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ABSTRACT: Floor diaphragm in-plane lateral forces are generated by several actions. 

One of the more significant is the inertia force, which is equal to the floor mass multiplied 

by the floor acceleration caused by an earthquake. Lateral loads transfer from diaphragms 

to the lateral load resisting system which then transfers these forces to the ground. 

Consequently, providing a dependable load path from the diaphragm to the lateral load 

resisting system is essential and this should be well designed and constructed. The seismic 

behaviour of the structural system plays an important role in generating the force magnitude 

and distribution of the inertia forces on the diaphragms. In this paper, a numerical study 

(numerical integration time history analysis) has been undertaken to evaluate the inertia 

forces of composite concrete floor diaphragms in a braced multi-story steel framed 

building. The results of linear and nonlinear time history analysis using ground motion 

records from different earthquakes have been presented and the comparison between the 

results has been done. It should be noted that this is part of a larger research programme 

looking at the influence of displacement compatibility between adjacent seismic resisting 

systems and the strength, stiffness and modes of failure of composite floor diaphragms. 

The study presented here is the output from the first part of this research.  

1 INTRODUCTION 

Floor systems have a key role as diaphragms in the seismic response of multi-storey buildings and both 

the demand on the floor system in its diaphragm role and the capacity must be determined robustly. For 

diaphragms in buildings where the seismic resisting systems do not change position in plan over the 

height of the building, the two principal considerations generating diaphragm actions are inertia and 

displacement compatibility forces (Cowie et al 2014, Sabelli 2011, Alizadeh et al 2017). The in-plane 

flexibility of floor system influences the seismic response of the structure significantly and affects the 

distribution of lateral forces. Considering floor systems as rigid diaphragms under lateral forces, without 

appropriate analyses to determine the magnitude of these forces, can compromise the integrity of 

buildings that use such systems. Rigid and flexible diaphragms are considered in all codes and have 

been the subject of research for many decades. Clough (1982) explained conditions of rigid and flexible 

diaphragms and discussed their participation in seismic response of structures. Inertial loads are one of 

the main sources of forces generated in diaphragms. The self weight of a concrete floor diaphragm and 

the imposed loading comprise the majority of the building mass; while the lightly damped response of 

the building system magnifies the ground accelerations at building floor level. Hence, high inertial forces 

are generated within the diaphragm and a dependable load path should be provided to transfer generated 

inertial forces to the lateral resisting system with the diaphragm remaining elastic. It is not accurate to 

assume that the diaphragm forces will be transferred directly from slabs to the columns. This will happen 

when the column lateral drift brings the column into compression against the slab concrete, but not when 

the drift opens up a gap between the slab and column. Because of this, diaphragm forces should transfer 

into the beams through friction and shear studs and from the beams into the seismic resisting systems 

(MacRae and Clifton 2015). In addition, properties of structure like period, ductility, lateral resisting 

system, and seismic performance affect on magnitude of inertial force and pattern of distribution. For a 

better understanding of structural seismic behaviour and diaphragm forces, nonlinear time history 

analyses have been undertaken by many researchers on different kind of structures including steel and 

concrete structures, low and high rise buildings with different lateral resisting systems (Gardiner et al 
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2008). Several studies have shown that diaphragm inertial forces are greater for elastically responding 

structures than those responded inelastically (Dantanarayana, MacRae et al 2012, Uma et al 2009). 

Gardiner et al (2008) investigated the inertial forces using a 2D nonlinear time history analysis program. 

They showed that equivalent static analysis method could underestimate or overestimate the inertial 

forces depending on the extent of inelastic response and the number of stories.   

2 DESCRIPTION OF ANALYSIS AND METHODOLOGY 

Numerical Integration Time History (NITH) analysis is extensively used in both practice and research 

to determine accelerations, velocity and displacement of structures subjected to dynamic loading such 

as earthquake forces. The governing equation can be solved in a number of ways. In this study, the direct 

integration method has been employed to directly integrate the governing differential equation of the 

structure. The evaluation of inertial forces in concrete floor diaphragms has been carried out using a 

non-linear time history analysis program, SAP 2000.   

2.1 The model and assumptions 

A hypothetical 12 story building has been designed based on NZ codes (AS/NZS 1170 set and NZS 

3404). The computer program ETABS has been used to analyse and design of steel structure. Lateral 

load resisting system in X direction (earthquake loads has been applied to this direction only in this 

study) are steel braced frames, with moment resisting frames resisting the earthquake loads in the Y 

direction. Composite concrete slabs on metal deck are the floor diaphragms for all stories and the floor 

system has been modelled with slabs and secondary beam layout fully included. The building is three 

bays in each direction (5m in length) with each story height were 3.5m. The building is located in 

Christchurch, on Soil Class D from NZS 1170 and the earthquake records used in the NITH studies have 

been scaled accordingly.  In order to investigate the effect of the elastic strength and the ductility of 

structures on inertial forces, two different ductility levels; elastic (µ=1) and limited ductile (µ=3) have 

been considered. 

 
(a)                                        (b)                                                      (c) 

Figure 1. Studied model in ETABS , a) 3D view   b) Elevation view (Axis 1)    c) Plan view 

2.2  Modelling Parameters 

Nonlinear time history analysis (NLTHA) has been used to generate the response of a structure over 

time during and after the application of a load considering material and geometric nonlinearity. The 

model has included design vertical loading on the structural system, large displacement analysis to 

capture P-delta actions and member actual strengths and stiffnesses. It incorporates recommendations 

from Goggins (2009) to give acceptably accurate prediction of a CBF system response. FEMA 356 



criteria (2000) have been used to evaluate the seismic performance of the structure. According to FEMA 

356, all actions  should be considered as force–controlled or deformation-controlled. Bending actions in 

steel beams and axial force in steel braces are classified as deformation controlled. For steel columns 

under combined bending and axial compression actions, where axial column load exceeding 50% of 

lower-bound compressive strength, PCL , the column shall be considered force controlled for both axial 

loads and flexure and for steel columns with  axial compressive forces less that 50% of lower-bound 

axial column strength, PCL, the column shall be considered deformation-controlled and force controlled 

for flexural and compressive behaviour, respectively. The time history analysis has been undertaken 

using SAP2000 software. The floor diaphragms have been modelled with shell elements in order that 

the forces generated within them and at the interface with the seismic-resisting systems can be 

determined. More details on the floor diaphragm shell model are in section 3.1. 

2.3 Ground motion records 

A large number of strong motion earthquake records are now available on free access internet database 

(i.e. Peer, Cosmos, K-net). This can make it difficult to select appropriate records for NLTHA. NZS 

1107.5:2004 states in section 5.5., the records shall be selected from actual ground motion records that 

have seismological signature the same as the target site over the period range of interest.  Oyarzo-vera 

et al (2012) present seismic zonation for the selection of ground motion records for time history analysis 

of building in North Island of New Zealand. Six earthquake ground motion records (three, each with 

two horizontal components) have employed to study the trends of inertial forces. The earthquakes 

selected were; El Centro 1940-Imperial valley (USA), Hokkaido 2003(Japan), Christchurch February 

22, 2011, as given by the Resthaven station (New Zealand). The two first ground motion records has 

been suggested by Oyarzo-vera et al (2012) for site class D in the North Island. Theses earthquake 

records have been scaled according to NZS 1170.5 (2004) to match the site specific design spectra. (The 

hazard factor, Z, and the return period factor have been taken 0.3 (for Christchurch) and 1, respectively.)  

3   RESULTS 

3.1 Load path and distribution 

The distribution pattern of diaphragm inertial forces into lateral resisting system (braced frames) has 

been investigated using LTH and NLTH methods. The floor diaphragms were modelled with shell 

elements. Figure 2 shows the positive directions for shell element internal forces F12. Figure 3 shows 

the F12 force distribution for a 12th floor diaphragm at different time steps during the Christchurch 2011 

earthquake record. F12 is the shear force per unit length acting on the mid-surface of the shell element. 

This is the shear force in diaphragm floor in direction X (the studied direction). Force concentration 

could be clearly seen adjacent the braced frames (axis 1 &4). It was observed that the shear forces near 

the columns of the braced bay (axis B and C) were symmetrical when the structural response was elastic  

(Figs 3b, c). However, once nonlinearity actions occurred in a floor elements, this symmetry disappeared 

and  shear forces were not the same near axis B and C (Fig. 3d). This happened due to different axial 

forces in brace elements (ie higher tension forces than compression forces due to brace buckling) which 

is captured in the non-linear analyses.  

 

 

Figure 2. Positive direction for shell element internal force, F12 
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(a)                                                                                      (b)    

   

                                    (c)                                                                                      (d) 

Figure 3. Resultant F12 Diagram (kN/m)-Christchurch earthquake.  a) 3D view-step: 8.5s     b) 12th floor-

step: 8.00s  c) 12th floor-step: 12s       d)  12th floor-step: 16.5s 

3.2 Diaphragm inertial forces 

The maximum inertial forces for diaphragms has been drawn for three ground motion records and two 

different ductility factors (µ=1 &3) (Fig. 4). It was observed that nonlinear analysis concluded smaller 

diaphragm inertial forces compared to linear analysis. It worth noting that, for structures with µ=1, no 

nonlinearity actions occurred. Thus, the results of linear and nonlinear analysis are the same. The 

average of three diagrams and their trends are shown in Figure 5. According to Figure 5b, diaphragm 

forces in the elastically responding structures increase with height. However, the increase in height is 

much less pronounced in the non-linear analyses, where the inertial forces are approximately constant 

for all floor levels, with an increase only at the top floors. Cowie et al. (2013) proposed a equation to 

define the diaphragm inertial forces at given floor level by using the part and components method of 

NZS 1170.5.  

 𝑉𝑑𝑖𝑎,𝑖 = 𝐶𝑑𝑖  𝑊𝑡,𝑑𝑖𝑎,𝑖                                                                                                                  (1)                     

𝐶𝑑𝑖 = 𝐶ℎ0𝑚𝑜𝑑𝑎𝑙 𝑍 𝑅𝑢𝑆𝑝 𝐶𝐻𝑖,𝑑𝑖𝑎                                                                                                 (2) 

 

Where  𝑉𝑑𝑖𝑎,𝑖  = the design diaphragm shear force for the floor at level i; 𝐶ℎ0𝑚𝑜𝑑𝑎𝑙 = the spectral shape 

factor for T=0 for the modal response spectrum from table 3.1 of NZS1170.5 ; Ru = the return period 

factor; Z= the zone factor; Sp = the structural performance factor; CHi, dia = 1.6 for μ ≥3 and 2.5 for μ=1. 
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Figure 4.  Inertial forces for each floor of a 12-story building due to different ground motion and ductility 

factor a) Christchurch earthquake (February 22, 2011 Resthaven) b) El Centro 1940 earthquake 

(Imperial valley)  c) Hokkaido earthquake (HKD085-2003) 

In Figures 6-7 the results of linear and nonlinear time history analysis are summarized and compared 

with the results from equation (2) for the relevant Cdi factors, for all levels of the 12 story building for 

each earthquake record. Each solid circle represents the maximum acceleration from a floor diaphragm, 

the black and green horizontal lines show the result of  equation (2) for ductility factor (µ) 1 and 3, 

respectively. Since no nonlinearity action occurred in structures with ductility factor equal to 1, the 

results are the same for linear and non-linear analysis. Generally, the smaller ductility factor resulted in 

greater forces for the elastic analyses and, consistent with other studies as reported earlier,  nonlinear 

analysis for the =3 system generated smaller Cdi and inertial forces. Table 1 shows Cdi factor resulted 

from LTH, NLTH and the proposed equation by researchers (2). The average of Cdi factor for all levels 

and earthquakes has been written in the table. Generally, there is a good agreement between them, 

although the demand from the numerical model exceeds that from equation 1 by a significant margin 

for some records on some floors. 

Table 1. Average of Cdi factor for all floors 

  

Linear analysis 

µ=1 

Linear analysis 

µ=3 

Nonlinear analysis 

µ=3 

Cdi 
Time history analysis 0.466 0.402 0.325 

Proposed equation by researchers 0.588 0.376 0.376 



 

(a)                                                                               (b) 
Figure 5.  Mean of inertial forces for each floor for three earthquakes a) Actual   b) Trend 
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Figure 6.  Cdi factor for each floor of a 12 story building  a) Christchurch earthquake  b)  El Centro 

earthquake c) Hokkaido earthquake 

 



  

Figure 7. Cdi factor for each floor of a 12 story building 

These results address the demand side of the demand/capacity equation and for only the inertial 

contribution to diaphragm action. They show that the currently proposed equation for calculating 

diaphragm design inertial forces, based on a constant force level for all floors, does not match the trends 

shown from the NITH of increasing diaphragm forces with building height, although the comparison is 

closer for inelastically responding structures than for elastically responding structures. The magnitude 

of force predicted by equations (1,2) is around the 80% of NITH generated values, when the considered 

against the linear analyses for =1 and the nonlinear analyses for =3. 

The diaphragm design forces generated by equations (1,2) are appreciably larger than those for which 

many of the composite floor to seismic resisting system interfaces in buildings subjected to the 

Christchurch earthquake series were designed to, yet all those systems exhibited excellent performance. 

It is reasonable to conclude from this that the capacity of these diaphragms and the interface with the 

seismic resisting systems is much higher than is predicted by current design provisions. The capacity 

will also be dependent on the detailing across the diaphragm to seismic resisting system interface and 

will be material and system specific. The next major part of this research project is to determine that 

behaviour through experimental testing.  

4 CONCLUSIONS 

Linear and non-linear time history analysis has been carried out to evaluate diaphragm inertial forces of 

a 12story steel framed building. The structure was a braced steel structure in the studied direction (X 

direction).  

Overall conclusions are: 

 Nonlinearity actions decrease inertial forces, and consequently nonlinear analysis result in 

smaller forces compared to linear analysis. There is a meaningful difference between the results 

of linear and nonlinear analysis for the same structural system.  

 In elastically responding structures, diaphragms in less stiff structures (ie designed for a greater 

µ and analysed elastically) are subjected to smaller forces compared to stiffer structures (smaller 

µ and analysed elastically).  

 Nonlinearity analysis showed that the inertial forces for all floor levels are close to each other 

except near the top floors; whereas linear analyses show increasing diaphragm forces up the 

height of the structure.  

 Overall, the proposed equation for determining design diaphragm forces from inertial action 

showed reasonable agreement with the results of linear and nonlinear analysis. However, some 



diaphragms are subjected to greater forces than the result of proposed equation by researchers, 

although the difference is not great. 

 As it was expected, for structures with µ=1 (Elastic structures) no nonlinear actions has been 

observed (even though they were allowed for in the member modelling) and the structure 

remained elastic under three different ground motion records.  
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