 1.  Deflected Shapes for Four Level Frame 
 

 First Mode Equivalent Static Priestley 
    
Level 4   (φ4) .0722 .1596 4 
Level 3   (φ3) .0569 .1245 3 
Level 2   (φ2) .035 .0761 2 
Level 1   (φ1) .0115 .0251 1 
    
p = [∑(φi)Mi] / [∑(φi)2Mi] 17.9 8.13 .33 
    
1/p 0.056 0.123 3 
 
The chosen deflection profile can be scaled so that the anticipated hinge rotations are such 
that the largest is equal to this maximum value.  Fenwick (Fenwick 2006b) presents the 
following expressions from geometric considerations; 
(i) For the average rotation of columns framing in at level i 
 
  θ = 0.5 [δi+1/h i+1 + δi/hi ]              
(5) 
 
where δi is the interstorey deflection at level i and  hi is the interstorey height of level i. 
(ii) The total beam hinge rotation at level i 
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 θp = θ (L/L’)                
(6) 

 
where L and L’ and the span and clear span of the beam respectively.  The inelastic 
component would be approximately (μ - 1)/ μ times this value. 
 

Table 2. Scaled Lateral Deflection Profiles 
 
  

Mode  
Shape 

 
    (1) 

 
Int-storey 
Deflection 
 
       (2) 

 
Beam 

Rotation 
 

(3) 

Scaled 
Drift 

for rot 
criteria 

(4) 

Scaled 
Drift- 
1170 

criteria 
(5) 

 
Modal 
Scaled 
Shape 

(6) 

Eq 
Static 
Scaled 
Shape 

(7) 

 
Linear 
Scaled 
Shape 

(8) 
Level 4  
(φ4) 

 
0.0722 

 
0.0153 

 
0.0023 

 
0.0257 

 
0.0136 

 
0.1920 

 
0.1956 

 
0.2500 

Level 3  
(φ3) 

 
0.0569 

 
0.0219 

 
0.0057 

 
0.0368 

 
0.0194 

 
0.1513 

 
0.1525 

 
0.1875 

Level 2  
(φ2) 

 
0.0350 

 
   0.0235 

 
0.0069 

 
0.0395 

 
0.0208 

 
0.0931 

 
0.0932 

 
0.1250 

Level 1  
(φ1) 

 
0.0115 

 
0.0115 

 
0.0053 

 
0.0193 

 
0.0102 

 
0.0306 

 
0.0308 

 
0.0625 

 
In Table 2 is presented the results of the scaling to produce a predicted deflection profile.  The 
initial calculation uses the first mode shape and scales it so that the maximum total hinge 
rotation is 0.035 rad.  The steps of the calculation are as follows.  The interstorey 
“deflection”, δi based on the first mode shape is given in (2).  The beam hinge rotations in 
column (3) result from the application of Eq.s 5 and 6 to these interstorey deflections.  The 
largest, therefore the critical rotation occurs at level 2, so that we may scale the deflected 
shape by 0.035/0.0069 to obtain a scaled interstorey drift ratios (4).  We observe that these 
exceed the NZS1170.5 deflection criteria of 2.5% of the interstorey height.  Consequently, 
code limits on curvature will NOT control a ductile design of the frame.  Accepting that the 
code inter-storey deflection limits will control, column (5) lists the interstorey drifts scaled to 
a maximum allowable of 0.025/1.2 = 0.0208, to give a design deflection profile (6).  This 
profile may be obtained by multiplying (1) by 0.0208*3/0.0235 = 2.655.  (The “1.2” is the 
“drift modification factor” required by Cl.7.3.1).  A similar process can be used for the other 
possible deflected shape profiles giving rise to the scaled deflected shapes listed in columns 
(7) and (8). 
 
From the results presented in Table 2 it can be seen that deflection profiles originated from 
the first mode shape and Equivalent Static deflections are similar and differ from the “linear” 
shape by approximately 25%.  It was decided to choose these shapes as the “design” shape, as 
implicitly meant that this design procedure follows NZS1170.5. 
 
To obtain the equivalent sdof design displacement, dD we require the magnitude of the scaled 
profile at he.  The calculation for this is shown in Table 1.  It requires the calculation of the 
modal participation factor, p and its inverse.  (In this calculation, “Mi” is the seismic mass at 
level “I” in the frame.)  Using Eq.1, we observe that the choice of design shape has little 
influence on the selection of he.  The calculation using the first mode shape states that we 
should use the height where the mode shape is equal to “0.056”, which would be just below 
level 3 (as  φ3 = 0.0569).  The deflected shape derived from the Equivalent Static method 
gives a similar result, where as using the suggested “linear” deflection profile, the height, he 
is at level 3.  With these considerations a design displacement is chosen as; 
 
   dD = 0.152 
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the value of the scaled from deflection at level 3. 
 
2. Obtain the maximum design elastic period TD 
This may be read directly from a displacement design spectrum.  Figure 3. is suitably scaled 
and from it we can determine that 
 
   TD = 1.22 seconds. 
 
3. Adjust the model stiffness so that T1 is less or equal to TD 
This was achieved by selecting the depth of the columns as 600mm and reducing the beams to 
460mm, giving 
 
  T1 = TD 
 
4. Analyse for Design Forces 
The Equivalent Static Method was used.  The base shear is given by 
 
  V = C(T) Sp * Wt/kμ  
      = 1640 kN 
using; 
T = 1.22, Sp = 1, kμ =1, Wt = 4000. 
Table 3 lists the design moments resulting from an elastic analysis.  The beam moments are 
the average for the level.  Sp has been taken as “1” in this calculation.  The consequences of 
this decision will be discussed below. 
 

Table 3. Design Moments 
 
 Elastic Ductility 2 Ductility 4 Ductility 6 
Outer Col 1800 900 450 300 
Inner Col 1920 960 480 320 
Level 1 Beam 480 240 120 80 
Level 2 Beam 630 315 157 105 
Level 3 Beam 570 285 142 95 
Level 4 Beam 450 225 112 75 
 
A ductility 2 design was performed.  This was acceptable as curvature constraint limits plastic 
hinge rotation to 
      0.035 * 10/17.5 
   = 0.02 rad, 
or a total hinge rotation of 0.04 which is greater than the original critical value 0.035 used in 
the Table 2 calculation. 
 
 
 
5.  NONLINEAR ANALYSES 
 
To investigate the performance of these designs, specifically to investigate their maximum 
displacements, nonlinear models were created.  The nonlinear models allowed for hinging of 
the beams at the column faces and at the base of the columns.  The strength of the hinges for 
the different designs are listed in Table 3.  In the first set of models a simple bilinear 
hysteretic form was chosen for the hinges and the strain hardening for the hinge adjusted so 
that an effective member strain hardening ratio of 2½ % was achieved.  A Rayleigh damping 
model was assumed that was based upon 5% damping in both the first and second modes.  
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Each model was analysed using the ground motions listed in the Appendix.  These 
acceleration records were scaled in accordance with NZS1170.5 Cl.5.5.2.   

 
Figure 5.  Spectra of Scaled Earthquakes 
 
This requires that the spectrum of each earthquake, SA, between the period range 0.4 T1 – 1.3 
T1 is scaled so that log(k1SA/SAtarget) is minimized in a least squares sense.  “k1” is the scale 
factor for the earthquake and SAtarget is a scaled elastic site hazard spectrum.  The records and 
the scaling factors used are listed in the Appendix.  Plots of the spectra of the scaled 
earthquakes, their mean and mean + one standard deviation are plotted in Fig.5.   
 
As with the analyses of the sdof systems, the results from the analyses of the frames have a 
broad scatter.  A presentation of the deflection profiles are presented in Fig. 6.  In this figure 
the solid profiles are mean values for the ductility 2, 4 and 6 designs, and the dashed profiles 
are the ductility 6 mean +/- 1 standard deviation values.  Also presented as dotted lines are the 
first mode design deflection profile and the linear profile scaled to the design level 3 
displacement. A number of observations maybe made from these profiles.  Firstly, while the 
deflection profiles for the mean ductility values differ, they are relatively similar and closely 
match the level 3 design displacement of 0.152m, especially that of the ductility 6 design.  
Secondly, with an increase in ductility, the profiles tend to “straighten up” from the first mode 
shape and approach a more linear shape.  The most striking observation is the magnitude of 
variation that occurs as a result of different earthquake motions. For the ductility 6 results 
presented, the standard deviation of the displacement at level 3 is 36% of the mean value 
(0.153m).  The mean and one standard deviation of the frame displacements are listed in 
Table 4. 
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Table 4. Frame Displacements (m) 
 

 Level 1 Level 2 Level 3 (dD=.152) Level 4 
 μ=2 μ=4 μ=6 μ=2 μ=4 μ=6 μ=2 μ=4 μ=6 μ=2 μ=4 μ=6 

Mean 0.032 0.045 0.044 0.084 0.102 0.098 0.136 0.161 0.153 0.183 0.216 0.209 

Std 0.011 0.013 0.020 0.020 0.028 0.040 0.027 0.044 0.056 0.033 0.059 0.071 

Figure 6.   Deflection Profiles from Nonlinear Analyses 
 
Presented in Figs. 7 are plots of the outer moment of the left span beam at level 2 versus the 
rotation of the joint (joint 3).  This joint was chosen as it was shown to be critical in the 
design procedure summarised in Table 2.  The plots are for the ductility 2 frame with the 
Hollister-00 ground motion and the ductility 6 Gilroy-00 case.  These earthquakes were 
chosen as their maximum level 3 displacements were closest to the mean of the level 3 
displacements calculated at the respective ductility level.  That is the displacement for 
ductility 2 for the Hollister record was 0.139m (cf 0.136) and that for ductility 6 for the Gilroy 
motion was 0.144m (cf 0.153). 
 
The anticipated design joint rotation, 0.0184, can be obtained from Table 2.  This is calculated 
by scaling the first mode shape rotation at level 2 (0.0069) by the design displacement 
(0.1513) divided by the first mode level 3 “displacement” (0.0569).  The value, 0.0184 
compares favourably with the maximum rotations calculated in the nonlinear analyses as 
0.0195 and 0.0182 for the ductility 2 and 6 cases respectively.  The plastic demands on these 
hinges were found to be 0.0066 and 0.015 rad and these can be compared with design values 
of 0.0184/2 = 0.0092 for the ductility 2 case, and 0.0184*5/6 = 0.0153 for ductility 6.   
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Figure 7(a)  Moment vs Joint Rotation at Level 2 

Joint 3Gilroy-00 Ductility6

-150

-100

-50

0

50

100

150

-0.01 -0.005 0 0.005 0.01 0.015 0.02

Joint Rotation (rad)

B
ea

m
 M

om
en

t (
kn

m
)

 
Figure 7(b)  Moment vs Joint Rotation at Level 2 
6.  SUMMARY AND CONCLUSIONS 
 
The Displacement Focussed Force Based Design approach is described for multi level 
reinforced concrete frame structures.  This design approach is consistent with current New 
Zealand design Standards and varies from the well accepted Force Based Design approach 
only in that it requires an initial calculation of an “equivalent” displacement for the design 
frame.  It is claimed by the author that the use of the “equal displacement” hypothesis allows 
the designer to dictate the performance of the design by adjusting this displacement.   
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The steps in design are demonstrated by an example.  Nonlinear analyses of design frames 
reinforce the variability in response that is observed in sdof systems.  However, for the 
example frame chosen, the mean response was very similar to the design values.   
 
 
REFERENCES 

Applied Technology Council, 1996, “ATC-40 Seismic Evaluation and retrofit of Concrete Buildings”, 
Califonia    Safety Commission, Rpt. SSC 96-01, Nov. 1996 

CSI, 2006, SAP2000 vs 10.  CSI, Berkeley, California, 2006. 
Davidson, B. J., Judi, H. and Fenwick, 2002, R. C., “Force Based Seismic Design: A Displacement 

Focussed  Approach”, 12th European Conference on earthquake Engineering, London, Sept. 2002. 
Fenwick, R. and Dhakal, R. P., 2006a, “Material Strain Limits for Seismic Design of Concrete 

Structures”, SESOC J. 2006. 
Fenwick, R. and Dhakal, R. P., 2006b,  Material Strains and Relevance to Seismic Design”,  
Judi H., Fenwick R. C., Davidson B. J., 2002, “Influence of Hysteretic Form on the Basic Seismic Hazard 

Coefficients”, SESOC Journal, April 2002, Vol.15, No.1, pp7-12. 
Priestley, M. J. N., 2000a, “Performance Based Design” Bull. NZSEE 33(3), Sept. 2000. 
Priestley, M. J. N. and Kowalsky, M. J., 2000b, “Direct Displacement Based Seismic Design of Concrete 

Buildings”, Bull. NZSEE, 33(4), Dec. 2000. 
SANZ, 2004, “Structural design Actions, Part 5: Earthquake Actions, New Zealand”, NZS1170.5:2004, 

Standards Association Wellington, NZ 
SANZ, 2006, “Concrete Structures Standard”, NZS3101:2006 (March 2006), Standards Association 

Wellington, NZ 
Takeda, T., Sozen. M., Nielsen, N., 1970, “Reinforced Concrete Response to Simulated Earthquakes”, J. 

of Struct. Div.,ASCE. 96(12), Dec. 1970 
Veletsos, A. S. and Newmark, N. M., 1960, “Effect of Inelastic Behaviour on the Response of Simple 

Systems to Earthquake Motions”, Proc. 2WCEE, Tokyo, 1960. 
 

 
APPENDIX 
 
 

EQ No. Earthquake Year Magnitude Station Name Direction SF (k1) 
1 Loma Prieta 1989 7.1 Hollister South & Pine 0 0.61 
2 Loma Prieta   Hollister South & Pine 90 1.51 
3 Loma Prieta   Gilroy #2 0 1.24 
4 Loma Prieta   Gilroy #2 90 0.99 
5 Landers 1992 7.5 Yermo 270 1.07 
6 Landers   Yermo 360 1.78 
7 Landers   Joshua Tree 0 1.07 
8 Landers   Joshua Tree 90 0.91 
9 Northridge 1994 6.7 Moorpark 90 1.77 

10 Northridge   Moorpark 180 2.21 
11 Northridge   Century City LACC N 90 1.71 
12 Northridge   Century City LACC N 360 1.48 
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