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ABSTRACT: The base shear scaling requirements of NZS1170.5 are sometimes difficult to 
implement for the complex buildings for which they are intended.  An alternative design approach, the 
implementation of the Modal Response Spectrum Method without base shear scaling, is proposed.  
The seismic response of four structures, designed without base shear scaling, is used to illustrate the 
“satisfactory” response of this approach.  It is concluded that the additional strength required for 
irregular structures could be more rationally achieved through the incorporation of a modified 
dynamic magnification factor rather than base shear scaling.  

1 INTRODUCTION 

Base shear scaling is a procedure required by NZS1170.5 as a means to ensure that the minimum 
strength of a structure designed using the Modal Response Spectrum method (MRS) is similar to the 
strength that would be required if the structure was designed using the Equivalent Static Method 
(ESM).  The inclusion of this provision in the code can be seen from a historic perspective.  In the 
1976 and 1984 versions of the Loadings Standard (NZS4203), a Modal Response Spectrum analysis 
was a solution method that the designer could elect to use and obtain, what is considered a more 
accurate distribution of strength throughout the structure.  The reward for using the MRS method 
being a reduced base shear equal to 90% of the value calculated using the Equivalent Static Method.  
The introduction of NZS4203:92 eliminated the choice of analysis method and made it compulsory to 
use the MRS method unless the structure was simple and/or regular.  The new rules allowed for the 
design base shear to be as low as 80% of the ESM base shear for some regular structures.  NZS1170.5 
continues with this approach.  Both these Standards acknowledge that the MRS method provides a 
more realistic distribution of strength but relate the total strength of the structure to the simple ESM.   

The rules for base shear scaling appear to be rational and reasonable until they are required to be 
applied to the more complex structures for which the MRS method is intended.  These are structures 
with modeshapes that combine translational and torsional components, structures with vertical and 
horizontal irregularities, and structures with flexible or no diaphragms.  For these structures, the 
interpretation of the base shear scaling rules is a challenge for designers.   

2 BASICS OF SEISMIC DESIGN 

Seismic design to NZS1170.5 is based on the use of nonlinear design spectra.  These represent the 
expected accelerations of nonlinearly responding single degree of freedom (sdof) to the design level 
earthquake.  The consequence of this is, if a structure is designed to behave predominantly as a single 
degree of freedom system, then the design strengths obtained from the MRS approach should give rise 
to an expected response.  That is, the nonlinear strain demands are expected values.   

A good example of this approach to design is the capacity design of a regular low rise reinforced 
concrete frame structure, characterized by rigid diaphragms and high torsional stiffness.  For this 
structure, a two dimensional model can be envisaged where the relatively stiff and non yielding 
columns insist on a seismic response that is essentially “first mode” and thus effectively a sdof 
response.  For this structural form, simple structural dynamic theory shows (both for linear and 
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nonlinear response) that approximately 80% of the mass of the structure responds at the time of 
maximum base shear.  It is this text book structure that forms the basis of the base shear scaling rule of 
the NZS1170.5 Standard.  

3 BASE SHEAR SCALING IN STANDARDS 

3.1 NZS1170.5 

Base shear scaling is required in accordance with cl 5.2.2.2 of the Standard.  For “regular” structures, 
if the base shear as calculated by the MRS, is less than 80% of the ESM value, it must be scaled up to 
the 80% value.  If it is greater than 80% of the ESM base shear, it need not be scaled.  For “irregular” 
structures, a similar rule applies except that the scaling of the MRS actions is to 100% of the ESM 
base shear. 

A major difficulty in this approach is in the determination of the ESM base shear.  The cause of this 
difficulty is in defining the “first mode” period, T1.  For the “text book” structure described above, the 
definition is straight forward.  For complex structures, the mode with the longest period (nominally the 
first mode), may have little mass associated with it, it may have a large torsional component and there 
may be other modes with shorter periods, that provide a larger contribution to the structural response. 

A second issue, is whether scaling to a nominal base shear is necessary.  It appears to be reasonable in 
a conservative sense, in that it allows up to a 20% reduction in base shear for regular structures, but 
achieves, through the use of the MRS method, a better distribution of strength through the structure.  It 
is possible however, that the “20% reduction” is an illusion, as it is 20% of a base shear that is poorly 
or incorrectly defined. 

As a consequence of these queries on the method as implemented in NZS1170.5, it is of interest to 
review the requirements of two other Standards. 

3.2 ASCE7-02 

The design approach of the American code is similar to NZS1170.5, in that elastic analyses, either 
Equivalent Static or Modal Response Spectrum are permitted to obtain design actions and 
deformation.  The restrictions on the use of the Equivalent Static Method are similar those required by 
the New Zealand Standard.  There are however a number of features of the American approach that 
give rise to different structural strengths and strength distributions.  These features are discussed 
below. 

1. ASCE 7 uses a reliability factor ρ, to provide additional strength to structures that have 
that have a small number of vertical elements to resist lateral shear. 

2. The design spectrum is equal to the elastic site hazard spectrum divided by the “Response 
Modification Factor”, R.  Values of R are similar to kµ/Sp. 

3. While analyses are performed in a similar manner to NZ1170.5, allowing for cracked sec-
tions etc., the calculation of the static base shear is controlled by an empirical formula that 
restricts the period of the structure.  Typically the empirical value is shorter than values 
calculated by modelling, this has the effect of ensuring a larger base shear than that would 
normally be calculated. 

4. The vertical distribution of lateral load up the structure varies from linear (as used in 
NZS1170.5) for short period structures, to parabolic for structures with periods longer 
than 2 seconds. 

5. Base shear scaling is invoked when the base shear calculated by the Modal Response 
Spectrum Method is less than 85% of the ESM value and scaled up to that value. 

6. The drifts are calculated as the values from the elastic analysis multiplied by a “displace-
ment amplification coefficient”, Cd.  Values of Cd are similar to kµ. 
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3.3 EUROCODE8:2002 

The Eurocode is similar to NZS1170.5 in that its uses the MRS method as the basic analysis approach 
for seismic design.  The elastic site hazard spectrum is divided by “q” the “behaviour factor”, which is 
essentially the NZS equivalent of kµ/Sp.  The determination of q depends upon the structural material, 
structural type, structural redundancy and structural regularity which includes an account for flexible 
floor diaphragms.  As with the New Zealand Standard, the ESM may be used for simple and regular 
structures.  The modelling for the MRS method is required to take into account the additional stiffness 
provided by joint zones and it is recommended that for reinforced concrete structures that cracked 
sections be accounted for by reducing flexural and shear stiffness by 0.5 but there is no requirement to 
implement base shear scaling. 

4 MODELS ANALYSED 

The approach of this investigation is to design and analyse a “basic” structure and compare the results 
from nonlinear analyses of it with those obtained from similar analyses of variations of that structure.  
The design strengths of these structures will not include base shear scaling.  The basic structure has 
not been designed “on the limit” and consequently it is not expected that the response of the structure 
as determined from the nonlinear time history analyses will exceed any limits of the Standard.   

4.1 Basic Structure 

To illustrate some of the anomalies and ambiguities in the New Zealand Standard a number of simple 
structures are “designed” using ESM and MRS analysis methods.  The structures are variations of the 
simple symmetric regular building shown in Fig.1.  This building is a rectangular (24m x 18m) five 
storey reinforced concrete structure.  The lateral load resistance in the “X direction is provided by two 
three bay reinforced concrete frames, with “Y” direction support provided by two 4 metre long 
structural walls.  Rigid floor diaphragms are assumed at each floor level.  The sizes and properties of 
the sections are listed in Table 1.  Joint zone offsets were used for both beams and columns.  The size 
of these were equal to the depth of the member framing into the joint, thus for beams, 600 mm was 
used and 700mm was used for the columns.  A rigid zone factor of 0.5 was used for all joints. 

Table 1.  Building Parameters 

 

Building Dimension
Height 5 x 3.6 m
Length (X)-Centreline 3 x 8 m
Width (Y) 18m
Mass (per floor) 330.39 (tonne)
Rot Inertia (per floor) 74337 (t-m^2)

Beams Ixx (m^4) A' (m^2)
700 x 500 0.4 x 0.0143 0.2917
Columns
600 x 600 0.5 x 0.0108 0.3
Walls
4000 x 250 0.35 x 1.3333 0.8333

Concrete
E (kN/m^2) 27898000
Poisson ratio 0.2  
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Figure 1.  Basic Structure Analysed 

This building has been chosen as it represents a textbook structure for which the provisions of the 
Standards should satisfy.  The buildings that have been developed by making variations to this 
textbook structure have been done so to illustrate the dynamic characteristics of structures that are 
often encountered in every day design. 

4.2 Variation #1 Rotation – Translation Interaction 

The first variation on the structure was achieved by introducing an offset to the centre of mass of each 
floor of Y = - 7.5m.  This value was chosen to introduce an interaction between the X direction and 
rotation in the natural modes of vibration.  The magnitude of the offset chosen provides for maximum 
interaction, but allows the building to stay within the limits of NZS1170.5 cl 4.5.2.3 for “Torsional 
Sensitivity”.  Thus with this variation to the position of the centre of mass, the building is still 
“regular”. 

4.3 Variation #2 – Podium Structure 

The second variation of the structure was to introduce a “podium”.  This was achieved by increasing 
the stiffness of the members of the lower floor by a factor of 10 and increasing the mass of the first 
floor by a factor of 10.  This new structure has a distinct vertical “irregularity” and no longer may be 
analysed using the ESM under the provisions of NZS1170.5. 

4.4 Variation #3 – Flexible Floor Diaphragms 

The New Zealand Standard does not provide guidance for the analysis of buildings with flexible 
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and/or few diaphragms.  However these structures are frequently analysed as they represent a large 
proportion of structures that require seismic upgrade and a range of industrial structures. The 
modification to the basic structure for this scenario was achieved by replacing the rigid floor 
diaphragm with flexible “membrane” elements.  The in-plane stiffness of these elements was adjusted 
so that the ASCE 7-02 requirement for flexible diaphragms was met.  To achieve this, a mass 
distribution was assumed at each floor level with 50% of the floor mass distributed around the 
perimeter representing the mass of the vertical resisting elements and the remaining 50% uniformly 
distributed across the diaphragm. 

5 SEISMIC LOADS 

The structures were assumed to be designed for a situation where in NZS1170.5, Z = 0.4, N=1 and site 
subsoil class C applies.  The NZS1170.5 seismic hazard spectrum for this situation is shown in Fig. 2.  
Included in this figure are plotted the spectra of the scaled ground motions; Century90, Gillroy00, 
Gillroy90 and Moorpark180 that were used in the nonlinear time history analyses.  These have been 
scaled according to cl 5.5.2 of NZS1170.5 over the period range 0.05 to 1.3 seconds.  This range is 
wider than that required by the Standard and chosen so as to include higher mode effects that are 
overlooked in analyses currently being performed to the provisions of this clause.  The details of these 
earthquakes are described in Table 2.  Further, it was assumed that for the design of the structures, a 
ductility of 5 could be achieved in both the “wall” and “frame” directions, and a “Sp” factor of 0.7 was 
appropriate. 
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Figure 2. Design Spectrum 

Table 2.  Earthquakes 

 

Earthquake Motion Earthquake Year Magnitude Station Name SF (k1)
Century 90 Northridge 1994 6.7 Century City LACC 1.83

Moorpark 180 " " Moorpark 2.06
Gillroy 00 Loma Prieta 1989 7.1 Gilroy#2 1.28
Gillroy 90 " " Gilroy#2 1.25  
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6 RESULTS FROM ANALYSES 

6.1 Regular Structure 

The dynamic properties of the basis building are listed in Table 3.  The regularity of the structure is 
reflected in the dynamic properties as we see that this ideal structure has distinct X, Y, and θZ modes.  
The longest mode is less than 2.0 seconds, thus along with its obvious regularity, it may (according to 
NZS1170.5) be designed using the ESM or the MRS method as a means of analysis. 

Table 3. Dynamic Properties of Regular Building 

 

Mode Period (sec) Mass X(%) Mass Y (%) Mass Rot (%) 
1 1.273 0 68 0
2 1.191 83 0 0
3 1.122 0 0 71
4 0.372 11 0 0
5 0.229 0 0 18
6 0.202 4 0 0
7 0.199 0 21 0
8 0.131 2 0 0
9 0.100 1 0 0
10 0.085 0 0 7
11 0.070 0 7 0
12 0.045 0 0 3
13 0.036 0 3 0
14 0.030 0 0 1
15 0.024 0 1 0  

6.1.1 Design Strengths 

Initially it is informative to compare the minimum required base shear for the different Standards.  
This is achieved by assuming that the same seismic elastic site hazard spectrum is applicable for the 
Standards.  It also assumes that the New Zealand cracked section values (40% Ig) may be used in 
Eurocode 8.  The Eurocode allows for 0.5Ig so this assumption will provide slightly lower values for 
the base shears calculated using the Eurocode provisions than would be achieved by the correct 
approach.   

NZS1170.5 

For this comparison, as the approach here is to compare “minimum” base shears from each Standard, 
it is assumed that a ductility of “6” maybe achieved in the design of the concrete frames. 

  

Equivalent Static Method 

         V   =  Ch(T) Z R N Sp /kµ * Wt 

(Wall Direction)      0.992 * 0.4 * 1 * 1 * 0.7 / 5 * (5*330.39 * 9.81) = 900.3 kN 

(Frame Direction)     1.043 * 0.4 * 1 * 1 * 0.7 / 6 * (5*330.39 * 9.81) = 788.8 kN 

The MRS analyses were performed scaling the design spectrum shown in Fig. 2 by Sp / kµ 

ASCE 7:02 

This Standard allows the use of “Response Modification Factor, R” to reduce the seismic hazard 
spectrum to allow for nonlinear response.  Values of 6 and 8 may be chosen for “special reinforced 
concrete walls and frames” respectively.  The reliability factor, ρ is calculated as “1” for the structure 
in the frame direction and 1.29 for the “Y” direction. The value greater than “1” reflects the lack of 
redundancy of the seismic resisting system in that direction.  The ASCE requires that the base shear be 



7 

controlled by an empirical limit on the first mode period.  For this structure the period limits are 0.83 
and 0.67 seconds in the frame and wall directions respectively. 

The ESM base shear is calculated from 

         V   =  SDS * I / R * W 

(Wall Direction)      0.64 * 1 / 6 * (5 * 330.39 * 9.81)       = 1 728.6 kN 

(Frame Direction)     0.55 * 1 / 8 * (5 * 330.39 * 9.81)       = 1 108.0 kN 

The reliability factor is used when the earthquake actions are combined with those of gravity.  This 
essentially increases the wall actions by 29%. 

Eurocode 8 

The behaviour factor, q is expressed in the Standard as 

         q   = q0 kw ≥ 1.5   

The maximum allowable values of q (giving rise to the lowest values of base shear) are 1.5 times the 
base values of q0 provided in tabular form.   

Hence for the wall 

 q   = 1.5 * 4  = 6.0, 

and for the frame direction 

         q    = 1.5 * 4.5 = 6.75. 

The base shear values calculated for the Eurocode ESM have been reduced by 15% to allow for the 
regularity of the structure that has “more than two storeys”. 

Table 4. Comparison of Base Shear 

 

Standard
ESM MRS ESM MRS

NZS1170.5 900 855 789 710
ASCE 7 2230 1895 1108 942

Eurocode 8 911 1017 851 901

Wall Direction Frame Direction
Base Shear (kN)

 
 

From this table we observe that in all cases the basic design strength required by the New Zealand 
Standard is lower than that required by the other two Standards and significantly lower in the wall 
direction when compared with the ASCE requirement.   

6.1.2 Strength Distribution 

From the results presented in Table 4 it can be seen that for this simple structure, the NZS MRS values 
exceed 80% of the ESM values and no scaling is required.  In addition, as the building is regular, a 
designer would be allowed to design using either of the two analysis methods, ESM or MRS to obtain 
the required strength.  The strength distribution in the wall direction is of interest and plotted in Fig. 3.  
We observe that while the static base shear exceeds that calculated using the MRS method, the MRS 
requires greater strength in the walls at level 5.  This requirement arises from the large contribution of 
the second mode to the shear.  It is perhaps unexpected that by using the “conservative” ESM analysis 
method, the design may have less strength higher up the wall than what would be achieved using the 
MRS analysis approach. 

Nonlinear time history analyses were performed for the structure in the Y (wall) direction.  Two series 
were performed, the first assuming that the wall remained elastic above the ground level with a design 
overturning moment strength obtained from the MRS method.  The second assumed that the wall was 
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able to yield up its height.  The design strengths of the wall at the higher positions were set allowing a 
25% overstrength to the MRS wall moments.  The design base moment and moments at each floor 
level from the MRS analysis are presented in Fig. 4.  The results from the time history analyses are 
presented in Fig. 5.  In this figure the average value of the maximum calculated response is plotted.  
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Figure 3. NZS1170.5 Storey Shear (Wall Direction) 

 
 

Figure 4. MRS Wall Moments (kN-m) 
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Figure 5 (a). Wall Moments and Shear from t/h Analyses 
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Figure 5 (b).  “Y” Direction Displacement Profiles for Regular Structure 

The results from the nonlinear analyses present a number of interesting features.  Firstly, by allowing 
the wall to hinge only at its base does not limit the moment or the shear higher up the wall to their 
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design values.  This effect is intended to be offset by the use of the dynamic amplification factor in 
design.  Secondly, if the wall is allowed to yield at positions other than at its base, the moment profile 
up the wall is limited to the “capacity” chosen, and there is more control of the shear.  However 
allowing for further hinging up the wall, does limit the shear to values less than calculated by scaling 
the MRS values by SF = 1.75 (the product of the dynamic shear magnification factor and overstrength 
factor).  The average maximum shear at the base is 1,652 kN compared with the design value of 855 
kN.  The displacement profiles plotted in Fig 5(b) indicate that the “yielding” of the wall doesn’t 
influence the magnitude of the displacements significantly, however, the yielding does give rise to 
additional “kinks” in the deflected shape.  The scaled deflected shapes obtained from the MRS 
analysis are also presented for comparison.  As predicted by theory, the MRS deflection profile when 
scaled only by the ductility factor is less than that predicted from a nonlinear time history analysis by 
an amount of 1/Sp.    

Whether the design based upon the MRS design actions is suitable may be judged by the inelastic 
demands made on the hinge regions.  Table 5 lists the mean of the maximum hinge rotations for the 
two designs.  The design appears to be satisfactory as the rotational demand is not excessively high in 
the wall, however it is interesting to note that even for this relatively low rise structure, when allowed 
to yield, the rotation of the hinges are greater in the higher storeys. 

Table 5 Average Maximum Inelastic Wall Rotations (rads) 

Level Elastic Wall Yielding Wall
5 0.00099
4 0.00158
3 0.00132
2 0.00067
1 0.00753 0.00619  
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Figure 6. “X” Storey Shear for Regular Structure 

Nonlinear time history analyses were performed in the X direction.  Hinging was allowed at the base 
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of the columns and in the beams at the column faces.  The strengths of the hinges were made equal to 
the moments obtained from the MRS analysis.  The strength of the beam hinges were taken as the 
average of all hinges at each floor level.  The average of the maximum interstorey shears are plotted in 
Fig. 6 and compared with MRS values scaled by a factor of 1.625 representing the product of a 
dynamic amplification factor and overstrength factor.  Table 6 lists the average of the maximum beam 
hinge rotation at each floor level and the average maximum hinge rotation at the base of the columns. 
These values are approximately 50% of the expected capacity of a well detailed hinge zone.  They are 
presented here as they a basis upon which a comparison can be made with the other structures. 

Table 6. Average Maximum Inelastic Frame Hinge Rotation 

Level Hinge Rot.
(rad)

5 0.0129
4 0.0111
3 0.0107
2 0.0106
1 0.013

Cols 0.0134  
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Figure 7. “X” Direction Displacement Profiles for Regular Structure 

6.2 Rotational Torsional Interaction 

This building is identical to basic symmetrical structure except that the centre of mass of each floor 
has been offset an amount of Y = - 7.5m.  The dynamic properties of this asymmetric structure are 
listed in Table 7.  These properties may be compared, with those of the symmetric structure in Table 2 
to illustrate a number of features.  Firstly, the first “X” direction mode has had its period lengthened 
from 1.191 to 1.469 seconds, the proportion of mass acting in the “X” direction has been reduced from 
83 to 53%, and now this “first X mode” is a “lateral – torsional” mode.  This mode would still be 
considered the first “X” mode” by designers.  As stated above, this building is still defined as 
“regular” in terms of AS1170 definitions and may be designed using the design strengths from the 
ESM or MRS method of analysis.  The design floor shears calculated from these methods are 
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presented in Fig. 8 for the structure along with the MRS shears for the basic structure. From the shears 
presented in this figure we see that there is a large reduction in base shear (20%) in allowing the use of 
the MRS results.  More surprising is that the required base shear, whether calculated as a scaled MRS 
value or a ESM value, is less than the required base shear calculated for the essentially identical but 
symmetric building.   The scaled MRS value 647 kN, is 24% less than the MRS base shear required 
for the symmetric counter part. 

Table 7.  Dynamic Properties of Eccentric Building 

 

Mode Period (sec) Mass X (%) Mass Y (%) Mass Rot (%)
1 1.469 53 0 23
2 1.273 0 68 0
3 0.914 30 0 46
4 0.394 9 0 4
5 0.224 4 0 10
6 0.199 0 21 0
7 0.199 2 0 7
8 0.134 2 0 0
9 0.101 1 0 0
10 0.083 0 0 7
11 0.070 0 7 0
12 0.044 0 0 3
13 0.036 0 3 0
14 0.029 0 0 1
15 0.024 0 1 0  
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Figure 8.  Storey Shears for “Torsional” Building 

 

6.3 Podium Structure 

To attempt to isolate the podium “effects” from other dynamic effects, the analyses of the podium 
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have concentrated on the distribution of the earthquake induced forces in the “X” or “frame” direction.  
The results from a modal analysis displayed in Table 8 show a significant proportion of the mass 
participating in the second and third modes.  This is a direct result large proportion of the mass of 
structure lumped in the podium.  In contrast, the analysis of the tower on a fixed base provides results 
with most of the mass (83%) participating in the first mode.  The design approach here is to assume 
that the podium itself will remain “elastic” and the tower will respond in a ductile manner.  Possible 
design shears for the structure are listed in Table 9.  These have been calculated using the two models 
for the structure.  The ESM base shears have been calculated using the “first mode” periods, 0.979 and 
0.954 seconds respectively.  It can be seen that the shears resulting from the analyses (MRS and ESM) 
of the structure including the podium are much larger than those that are calculated for the tower by 
itself.  It maybe tempting for some designers to design the tower assuming that the podium is “rigid” 
which could possibly seriously underestimate the seismic forces.  We observe from the results of the 
analyses of the full structure, that the base shear from the MRS analysis (3998 kN) is greater than the 
ESM base shear (3070 kN).  An interpretation of the code would conclude that there is no need for 
base shear scaling.  However as we intend to create a nominal “base” for the structure at the top of the 
podium, a comparison of the shear at level 2 of the structure indicates that the MRS value does appear 
to require increasing to meet the NZS1170.5 base shear scaling provisions.  These choices appear 
difficult.  

Table 8.  Podium Structure Periods and Mass Participation Percentages 

Mode Period Mass (%) Period Mass (%)
1 0.979 29.4 0.954 83.8
2 0.313 23.8 0.292 10.9
3 0.228 44.6 0.155 4.1
4 0.151 1.9 0.104 1.2
5 0.104 0.2

Tower OnlyWith Podium
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Figure 9.  Shear in Podium Structure 

Time history analyses have been performed on the structure with its strength based directly from the 
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unscaled MRS analysis assuming yielding of the columns at level 1 (at the top of the podium).  The 
average of the maximum storey shear from these analyses is plotted with the MRS (modified) shear 
for comparison in Fig. 9.  The “modification” occurs as a result of the storey shears being scaled by 
1.625 (for dynamic amplification and overstrength) and the base shear value presented in Table 9, 
being increased to allow for an elastic response of the podium.  Thus the plotted podium shear is 

        (3998 – 1023) * 5 / 0.7 + 1023  = 22, 273 kN. 

 

Table 9. Design Storey Shear for Podium Structure 

Level

 ESM MRS ESM MRS
5 834 690 501 359
4 1305 729 810 551
3 1658 822 1016 692
2 1893 1023 1118 795
1 3070 3998

Shear (kN)
With Podium Tower Only

 
 

It can be seen that from this example that despite the capacity design approach for the tower, the shear 
in the tower is still significantly greater than the scaled MRS values.  It is believed that this 
phenomenon is the consequence of the podium transferring dominant forces to the tower around the 
period range of 0.2 sec.  The capacity design approach, which allows for the hinging of beams and 
continuation of columns, does not protect the higher tower mode as there is no member hinging in this 
mode, hence giving rise to the observed high shears.  

6.4 Flexible Floor Diaphragms 

This building was developed from the basic structure by replacing the rigid diaphragms by flexible 
“membranes” and assigning the floor mass (330.39 t) to a number of discrete points on each floor.  
The mass was arranged so that 50% of it was uniformly spread around the perimeter of the building 
and the remaining 50% uniformly spread over the floor.  The distribution of mass on a typical floor is 
shown in Fig. 10. 

 
Figure 10.  Mass Distribution for Flexible Diaphragm 
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The periods of the first 15 modes and the percentage of mass participating in each direction for this 
structure are listed in Table 10. 

It can be seen from this table that the period of the first “X” mode has been lengthened from 1.191 to 
1.855 seconds and the amount of mass acting in this mode has been reduced from 85 to 58 %.  
Accompanying this change is the introduction of a new “X” mode, T = 0.755 seconds which 
represents 25% of the mass of the structure.  These modeshapes are shown in Fig. 11(a) and (b).  
Mode 1 has the floors and the “X” direction frames moving together, while mode 14 (mode 2 in the 
“X” direction) has the flexible floors moving in the opposite direction to the “X” frames. 

Table 10. Periods and Mass Participation of Flexible Floor Diaphragm Structure 

Mode Period MASSX (%) Mass Y (%) Mass Rot (%)
1 1.855 58 0 0
2 1.827 0 65 0
3 1.642 5 0 0
4 1.628 2 0 0
5 1.625 1 0 0
6 1.624 0 0 0
7 1.033 0 0 24
8 0.949 0 0 0
9 0.946 0 0 0
10 0.945 0 0 0
11 0.945 0 0 0
12 0.873 0 0 42
13 0.788 0 0 0
14 0.755 25 0 0
15 0.732 0 0 7  

 

 
 

Figure 11 (a) Mode 1 

A series of nonlinear time history analyses were performed to determine the performance of the 
structure.  Plastic hinges were assumed to form at the base of the columns and in the beams at the 
column faces.  The strength of the hinges was based upon the MRS analysis.  The storey shears for the 
structure are plotted below in Fig. 12 and appear to be within the bounds of the dynamic amplification 
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requirements of the Concrete Standard.  The diaphragm shear however as listed in Table 11 are quite 
different from the values predicted from the MRS analysis.  It appears that the MRS analysis method 
predicts the reverse trend than observed from the non linear analyses.  That is where the MRS method 
predicts larger shears at the higher levels, the nonlinear analysis predicts the larger shears near the 
lower levels.  In all levels, the MRS shear is less than the shear found from the non linear analysis.  

 

 
 

Figure 11 (b) Mode “2” for “X” Direction 

 

Storey Shear

1

2

3

4

5

0 100 200 300 400 500 600 700 800 900 1000

Shear (kN)

Fl
oo

r

MRS

ESM

Average Max T/H

 
Figure 12.  Shear in Flexible Floor Structure 
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Table 11.  Shear from Flexible Diaphragm to Frame 

Level MRS Average Max
5 44.18 67
4 40.45 74
3 54.09 91
2 29.98 121
1 29.84 192

Floor Shear to Frame (kN)

 
 

7 SUMMARY AND CONCLUSIONS 

The Standard, NZS1170.5, requires the period of the “first” mode for base shear scaling.  The basis of 
this requirement becomes difficult to justify for complex structures.  Consequently, the decision of 
which period should be chosen, if any, from a dynamic analysis of such structures is often difficult.  
The ASCE Standard requires base shear scaling, but the process is straight forward as the period of the 
first mode of a structure is given in terms of an empirical formula.  The Eurocode does not require 
base shear scaling.  Both of these international Standards appear to require a greater strength to 
structures than the New Zealand Standard. 

To avoid the confusion when determining the first mode period, and the introduction of an empirical 
rule (such as used in the ASCE) to the New Zealand Standard, it is proposed here that MRS method be 
implemented without base shear scaling.  The nonlinear response of a number simple irregular 
structures “designed” using the unscaled MRS strengths has shown that this approach produces 
reasonable results.  That is, the rotation of the hinges of the “irregular” structures appear to not 
excessively exceed those calculated for the basis structure.  This is shown in Table 12 where the 
podium structure requires an additional 25% rotation demand compared with the basis structure.  The 
hinge demand on the flexible diaphragm structure has in fact decreased.   

The nonlinear analyses have also highlighted that not all of the complexities of seismic design are 
solved by the application of capacity design.  In the examples chosen, it is obvious that that the shear 
strength required of the columns and walls is greater than values predicted by the linear analysis 
techniques.  The New Standard NZS3101 provides solutions for this through the use of the “dynamic 
magnification” factor and this approach is validated by the results from the analysis of the regular 
“frame” structure.  This factor however does not necessarily appear to be applicable for “irregular” 
structures.  This is displayed in the results obtained from both the podium and flexible diaphragm 
structures.  In the podium structure, the storey shear is approximately twice the MRS value.  In the 
structure with the flexible diaphragm, the shears that must be transferred through the diaphragms to 
the frames are much larger and shown to be in an opposite trend (up and down the building) than the 
shears predicted by the MRS analysis. 

Table 12.  Average Maximum Hinge Rotations 

 

Level
Basis Podium Flex Diaphragm

5 0.0129 0.0163 0.0096
4 0.0111 0.014 0.0087
3 0.0107 0.0131 0.0087
2 0.0106 0.0131 0.0082
1 0.013 0.0111

Col Base 0.0134 0.0159 0.0128

Hinge Rotation (rad)
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It can be seen from the dynamic properties of both these “irregular” structures, that there is significant 
mass participating in the higher modes.  An interpretation of this may be that there is significant 
response in modes not necessarily protected by the capacity design approach.   

To account for this phenomenon, a tentative recommendation is proposed, to scale the existing 
dynamic amplification factors as required by the existing Standards by γ where 

 

       γ = 1 + (kµ -1) * (80 - PM) / 60    and  80 ≤ PM ≤ 20. 

  

In this expression, PM is the percentage mass acting is the first mode.  This scale factor has the effect 
of penalizing irregular structures (those with PM ≤ 80) by scaling up the dynamic amplification factor.  
For structures with PM values less than or equal to 20, the dynamic amplification factor, scale factor γ 
is kµ, providing amplified elastic design strengths.  The amplification can be seen to be justified to 
account for the randomness in the seismic forces that is not reported in this paper. 

REFERENCES:  

ASCE 7 2002. “ Minimum Design Loads for Buildings and Other Structures”.  Reston, Virginia. 

Eurocode 8. “Design of Structures for Earthquake Resistance”, Draft No. 5, May 2002, Brussels. 

NZS1170.5. “Structural Design Actions Part 5: Earthquake Actions – New Zealand”, Standards New Zealand, 
2004. 

NZS3101. “Concrete Structures Standard”, Standards New Zealand, 2006. 

NZS4203:76, :84, 92, “General Structural Design and Design Loadings for Buildings”, Standards New Zealand.    

ACKNOWLEDGEMENTS: 

The author would like to acknowledge the assistance of Compusoft Engineering colleagues, Derek 
Bradley and Tony Stuart in the preparation of this paper.   
 


