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1 INTRODUCTION 

Recently, innovative architectural design merged 
with the advanced and powerful structural numerical 
analysis stimulated a new generation of "super-tall" 
and "mega-tall" buildings. Furthermore, discontin-
ued columns and shear walls within high-rise build-
ings are no more considered as a sin. Consequently, 
architectural demands for high-rise buildings in 
which columns may have different arrangement be-
tween certain levels become familiar. Many high-
rise buildings are currently constructed with this 
kind of vertical irregularity where “transfer” floors 
are provided to account for the discontinuous col-
umns and/or shear walls in order to accommodate 
the building’s function (Figures 1). As such, the 
transfer floor is defined as the floor supporting the 
vertical and lateral load resisting elements and trans-
fer their straining actions to a different underneath 
system. Different structural systems can be used be-
low the transfer floor: moment-resisting frames 
and/or shear walls; while the floors above may be 
supported by shear walls or columns. The transfer 
floor system itself can take the form of transfer gird-
ers or slabs.  

 
Recently, several investigations tacked the analy-

sis of high-rise buildings with transfer systems. For 

example, Sullivan (2010) studied the capacity of re-
inforced concrete frame-wall structures where he ar-
gued that material overstrength, higher mode effects 
and secondary load paths associated with the 3-
dimensional structural response affect the overall 
capacity of such system and pointed out to serious 
limitations with capacity design procedures included 
in current codes of practice for such buildings and 
the urgent need for further research on this subject. 
Lu et al. (2012) investigated the seismic behaviour 
of a 53-storey tower with the height of 250 m having 
discontinuous columns at the 37th and 38th storey. 
They performed a shaking table on 1/30 scaled mod-
el of the building in order to evaluate its seismic re-
sistance capacity. Then, they introduced a 3D nu-
merical model using the finite element method for 
the model building to investigate the structural be-
havior of these buildings. Gomez-Bernal et al. 
(2013) also performed a 3D numerical analysis using 
ANSYS to investigate the interaction between shear 
walls and transfer-slabs, subjected to lateral and ver-
tical loading. Qi and Zhong (2013) introduced an 
experimental study on seismic performance of trans-
fer floor structure for frame-supported short-leg 
shear wall where one beam transfer floor and three 
inclined column-shaped transfer floor structures of 
frame-supported short-leg shear wall were tested 
under vertical loading and horizontal cyclic loading. 
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Once again, their research shows that further inves-
tigation is still generally needed to investigate the 
beahviour of buildings with transfer systems. 

A major drawback of any transfer floor is the ab-
rupt change in the building's lateral stiffness in the 
vicinity of its level; a direct consequence of such ir-
regularity is that the deformation of a soft-storey 
mechanism under moderate to severe earthquakes or 
lateral wind loads and imposes high ductility de-
mands on the elements in the vicinity of the transfer 
floors (Zhang and Ling 2011, Abdelbasset et al. 
2014). Therefore, if this irregularity is not taken into 
consideration during the design stages, it may be-
come a major source of building damage particularly 
during rare earthquakes. A recent research (Li et al. 
2006 and El-Awady et al. 2014) pointed out to the 
severity of the drift in the vicinity of the transfer 
floor on the level of damage occurring to these 
buildings. The said investigations along with another 
one by Yong et al. (1999) also showed the signifi-
cant effect of the lateral flexure and shear stiffness 
of the vertical elements above/below the transfer 
level on the drift values. These findings can be cor-
related to the investigation of Al-Ali and Krawinkler 
(1998) and Su (2008) where drifts are pronounced 
by reducing the stiffness of the vertical elements 
(columns and shear walls); hence, revealing the im-
portance of deciding to consider a reduced or a full 

stiffness for these structural elements in any numeri-
cal model of high-rise buildings with transfer floors. 

High-rise buildings with transfer floors generally 
suffer no cracks (conventional elastic behaviour) 
when subject to frequent (minor) earthquake. How-
ever, severe cracking in the vicinity of the transfer 
floor is encountered when these buildings are sub-
jected to rare (medium to major) earthquakes. De-
spite this fact, reduced stiffness for “cracked” verti-
cal structural elements (columns and walls) is 
normally adopted for strength design of these build-
ings while full stiffness are adopted for serviceabil-
ity and drift design.  
Here, an analytical seismic study for the response of 
high-rise buildings with transfer floors is carried out 
via 3-D modelling of these buildings using the finite 
element technique. The numerical models are ana-
lysed using elastic response spectrum and time-
history analysis techniques. The effect of transfer 
floors on the drift and seismic-generated forces in 
such structures is investigated. Adopting full or re-
duced stiffness in the numerical for the vertical ele-
ments in the numerical models is scrutinized to veri-
fy the previously mentioned strategy for drift 
calculations and/or suggest a suitable alternative for 
the reduction of the vertical elements stiffness when 
performing serviceability/drift design under seismic 
loads.

 

 
Fig. 1 Schematic part plan and part elevation for a building with transfer floor. 

 

2 METHODOLOGY 

Comprehensive literature review on seismic perfor-
mance of high-rise buildings with transfer floors is 
presented elsewhere (Abdelbasset et al. 2016) which 
also includes a comparative study between different 
provisions of the most commonly used codes of 
practice dealing with design of high-rise building 
with the vertical irregularity resulting from transfer 
floors. 

Here, linear and nonlinear three-dimensional fi-
nite element seismic analyses are performed on a 
high-rise buildings with a transfer slab. The seismic 
response of such buildings is investigated using 
equivalent static loads, elastic response spectrum, 
and linear and nonlinear time history analysis tech-
niques. Story-shear distribution, bending moment 
distribution, inter-storey drift, and floor displace-
ments are numerically evaluated and presented. It 
was shown by Adbar et al. (2014) that a nonlinear 
numerical analysis is highly recommended to inves-
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tigate the seismic displacement demands for any 
gravity-load resisting frames; which is emphasized 
for buildings with severe discontinuities such as 
those created by the existence of a transfer system. 

3 THE ANALYZED BUILDING 

The current numerical analyses for buildings with 
transfer floors consider one type of transfer: solid 
transfer plates (slabs). This system easily accommo-
dates the difference in the location of the vertical 
load bearing elements above and below its level. 

 The study is conducted using a building (Figure 
2) which comprises of a 50 story tower with a total 
height of 175 m: this building is slightly modified 
from its real design. A similar building was previ-
ously adopted by El-Awady et al. (2014) to scruti-
nize the effect (among other parameters) of changing 
the level of the transfer system on the seismic behav-
iour of the building. Based on said analysis, the lo-
cation of the transfer floor is chosen to be at 20% of 
the total building height measured from the founda-

tion and fixed throughout the investigation: this is 
also matching the approximate practical level at 
which transfer system may be required. 

The building adopted in this study is symmetric 
in plan, and as such, avoids any torsional effects. 
The floor area is 20.0 m × 48.0 m where the spacing 
between the columns below the transfer floor is 8.0 
m, and shear walls above it is 4.0 m. The typical sto-
ry height is 3.5 m. The 2000 mm thick transfer slab 
is supported on 1.0 m × 4.0 m columns underneath 
the slab and supports 0.30 m × 8.0 m shear walls 
above it.  

The analysis considers various configurations for 
the stiffness of the different building’s structural el-
ements; the transfer floor system and its location 
within the building height were kept fixed during the 
whole investigation. The results cover the global be-
haviour of the structures i.e., story-shear distribu-
tion, base-shear, story-moment distribution, drift be-
haviour, lateral displacement distribution, and mass 
participation ratio. 

 

 

 
Fig. 2 Three dimensional view of the FE model adopted for a 50 storey tower with a transfer slab at 20% of the building height. 
 

4 SEISMIC INPUT 

4.1 The Response Spectrum Analysis 

Response spectrum analysis was conducted on 
the models to evaluate the behaviour of the building 

incorporating the first twelve vibrational modes us-
ing the CQC (complete quadratic combination - a 
method that is an improvement on SRSS for closely 
spaced modes combining sequence, UBC 1997).  
Figure 3 shows the design and maximum considered 
response spectra chosen for the conducted analyses 
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according to ASCE/SEI 07-10: Cairo, Egypt is the 
place considered to be the location of the models 
currently investigated. 

 
Fig. 3 Response spectrum according to the ASCE/SEI 07-10 

code. 
Thus, according to the ASCE/SEI 07-10 provi-

sions, the seismic parameters, related to this loca-
tion, are: 

 0.2 sec spectral acceleration Ss = 0.5 m/s2 
 sec spectral acceleration S1 = 0.117 m/s2 
 Long period transition period Tl = 20 s 
 Soil type B (very dense soil). 
 The inherent over strength and global ductili-

ty capacity of lateral force-resisting systems 
R = 5.0. 

 The system over-strength factor Ωo = 2.5 
 The deflection amplification factor Cd = 4.5. 
 The building importance factor I = 1.25.  
 The numerical coefficient Ct = 0.02.  
 For mass source, the dead loads factor is tak-

en 1.0 and the live loads factor is taken 0.5. 
For all building’s floors above and at the transfer 

floor level a super imposed dead load SID of 3.0 
kN/m2 and a live load LL of 2.0 kN/m2 are consid-
ered. On the other hand, for all floors below the 
transfer floor level, a super imposed dead load SID 
of 4.5 kN/m2 and a live load of 5.0 kN/m2 are con-
sidered. These loads matche the actual values adopt-
ed in the design of the actual building from which 
the current model is slightly modified. 

4.2 Time History 

ASCE/SEI 07-10 provisions provide a guidance 
on the development of ground motion acceleration 
time histories for linear and nonlinear response his-
tory analyses. If a suite of not less than three appro-
priate ground motions is in the analysis; the design 
member forces and design story drift are to be taken 
as the maximum value determined from the anal-
yses. However, if at least seven ground motions are 
analyzed, the average forces and drifts resulting 
from the analyses may be used. 

If possible, each considered ground motion con-
sists of a horizontal acceleration history (pair of or-
thogonal components), selected from an actual rec-
orded event. The records should be deducted from 
events having magnitudes, fault distance, and source 
mechanisms that are consistent with those that con-
trol the MCE (maximum considered earthquake) re-
sponse spectrum. If the numbers of appropriate rec-
orded ground motion pairs are not available, 
ASCE/SEI 07-10 allows to use simulated ground 
motion pairs. For 3D analysis, ground motions are to 
be scaled such that the average of the 5% damped 
response spectra for the suite of motions is not less 
than the design response spectrum for the site for pe-
riods ranging between 0.2T and 1.5T, where T is the 
natural period of the structure in the fundamental 
mode for the direction of response being analysed. 
For three-dimensional analysis, the square root of 
the sum of the squares (SRSS) spectrum of the 5% 
damped response spectra is used for each pair of the 
horizontal ground motion components: each pair of 
motions is to be scaled such that for each period be-
tween 0.2T and 1.5T, the average of the SRSS spec-
tra for all horizontal component pairs does not fall 
below 1.3 times the corresponding ordinate of the 
design response spectrum by more than 10%.  

From a practical point of view, matching by 
arithmetic scaling of the time histories in an attempt 
to match the target design spectrum is extremely dif-
ficult because of the nature of the MCE response 
spectrum. The MCE spectrum for a region like Cairo 
does not represent any singular earthquake event; ra-
ther, it is the blending of multiple events with small-
er and larger earthquake magnitudes, occurring on 
different types of faults, at varying distances from 
the site of interest. Because of the breadth of the 
0.2T to 1.5T period range in which the target spec-
trum has to meet, arithmetic scaling often results in 
time histories being so amplified that the energy 
content of the matched time histories is unrealistical-
ly high at most periods.  

The selection of candidate time histories to match 
the target MCE spectrum can be challenging where 
records should have magnitudes, fault distance, and 
source mechanisms that are consistent with those of 
the MCE. Despite the increase in number of availa-
ble time histories with more earthquakes and more 
databases such as the NGA database (Reyes and 
Kalkan 2012), there are still gaps in the available 
records in meeting the code’s requirements. There 
are still deficiencies in the quantity of records for 
large magnitude events in the near and far field. 
Many earlier time histories do not have reliable in-
formation for longer periods beyond 2 to 5 seconds. 
Significant modifications of the seed time histories 
are needed such that the spectra match the MCE tar-
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get spectrum for tall buildings which may have fun-
damental periods greater than 5 seconds. 

In this regard, seven records were chosen (Table 
1): records have the same mechanism with a magni-

tude ranged from 6.5 to 7.5 and a distance from the 
epicentre almost the same and frequency near the 
one results from the spectrum analysis. 

 
Table 1. Ground motion records adopted in the current analysis. 
ID Earthquake Station Year Magnitude Distance (km) Frequency (Hz)
1 Imperial Valley 06, Mxico Cerro Prieto 1979 6.53 15.19 0.1125
2 Duzce, Turkey Lamont 1061 1999 7.14 11.46 0.0875
3 Manjil, Iran Abbar 1990 7.37 12.55 0.13
4 Landers, USA N. Palm Springs Fire, Sta 36 1992 7.28 26.95 0.1125
5 Tottori, Japan OKYH08 2000 6.61 24.84 0.0375
6 Tottori, Japan OKYH09 2000 6.61 21.22 0.02625
7 Darfield, New Zealand Heathcote Valley School 2010 7.00 24.36 0.075
 

Four methods are currently adopted for scaling 
the magnitude of ground motion records using a 
multiplying factor, so that the response spectrum of 
the modified records fits the target spectrum defined 
in the corresponding design regulations. More de-
tails about these methods are given elsewhere 
(ASCE/SEI 07-10, Euro code 08, Egyptian code of 
loads 2012, Abdelbasset et.al. 2015). The scale fac-
tor adopted here is based on the method defined in 
ASCE/SEI 07-10 (and IBC 2009) which is consid-
ered to be one of the most common codes of practice 
used for analysis of structures worldwide.  
The ground motions selected for the analysis corre-
spond to those recommended as default set of rec-
ords for soil type B which is a soft rock that satisfies 
the seismological signature requirements presented 
in the response spectrum curve are shown in Figure 
4. Seven records were chosen in order to use the 
mean values of the responses resulting from the 
analysis. 

The study examined strong motion records avail-
able from the PEER strong motion database 
(http://peer.berkeley.edu/smcat/). Table 2 shows the 
scale factors that were calculated based on the 
ASCE/SEI 07-10 provisions for the considered rec-
ords. The scaling factors are then multiplied by the 
importance factor of 1.25. Figure 4 shows the scaled 
spectra as a result of using these factors on each of 
the records chosen for the analyses. 

 
Fig. 4 Scaled time history spectra. 

 
  Two methods for the nonlinear time history analy-
sis are commonly adopted: the first one is the direct 
integration method and the second is the modal 
analysis. The method used in this analysis is the di-
rect-integration time history which is a nonlinear, 
dynamic analysis method in which the equilibrium 
equations of motion are fully integrated as the struc-
ture is subjected to dynamic loading. Analysis in-
volves the integration of structural properties and 
behaviour at a series of time steps which are small 
relative to loading duration. Integration is performed 
at every time step of the input record, regardless of 
the output increment. 

4.3 Finite Element Simulation  

The finite element software package ETABS is 
adopted in the current numerical analysis. This pro-
gram is deliberately chosen since it is one of the 
most widely adopted packages in design offices. A 
typical numerical model for the prototype building is 
shown in Figure 2. 

A three-dimensional model is adopted for each of 
the investigated analysis with different stiffness for 
the structural elements of the prototype building: 
slabs, walls and columns.  Four cases are considered 
for the stiffness of the building’s structural elements: 

1. All structural elements have full stiffness (gross 
inertia – Ig). 

2. All horizontal elements (slabs) have full stiff-
ness (gross inertia – Ig) with all vertical ele-
ments (columns and walls) have reduced stiff-
ness (cracked inertia – Icr). 

3. The transfer slab has full stiffness (gross inertia 
– Ig) with all other horizontal elements and 
vertical elements having reduced stiffness 
(cracked inertia – Icr). 

4. All elements have reduced stiffness (cracked 
inertia – Icr). 

The main purpose of the current stage of analysis 
is to compare the building’s response for each of the 
above mentioned case. In this concern, analysis was 
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performed using one of the following seismic analy-
sis techniques: linear elastic response spectrum 
(LERS), linear time history (LTH) and non-linear 
time history analysis (NLTH). The above mentioned 
four types of inertia were checked in the numerical 
analysis adopting LERS and LTH analyses but only 
the cases of gross and cracked inertia for all ele-
ments were checked for LTH analysis. 

5 SEISMIC RESPONSE OF THE ANALYZED 
BUILDING 

The global behaviour of the prototype building is 
presented. The results of the model include the shear 
distribution, base-shear relative to periodic time, 
transfer floor shear force, moment distribution, drift 
distribution, displacement and mass participation ra-
tios.  A sample of the results is plotted in the Y-
direction of the building with almost a typical be-
haviour recorded in the X-direction.  

5.1 Storey Drift 

Figure 5 shows a plot of the inter-story drift distribu-
tion over the building height in Y-direction. The fig-
ure shows that for all cases of analyses; linear and 
nonlinear, the drift below the transfer floor reaches a 
maximum value midway between the foundation and 
transfer floor level and then decreases gradually up 
to the transfer floor location. 

 
Fig. 5 Story drift resulting from the different numerical analy-

sis techniques. 
 
Above the transfer floor, the drift begins to in-

crease till it reaches a maximum value in vicinity of 
the top third of the building height and decreases till 
the roof level; however, values of drift at roof level 
are between the maximum values and values at 
transfer level. It is evident from Figure 5 that the 
NLTH analysis gives values for drift less than those 
obtained by the LERS analysis by about 30-40%. 
Furthermore, LTH analysis may be considered as a 
transition (average value) between LERS and NLTH 

analyses; drift values resulting from LTH analysis is 
also less than LERS analysis by 20% but larger than 
those of the NLTH by 10%. 

5.2 Lateral Displacement 

A plot of the lateral displacement distribution in the 
Y-direction over the building height is shown in 
Figure 6. It is obvious that for all types of analyses; 
linear and nonlinear, the lateral building displace-
ment matches a flexural behaviour mode till the 
transfer floor level where a large force hit the build-
ing due to the huge mass of the transfer floor. Dis-
placement from foundation up to the transfer floor 
level simulates a fixed-fixed flexural member, where 
above the transfer floor level, the building acts as a 
free cantilever with its base fixed at the transfer 
floor. It is evident from Figure 6 that the NLTH 
analysis with the direct integration method gives 
values for displacement similar in pattern but less in 
values by about 30-50% compared to that resulting 
from LERS analysis with reduced inertia for all ele-
ments, as per most design code requirements. Once 
again, LTH analysis results lies between those of the 
NLTH and LERS analyses; displacement values re-
sulting from LTH analysis are larger than those re-
sulting from the NLTH analysis by 10-15% and less 
than those resulting from LERS analysis by 20-25%. 

 
Fig. 6 Story displacement resulting from the different numeri-

cal analysis techniques. 

5.3 Storey Shear 

Figure 7 shows a plot of the story-shear distribution 
over the building height in the Y-direction for all the 
cases of the seismic analyses (linear response spec-
trum, linear time history and nonlinear time history). 
The figure shows that a significant reduction in the 
story-shear above the transfer slab level takes place 
due to the sudden change in overall building stiff-
ness at the slab level. The NLTH analysis results-in 
less story-shear compared to both LTH and LERS 
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analyses by 10-15% and 25-30%, respectively. The 
results for LTH analysis can be considered as transi-
tion between the LERS and NLTH analyses. 

5.4 Storey Moment 

A plot of the story-moment distribution over the 
building height in the Y-direction is shown in Figure 
8, for all cases of seismic analyses; linear response 
spectrum, linear time history and nonlinear time his-
tory methods. The figure reveals that the story-
moment distribution has an inflection point at the vi-
cinity of the transfer floor level for case of NLTH 
analysis; the building is behaving as a cantilevering 
for all cases of linear analysis. The NLTH analysis 
results less values for the story-moment than those 
resulting from the LERS and LTH analyses for both 
cases of using full or reduced stiffness for all ele-
ments. NLTH analysis results values for the mo-
ments which are less than those resulting from the 
LERS and LTH analyses by 40-50% and 15-25%, 
respectively. Once again, the LTH can consider as 
an analysis that results values lie the NLTH and 
LERS analyses. Values of story-moment are almost 
the same in the upper floors of the building for all 
cases of analyses. The pattern of results is almost the 
same for all cases of analyses especially above trans-
fer floor.  

 
Fig. 7 Story-shear resulting from the different numerical analy-

sis techniques. 

5.5 Base Shear 

Figure 9 shows a plot for the base-shear for the sev-
eral cases of analyses (LERS, LTH and NLTH) in 
the Y-direction which is the strong direction of the 
building. It is evident from the figure that the base-
shear resulting from NLTH analysis is less by 10-
20% for gross inertia of all elements and 40% for 
cracked inertia of all structural elements than the 
values resulting from the LTH analysis. Further-

more, base-shear values resulting from the LTH and 
NLTH analyses are less than those resulting from 
the LERS analysis by 10% and 20%, respectively. It 
is also noted that values obtained from the equiva-
lent static load method is extremely conservative 
and give values more than any dynamic analysis. 

 

 
Fig. 8 story-moment resulting from the different numerical 

analysis techniques. 

 
Fig. 9 Base-shear resulting from the different numerical analy-

sis techniques. 

5.6 Mass Participation Ratio 

A plot of the mass participation ratio (Y-direction) 
for every mode is shown in Figure 10. It is evident 
from this figure that for all cases of analyses; the 
governing mode with the largest mass participation 
percentage is the translation mode. It is also noted 
that nonlinear time history analysis has a mass par-
ticipation percentage almost similar to that for the 
response spectrum analysis for all cases of stiffness 
for the first modes. 
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Fig. 10 Modal mass participation ratio considered in the differ-

ent numerical analysis techniques. 

6 CONCLUSIONS 

Numerical seismic analyses for a building with a 
transfer floor have been performed. An equivalent 
static loading, a response spectrum and a time histo-
ry were adopted in the analyses. A comparative 
study is presented on the effect of using reduced 
stiffness for the different structural elements of the 
building; as currently recommended by most codes 
of practice. The investigated stiffness reduction fol-
lowed four schemes: the vertical elements, transfer 
slabs and horizontal elements in addition to using 
full stiffness for all elements. The following conclu-
sions are deducted from the current investigations: 

 Non-linear time history analysis results story-
shear forces, story-moment and base-shear 
which are less than linear time history and 
elastic response spectrum analysis (reduced 
stiffness as per design code) by 10 to 30%.   

 Non-linear time history analysis results drift 
and lateral displacement which are less than 
linear time history and elastic response spec-
trum analysis (reduced stiffness as per design 
code) by about 20 to 35%. 

 Non-linear time history analysis results mass 
participation ratio similar to elastic response 
spectrum analysis (reduced stiffness as per 
design code). 

 Linear time history analysis can be consid-
ered an alternative analysis method which is 
less conservative than elastic response spec-
trum analysis but still results a resendable 
factory of safety compared to the more accu-
rate case which is based on the non-linear 
time history analysis and with less analysis 
complexities.  

 For drift and lateral displacement checks, in 

case of high rise buildings with transfer 
floors, gross inertia may be used in the anal-
ysis and yet results reasonable and conserva-
tive values with an appropriate factors of 
safety.  

 For strength design of high rise buildings 
with transfer floors, cracked inertia of (1.2 
Icr), where Icr is the cracked inertia specified 
by codes of practice, can be used for and yet 
results values with an appropriate factors of 
safety. 
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