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1  INTRODUCTION 

Due to mountainous topography within the territory, 
modern developments in Hong Kong have con-
structed many buildings with various uses and occu-
pancy demands. The lower zones of the buildings are 
usually used for parking, shopping malls, assembly 
halls, podium gardens or open spaces for function 
requirements, while the higher zones generally ac-
commodate apartments or offices. Combined struc-
tural systems with moment-resisting frames and core 
walls in the lower zones together with shear wall 
systems in higher zones are commonly adopted for 
these buildings (see Figure 1). 

The use of transfer structures between the high 
and low zones of a high-rise building has become 
popular and sometimes even inevitable. Transfer 
structures can be defined as either flexural or shear 
structures that transmit heavy loads from columns or 
walls acting on its top and redistribute them to sup-
porting columns or walls. These transfer structures 
may be in the form of transfer beams, transfer gird-
ers or transfer plates. One of the major characteris-
tics of buildings with transfer structures is that the 
spacing of vertical supporting elements above a 
transfer structure (typical floor) is comparatively 
closer than below it (podium) for easy and flexible 
architectural planning purposes. It is not uncommon 
for the lateral stiffness of structures above the trans- 

 
 
 
 
 

fer structure to be significantly greater than that be-
low the transfer structure. Moreover, for practical 
usage as well as spatial effects and requirements, 
transfer structures are usually located about 20 to 30 
m above ground level so that the lateral stiffness ra-
tio of structures above and below the structures is 
further increased.  

 

 
Figure 1. Combined structural system with transfer plate 

 
Hong Kong is located in a low-to-moderate seis-

micity region. The peak ground earthquake accelera-
tion of Hong Kong, which ranges from 0.1 to 0.15 g 
over a 475-year return period (according to 
GB18306 2001), is well within the typical limit of 
0.05 to 0.25 g for low-to-moderate regions. How-
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ever, existing buildings in Hong Kong, following lo-
cal building design codes, do not provide for seismic 
resistance. Under cyclic earthquake loads, concen-
trated stresses and large lateral displacements 
(termed soft storeys) may occur at locations where 
there are significant structural irregularities either in 
plan or in elevation. These irregularities include 
asymmetrical building shapes, building set-backs, 
large building openings, staggered floor levels, and 
building weight irregularities, as well as uneven or 
abrupt changes in structural stiffness. The aims of 
this paper are to (i) review the definitions of struc-
tural irregularity in relation to abrupt changes in lat-
eral stiffness along building height by the adoption 
of transfer structures, (ii) highlight and discuss the 
findings of some recent shaking table tests, (iii) ex-
plain the effects of local deformation of transfer 
structures on the shear concentrations of walls sup-
ported above the transfer structures, and (iv) discuss 
the effects of rotation of transfer structures under 
seismic loads on the equivalent lateral stiffness. 

2 EFFECT OF THE EARTHQUAKE SPECTRUM 

According to the Chinese National Standard (2001), 
the use of transfer structures in concrete buildings is 
allowed only in low-to-moderate seismic zones 
(maximum seismic intensity of VII). Ground mo-
tions of minor (frequent), moderate (occasional) and 
major (rare) earthquakes based on 63%, 10% and 2% 
probabilities of exceedence in a 50-year return pe-
riod are adopted in the standard; the corresponding 
return period, peak ground acceleration and peak 
spectral acceleration (PSA) are listed in Table 1. 
 
Table 1. PGA and PSA of earthquake intensity VII (site II) 
Earthquake intensity Return period PGA PSA 
Minor 50 years 0.055g 0.120g 
Moderate 475 years 0.150g 0.330g 
Major 2475 years 0.310g 0.720g 
 

Of all earthquake records, the 1940 EI Centro (NS 
component) and the 1952 Taft earthquakes (N21E 
component) have been widely adopted in China for 
various earthquake simulations (Zhang et al. 2000, 
Xu et al. 2000, Geng & Xu 2002, Zhang et al. 2003, 
Gao et al. 2003, Rong & Wang 2004, Rong et al. 
2004) and shaking table tests (Zhao & Hao 1996, 
Huang et al. 2004, Ye et al. 2003, Li et al. 2006). 
Both seismic events belong to near field strong mo-
tion events with earthquake magnitude between 6.9 
and 7.7 on the Richter scale. The near field event is 
characterised by abundant high frequency content. 
As the array stations for recording these earthquake 
histories were located above alluvium sites, the 
seismic waves measured were significantly ampli-
fied due to the soft soil site effect, in particular in the 

long period range (T>2 sec). Figures 2 and 3 present 
the spectra of the EI Centro and Taft earthquakes, 
adjusted such that the peak ground acceleration is 
equal to 0.31 g and is consistent with the rare earth-
quake events of intensity VII (site II) specified in the 
National Standard (2001). 

When a near field earthquake acts on a deep soil 
site, such as the 1940 El Centro earthquake, the 
seismic waves are substantially amplified in the long 
period range (T>2 sec) due to the soil site effect; the 
response spectral displacement increases almost li-
nearly with respect to the natural period of the struc-
ture. The increasing displacement demand due to the 
period lengthening effect accelerates the degradation 
of buildings. As the displacement demand in the 
long period range can be much higher than 250 mm, 
which a soft-storey building cannot tolerate, engi-
neers in high seismicity conditions normally aim to 
prevent strength degradation (or else the building 
could collapse). In contrast, in relatively low seis-
micity regions such as Hong Kong, designers can al-
low some degradation without building collapse. 
Shaking table analyses (Huang et al. 2004, Ye et al. 
2003 and Li et al. 2006) show that the natural period 
and lateral displacement demand of damaged build-
ings after a rare earthquake may be doubled com-
pared with intact buildings. The substantial increase 
in displacement demand would significantly amplify 
the soft storey effect. In a rare earthquake, buildings 
would deform inelastically, and the displacement 
demands for the structures below and above the 
transfer structure need to be magnified by approxi-
mately 2 and 1.5 times, respectively. 

On the contrary, Hong Kong is situated in the 
coastal region of south China and is a few hundred 
kilometres from the nearest active faults. Hence, 
Hong Kong is unlikely to be threatened by near field 
strong earthquakes. However, risks from far field 
earthquakes cannot be neglected. Due to a shortage 
of land, a significant portion of land has been gained 
by reclamation. Such reclaimed lands generally 
comprise fill over a variety of substrates, including 
marine deposits, alluvium, completely decomposed 
granite, moderately decomposed granite or slightly 
decomposed granite (Chandler & Su 2000). The two 
most adverse soil sites in Hong Kong with a soft soil 
depth of 45 m at Tsuen Kwan O Site and 77 m at 
Central Site were adopted to generate seismic re-
sponse spectra by the uniform hazard method (Tsang 
2006). Comparisons of acceleration and displace-
ment response spectra for the El Centro and Taft 
earthquakes and uniform hazard spectra are pre-
sented in Figures 2 and 3 respectively. The earth-
quake-induced accelerations and displacements from 
the El Centro and Taft earthquakes, which combine 
the effects of strong near field earthquakes and soil 
site amplification, are considerably higher than those 
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from the simulated spectra of Hong Kong. The use 
of these earthquake records in seismic analyses of 
buildings in Hong Kong can cause over-conservative 
predictions of seismic responses.  

Based on the site-specific response spectral dis-
placement for the Hong Kong region, the maximum 
response spectral displacement (RSD) of a rare 
earthquake event was around 140 mm in the most 
unfavourable soil site (Tsang 2006). This value 
would be constant for a fundamental structural pe-
riod (T) over 1.7 sec (see Figure 3). As the maxi-
mum response spectral displacement is saturated and 
will not increase with the natural period for T>1.7 
sec, the inelastic displacement demand and soft sto-
rey effect determined with Hong Kong site-specific 
spectra (Figure 2) are less pronounced than those due 
to a strong near field earthquake on a deep soil site 
such as the El Centro record, which is widely used 
by other researchers or engineers. It is therefore not 
necessary to account for the increase in seismic dis-
placement demand when the fundamental periods of 
buildings are higher than 1.7 sec (equivalent to a 
building taller than 100 m, Su et al. 2003). 
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Figure 2. Response spectral accelerations with a 2% ex-
ceedance in 50 years (damping ratio=5%) 
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Figure 3. Response spectral displacements with a 2% ex-
ceedance in 50 years (damping ratio=5%) 
 

3 EXPERIMENTAL STUDIES OF TRANSFER 
STRUCTURES 

In the recent years, shaking table tests have been 
conducted to study the behaviour of buildings with 
transfer structures under seismic loads (Zhao & Hao 
1996, Ye et al. 2003, Huang et al. 2004, Li et al. 
2006 and Wu et al. 2007). Most of the building 
models used in the tests, except that from Wu et al. 
(2007), were fabricated using microconcrete with 
steel wires to simulate reinforcement in concrete. 

Fabrication of delicate scaled models is compli-
cated and time consuming. As in a real construction, 
the models were constructed floor-by-floor with mi-
croconcrete and steel wires. The similitude laws of 
length ratio, modulus ratio, equivalent density ratio, 
time ratio, frequency ratio and acceleration ratio 
were fully considered in preparing the model tests. A 
typical characteristic strength of the microconcrete 
was 2-3 MPa. Additional mass was often required to 
satisfy the similitude law of equivalent density ratio. 
Four shaking table test case studies involving trans-
fer structures are described herein; the corresponding 
structural plans above and below the transfer struc-
tures are depicted in Figure 4.  

 
Case Study 1  

Zhao & Hao (1996) studied a 68-storey commercial 
building; their work was later cited by Xu et al. 
(2000). The building is situated in Nanjing and has 
two transfer structures located in the 6th and 38th 
floors of the building. From ground level to the 6th 
floor, the building structure has a central core wall 
with a peripheral frame. From the 6th to 38th floors, 
there are core wall, peripheral frames and shear 
walls, whereas above the 38th floor, it is a pure shear 
wall structure. The scaled model used was 1:35. 

 
Case Study 2  

Ye et al. (2003) used a shaking table test to assess 
the structural behaviour of a 33-storey RC residential 
building located in Guangzhou, China under seismic 
loads. A series of transfer beams are located in the 
4th floor to support the shear walls above. The po-
dium structure below the transfer beams is mainly 
supported by frame structure. A central core wall is 
provided above and below the transfer level to 
achieve lateral stiffness continuity along the height 
of the building. The length scale of the model is 
1:20. 

 
Case Study 3 

Huang et al. (2004) conducted a shaking table analy-
sis for a high-rise building with a transfer floor lo-
cated at a high level. The building is located in 
Shenzhen, China and has 28 storeys with a transfer 
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beam structure at the 9th floor. The scaled model was 
designed to 1:25. 

 
Case Study 4 

Li et al. (2006) recently investigated the seismic 
behaviour of a reinforced concrete residential build-
ing located in Hong Kong. The building has 34 typi-
cal floors above a 2.7 m thick transfer plate and a 
three-level podium. Below the transfer plate, core 
wall and columns are the major vertical supporting 
elements, whereas above the transfer plate, the struc-
ture changes to shear walls and a core wall support-
ing system. The length scale of the model is 1:20. 

Earthquake records of the 1940 El Centro Earth-
quake in NS component and/or 1952 Taft earthquake 
were employed in the tests. All tests assumed the 
same seismic intensity of VII pursuant to National 
Standard (2001). There were only minor differences 
in the peak ground accelerations (g) of the proto-
types (see Table 2). 

 
 

 

Table 2. Peak ground accelerations of the prototypes adopted in 
shaking table tests 

 
The shaking table tests indicated that under fre-

quent (minor) earthquake attacks, all the buildings 
remained elastic, no cracks were found in the models 
and the natural frequencies of the models did not de-
crease. When the models were subjected to occa-
sional (moderate) earthquakes, cracks began to occur 
at the tops of columns below transfer beams and at 
the base of 1st floor columns. After rare (major) 
earthquakes, all the models were severely damaged. 
Serious damage was found in the peripheral shear 
walls above the transfer floor (in cases 1 and 3). 
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Figure 4. Four case studies of shaking table tests involving transfer structures 

Earthquake  
Intensity 

Ye et al. 
 (2003) 

Huang et al.  
(2004) 

Li et al.  
(2006) 

Minor 0.02-0.03g 0.035-0.04g 0.02-0.06g 
Moderate 0.07-0.16g 0.07-0.12g 0.08-0.14g 
Major 0.12-0.30g 0.16g 0.15-0.34g 
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Tension failure was found on the end shear walls 
in the vicinity above the transfer plate (in case 4). 
Furthermore, shear and central core wall structures 
in the middle and upper floors could be damaged by 
shear. Floor slabs and beam-wall joints were also 
cracked (in cases 2 and 4). A weak floor formed at 
the floor above the transfer structure in case 3.   

However, the seismic behaviour of the structures 
below transfer floor can vary significantly. With 
strong core walls or shear walls below transfer struc-
tures, soft storey mechanisms could be avoided in 
cases 2 and 4, and the frame structures at the podium 
level had no apparent inelastic deformation. How-
ever, in case 1, the shear wall structure above the 
transfer floor was supported by a peripheral frame 
that was relatively weak in lateral and torsional stiff-
ness; extensive cracks were found in the peripheral 
frame below the transfer floor. However, only minor 
cracks were observed in the core walls just above 
and below the transfer floor.  

Damage occurred and both natural frequencies 
and the damping ratios started to change when the 
models were subjected to occasional earthquakes. 
The natural frequencies of the structure in different 
directions dropped by 10 to 20% in case 3 and that in 
both directions was reduced by 14% in cases 2 and 
4. After the rare earthquakes, the responses of the 
damaged models had considerable inelastic behav-
iour. The natural frequency of the structures de-
creased by 20-46% in cases 2 to 4. The damping ra-
tio was increased from 2% after frequent 
earthquakes to 4.5-7.5% after a rare earthquake, as 
demonstrated in case 3.  

3D computer models were constructed to com-
pare with the results obtained from the shaking table 
tests. Ye et al. (2003) performed a 3D elastic analy-
sis of the model (shown in case 3 of Figure 4) and 
reported that the difference in natural frequencies of 
the first and second modes between the tests and the 
computer models were within 10% for frequent 
earthquakes. They observed that the ratios of maxi-
mum acceleration responses at the top floor to peak 
ground accelerations were 2.60 for the EI Centro and 
2.34 for Taft, whereas the corresponding ratios of 
the computer results were 2.56 and 2.37, respec-
tively. The displacements of the top floor obtained 
from the tests and the computer results under differ-
ent seismic intensities were all within 3 to 7%. 
Huang et al. (2004) and Wu et al. (2007) used the 
SAP2000 program to construct 3D computer models 
to compare the structural responses of buildings with 
transfer structures under frequent earthquake loads. 
The comparisons showed that the test and the com-
puter results of accelerations and inter-storey drift 
ratios of bare frame models were similar, and the re-
sults generally agreed with each other for the first 
few vibration modes. Although their numerical stud-

ies could satisfactorily reflect the real dynamic re-
sponse of buildings under frequent earthquakes, 
seismic responses of buildings under rare earth-
quakes could not be accurately simulated as the ef-
fects of stiffness and strength degradations of con-
crete elements were not considered. 

4 LOCAL DEFORMATIONS OF TRANSFER 
STRUCTURES 

Transfer structures were usually idealized as deep 
beams or thick plates. Normally, the flexural stiff-
ness and strength of the transfer structure are much 
higher than those of the column supports or shear 
walls of the superstructure above. Many engineers 
and researchers (Zhang et al. 2003 and 2005) ignore 
the deformations of transfer structures and adopt ri-
gid plate and rigid diaphragm assumptions in routine 
structural analyses of buildings with transfer struc-
tures. However, local flexural rotations of transfer 
structures as illustrated in Figure 5 do exist and in 
many cases cannot be ignored. 

 
Figure 5. Local deformation of a transfer plate under lateral 
load (after Li 2005) 

 
 

Shear (kN) Shear (kN) 

Shear wall to foundation 

Shear wall stop at transfer beam 

(a)     (b) 

Transfer 
floor 

 
Figure 6. Shear force distributions (a) without stiffness reduc-
tion, (b) with 60% stiffness reduction for the shear wall below 
the transfer floor 

 
Extensive shaking table tests as mentioned earlier 

have revealed that under rare earthquakes, serious 
damage to shear walls and slabs could occur above 
transfer structures. Xu et al. (2000) conducted an 
elastic dynamic analysis on a 27-storey building with 
transfer beams at the 7th floor and reported an abrupt 
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change in shear forces of walls above the transfer 
floor (see Figure 6a). This effect became more acute 
when the building was subjected to rare earthquakes 
and the stiffness of the shear walls below the transfer 
structures was degraded (see Figure 6b). This unde-
sirable shear concentration may be attributed to local 
deformation of transfer structures. According to the 
results of a shaking table test on a 12-storey building 
model by the China Academy of Building Research 
(subsequently cited by the technical specification 
JGJ 3 – 2002 and the numerical analysis of a 29-
storey building conducted by Wu et al., 2007), the 
actual shear forces in the walls or columns under the 
transfer structure will be six to eight times greater 
than those if the transfer structure is assumed to be a 
rigid diaphragm. Hence, to better predict the interac-
tions between the exterior shear walls, columns and 
core walls, flexible shell or beam elements instead of 
rigid floor diaphragms should be used to model 
transfer structures and slabs in the neighbouring 
floors of the transfer level. 

Figure 7 illustrates the detrimental effect of local 
deformation of a transfer plate on the shear walls 
supported above. Under earthquake loads, the central 
core wall deflects as a vertical cantilever. As the 
plate and core wall are jointed together monolithi-
cally, the joint region between the plate and core 
wall is rotated in a similar manner due to the dis-
placement compatibility. A pair of push-and-pull 
forces from the columns below the plate causes de-
flection of the plate. The rotation of the exterior 
walls � ei above the transfer plate is therefore differ-
ent from that of the core wall � c, and the difference 
in rotations (� c-� ei) can be as high as 0.0005 rad. In 
order to reduce the rotation incompatibility between 
the core wall and the shear walls above the transfer 
structure, high in-plane compressive and tensile re-
straining forces will develop in the slabs just above 
the transfer floor. These horizontal reactions cause 
shear force transfer from the core wall to the exterior 
walls. The effect of transfer floor to the inter-storey 
drift is diminished one to two floors above the trans-
fer structure (Rong & Wang 2004). When the exte-
rior walls take up excessive shear force, shear failure 
may occur. Likewise, the slabs may also be damaged 
under high tensile force. 

To reduce the detrimental effects due to local de-
formation of transfer structures, the following design 
principles are suggested. First, when the flexural 
stiffness of exterior shear walls is smaller than that 
of the transfer structure, a deeper (or stiffer) transfer 
structure with higher flexural and shear stiffness can 
help reduce local deformation of the transfer struc-
ture under lateral loads and thus decrease the abrupt 
change in shear forces in the exterior walls. 

 

Transfer Structure 

Shear force 
increasing 

Shear force 
decreasing 

T 
C 

T 
C 

T- Tension 
C- Compression 

� e1 � c 

Core wall Columns 

Shear walls � e2 

 
Figure 7. Deformation of transfer structure and shear con-

centration at the external walls 
 
A preliminary numerical analysis conducted by 

the author revealed that in some cases even when a 
rigid transfer structure is used, shear force concentra-
tion in the exterior walls above the transfer structure 
can still be observed. This demonstrates that the ef-
fect of shear concentration is partially due to the in-
trinsic behaviour and interaction of a coupled core 
wall and shear wall structure on a restraint boundary; 
this effect cannot be completely eliminated. Second, 
a stiff core wall below the transfer floor can slightly 
limit local rotations at the transfer level. By doing 
so, the inter-storey drifts and the difference in rota-
tions between the exterior walls and the core wall 
can be slightly reduced. The amount of shear force 
transfer from the core wall to the exterior walls, 
which is proportional to the difference in rotations, 
can also be limited. Similarly, local rotation of the 
core wall can be further controlled by arranging the 
transfer floor located at lower floor (below the 5th 
floor) so that shear transfer above the transfer struc-
ture can be effectively suppressed. Incidentally, 
Chen & Fu (2004) suggested that when the flexural 
stiffness of shear walls above the transfer floor is 
much higher than that of the transfer beam, reducing 
the flexural stiffness of the transfer beam can also 
decrease shear force transfer from the centre wall to 
the edge walls. Furthermore, Ye et al. (2003) re-
ported that providing floor openings above the trans-
fer structure, which could break the essential load 
path for transferring shear forces, could effectively 
reduce the shear concentration effect on the shear 
walls above the transfer structure and hence improve 
the seismic performance of building. Lastly, Rong & 
Wang (2004) suggested increasing the shear load at 
the shear walls above the transfer structure by more 
than 20% to take into account the shear concentra-
tion effect. It is important to note that, in addition to 
the strength requirement of the whole building struc-
ture, appropriate stiffness allocation between the 
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transfer structure and the structure supported above 
will greatly enhance the overall structural behaviour 
under seismic loads. 

5 CURRENT SEISMIC DESIGN CRITERIA OF 
TRANSFER STRUCTURES IN CHINESE 
BUILDING CODES 

Soft storey failure is a common failure mecha-
nism for concrete and masonry buildings under 
earthquake attack (Booth 1986, EFFIT 1987, Dolsek 
& Fajfar 2001). Broadly speaking, a soft storey may 
be associated with a storey in which the lateral shear 
stiffness is much smaller than it is in the neighbour-
ing storeys. Although not every transfer structure au-
tomatically leads to a soft storey, seismic engineers 
(e.g., Scott et al. 1994) are concerned with soft sto-
rey failure of transfer structures under seismic loads. 
In line with international building codes (ICC 2006, 
ICBO 1997, EC8 2005), the Chinese National Stan-
dard (2001) and the Chinese National Specification 
(2002) have quantitatively defined structural irregu-
larities and soft storeys in building structures. Three 
codified definitions of soft storey in Chinese design 
codes are presented here.  
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Ki<0.8(Ki+1+Ki+2 
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Ki=Vi/ui 
Vi=shear force of the ith-storey 
ui=displacement of the ith-storey 

 
Figure 8. Irregularity of lateral stiffness (soft storey) 

 
According to the National Specification, a soft 

storey (irregularity in lateral stiffness) is defined as a 
storey in which the lateral stiffness is less than 70% 
of that of the storey above or less than 80% of the 
average stiffness of the three storeys above (see Fig-
ure 8).  

Moreover, a discontinuity in vertical elements in 
a lateral load resisting system and the requirements 
of transfer of internal forces in these elements 
through horizontal structural elements (like a trans-
fer truss/plate) as well as the case of abrupt change 
in shear capacity (Qy) of a lateral load resisting sys-
tem between two adjacent storeys (that is 
Qy,i<0.8Qy,i+1) are also classified as vertical irregu-
larities (see Figure 9).  

 

 

Qy,i+1 
Qy,i 
 

where: 
Qy,i=shear capacity of the ith-storey along building height 
 

Qy,i<0.8Qy,i+1 

 
Figure 9. Irregularity of shear capacity along building height 
(weak storey) 

 
For a transfer structure used in a building located 

at a relatively high level (see Figure 10a), the abrupt 
change in inter-storey drift above and below the 
transfer structure becomes more serious. There is an 
additional guideline in the National Specification 
(2002) for the situation based on the equivalent lat-
eral stiffness ratio � e as defined in Equation (1). In 
this guideline, two models simulating the structures 
above and below the transfer structures as shown in 
Figures 10b and c are built, and the bases of the 
models are fixed. The height of the substructure be-
low the transfer structure (as shown in model 1 in 
Figure 10b) is H1, while that of the substructure 
above the transfer structure (similar to but not taller 
than H1; see model 2 in Figure 10c) is H2. By apply-
ing a unit horizontal load to each model, the elastic 
lateral deflections � 1 and � 2 of models 1 and 2 are 
calculated, and the equivalent lateral stiffness ratio � e 
can be evaluated accordingly. 
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For non-seismically designed low rise buildings 
with soft storeys, the amount of drift in the upper 
part of the buildings above the ground floor is usu-
ally negligible when compared with the lower sto-
reys, in which case the denominator on the right 
hand side of Equation (1) tends to be small; as a re-
sult, � e approaches a high value. According to the 
National Specification (2002), when the structures 
below the transfer structure are more than one sto-
rey, the ratio of the equivalent lateral stiffness ratio 
� e should not be greater than 1.3 for seismically re-
sistant design. 

The aforementioned definitions of soft storey, 
which simply compare the elastic lateral stiffness be-
tween adjacent levels and ignore the effects of flex-
ural/axial deformation of vertical supporting ele-
ments under the transfer structures, may not 
adequately define an occurrence of a soft storey. A 
thorough discussion on the influence of inelastic de-
formation of the vertical supporting elements and 
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flexural/axial deformation of vertical supporting 
elements on the formation of soft storey is provided 
in next section. 

6 EFFECT OF SOFT STOREY BELOW 
TRANSFER STRUCTURE 

Under a seismic attack, a soft storey will attract 
much higher lateral deformations, and in many cas-
es, high torsional deformations. The excessive inter-
storey drift and the P-delta effect arising from grav-
ity loads may cause plastic hinges to form at the ends 
of vertical structural elements. If the elements are 
not ductile enough, failure of individual vertical 
supports will trigger progressive collapse of the 
whole storey.  

 
 

(b) Model 1- substructure 
below the transfer structure 

(c) Model 2- substructure 
above the transfer structure 

H1 

� 1 

B1 

P=1 
Transfer floor 

H2 

B2 

� 2 P=1 

Transfer 
floor 

(a) Full model 

 
Figure 10. Numerical models for calculating the equivalent 
stiffness below and above the transfer structure 

 
Since lateral flexural and shear stiffnesses often 

change abruptly near transfer structures, it is essen-
tial to prevent the formation of soft storeys in build-
ings with transfer structures. Typical lateral defor-
mations below a transfer structure can be separated 
into shear mode and flexural mode, as shown in Fig-
ure 11. 
 

� s1 

(b) Shear mode 

� 1 � b 

(a) Deformed shape 

� f1 

� a1 
� b1 

(c) Flexural mode  
Figure 11. Typical shear and flexural deformations of a sub-
structure below a transfer structure 

 
Obviously, the lateral deformation of the transfer 

structure is the sum of shear deformation � s1 and 
flexural deformation � f1; i.e., 

 
� 1= � s1+ � f1                     (2) 
 

The rotation of the transfer structure may be con-
veniently expressed as:  

 
� b=(� a1+ � b1)/B1                   (3) 
 
where � a1 and � b1 are the vertical movements at 

the left and right edges of the transfer structure and 
B1 is the width of the substructure below the transfer 
structure. 

Changes in the shear and flexural stiffnesses of 
the substructures above and below the transfer struc-
ture affect the lateral deflection and inter-storey drift. 
Various researchers (Su et al. 2002, Rong et al. 
2004, Chen & Fu 2004, Li 2004, Huang & Lu 2003, 
and Geng & Xu 2002) have studied the effects of 
changes in lateral stiffness of substructures above 
and below a transfer structure on the seismic re-
sponse of buildings. Typical variations in inter-
storey drift of a multi-storey building due to changes 
in stiffness of substructures are summarized and pre-
sented in Figure 12. From the figure, it is clear that 
an abrupt change in the inter-storey below the trans-
fer structure will be more severe when (i) lateral 
shear stiffness below the transfer structure is small 
(Figure 12a), (ii) lateral flexural stiffness below the 
transfer structure is high (Figure 12b) and (iii) lateral 
flexural and shear stiffness above the transfer struc-
ture are high (Figure 12c).  
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Figure 12. Variations of inter-storey drifts due to change in 
shear and flexural stiffnesses (the dotted lines represent the new 
inter-storey drift profiles after stiffness reductions) 

 
Despite the importance of flexural stiffness be-

low the transfer structure for controlling the soft sto-
rey effect, National Specification (2002) and Geng & 
Xu (2002) only considered the lateral shear stiffness 
below and above the transfer structure and required 
the equivalent lateral stiffness ratio � e �  1.3 for seis-
mically resistant structures. The concept of equiva-
lent lateral stiffness ratio used in National Specifica-
tion (2002) is modified to take into account the 
effect of rotation of the structure above the transfer 
floor due to the flexural rotation � b below the trans-
fer structure (see Figure 13) and the inelastic re-
sponse of structures under a rare earthquake attack. 
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The modified equivalent stiffness ratio is expressed 
as: 

3.1
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where � 1 and � 2 are the displacement magnification 
factors due to stiffness degradation for the substruc-
tures below and above the transfer structure, which 
may be taken as � 1 = 2 and � 2 = 1.5 based on the re-
sults from shaking table analyses. This equation na-
turally reflects the fact that when the lateral drift an-
gle due to flexure ( bqj 1 ) is larger than that due to 

shear ( ��
�

�
��
�

� D

1

1
1 H

j ), the soft storey phenomenon van-

ishes. In this case, Equation (4) represents a less 
stringent requirement than Equation (1). Alterna-
tively, when the flexural mode does not exist, for 
example for a pure shear frame, and elastic deforma-
tion is considered (� 1 = � 2 = 1), Equation (1) would 
be recovered from Equation (4). Furthermore, for a 
pure shear frame with a transfer structure, � 1 = 2, � 2 
= 1.5 and � b=0, Equation (4) imposes a more strin-
gent requirement than Equation (1) for controlling 
the formation of a soft storey. Despite the fact that 
the proposed equation incorporates flexural deforma-
tion below the transfer structure, the inelastic re-
sponse of structures is considered to be more appro-
priate to define a soft storey for buildings with 
transfer structures. Further numerical or experimen-
tal studies and justifications are required to validate 
the effectiveness of this equation for controlling the 
occurrence of soft storeys in elastic and inelastic 
stages. 

Li et al. (2003) revealed that for low-rise build-
ings with edge columns supporting the long transfer 
beam (see Figure 14a), gravity load usually controls 
the design of the buildings. Even though the struc-
tural walls do not extend below the transfer struc-
ture, the column frame structure alone below the 
transfer structure designed to resist the gravity load 
is strong and stiff enough to resist the seismic load. 
However, when set back columns are used to support 
the transfer beam (see Figure 14b), less unbalanced 
end moment due to gravity load is induced in the 
columns supporting the transfer structure. Hence, the 
columns designed to resist gravity load may not be 
strong enough to resist the additional seismic load. A 
soft storey mechanism could be realised below the 
transfer storey under seismic conditions. Special at-

tention must be paid to design low-rise buildings 
with this type of transfer structure. 

 
 

(a) Model 1- substructure 
below the transfer structure 

(b) Model 2- substructure 
above the transfer structure 

� 1 

H2 

B2 

� 2 

H1 

B1 

� b 
P=1 

P=1 

 
Figure 13. Numerical models for calculating the equivalent 
stiffness below and above the transfer structure with considera-
tion of the rotation above the transfer structure 

 
 

 

(a) Transfer beam supported 
by edge columns 

(b) Transfer beam supported 
by set back columns 

Transfer Beam 

Strong Column 
Weak Column 

 
Figure 14. Low-rise buildings with columns supporting the 
transfer beam 

7 VERTICAL POSITIONING OF TRANSFER 
STRUCTURES 

Xu et al. (2000) and Zhang & Li (2003) investigated 
the effects of the vertical positioning of the transfer 
structure on the seismic response behaviour of the 
frame-supported shear wall structures. They found 
that the degree of abrupt change in the inter-storey 
drifts and shear concentration of the frame-supported 
shear walls increased with increasing height of the 
transfer structure. For a high-level transfer storey 
supported by frame with a full elevation centre core 
wall, more cracks and damage appeared on the exte-
rior shear walls above the transfer structure. Abrupt 
changes in the inter-storey drift for the storeys adja-
cent to the transfer floor level (i.e. the soft-storey 
behaviour phenomenon) could be moderated with 
decreasing height of the transfer floor level. Similar 
moderation trends are expected as the difference in 
the equivalent lateral stiffnesses (defined in Section 
5) between the substructures above and below the 
transfer floor decreases. The most onerous soft-
storey behaviour phenomenon is expected when the 
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transfer floor is located at a level close to 40% of the 
height of the building, in which case the maximum 
inter-storey drift is expected at the transfer floor lev-
el. The shear concentration effect is partially attrib-
uted to local deformation of transfer structures and 
can be reduced but not completely eliminated as 
mentioned in Section 4. Geng & Xu (2002), Wu et 
al. (2007), Wang & Wei (2002) and Rong & Wang 
(2004) studied hypothetical tube structures and real 
coupled shear wall-core wall buildings with transfer 
storeys at various levels under earthquake loads. The 
soft-storey phenomenon (i.e. abrupt changes in inter-
storey drift) was found to be more dominant with in-
creasing difference in the equivalent lateral stiffness 
between the substructures above and below the 
transfer floor. Inter-storey drift demands at the 
neighbouring floors of a transfer storey and high 
mode effects were generally higher as the transfer 
floor is positioned at a higher level. More vibration 
modes are recommended in response spectrum anal-
ysis to improve the accuracy of the estimates. 

8 CONCLUSIONS 

Previous shaking table tests and numerical analyses 
of buildings with transfer structure under simulated 
seismic loads were comprehensively reviewed. The 
major findings from the study are summarized as 
follows: 
1. El Centro and Taft earthquake records have been 

widely used in shaking table tests. The spectral 
displacements and accelerations of these records 
are considerably higher than those from site spe-
cific spectra of Hong Kong. Using these earth-
quake records in seismic analyses of buildings 
can lead to over-conservative predictions of 
seismic response for buildings in Hong Kong. 

2. The maximum response spectral displacement of 
Hong Kong is saturated when the natural period 
is higher than 1.7 sec. The inelastic displacement 
demand and soft storey effect are less pro-
nounced than those due to a strong near field 
earthquake on a deep soil site, e.g. the 1940 EI-
Centro earthquake. In relatively low seismicity 
regions such as Hong Kong, designers can allow 
some strength degradation to occur without 
building collapse. 

3. Shaking table tests indicate that under frequent 
earthquake attacks, all the buildings remained 
elastic, no cracks were found in the models and 
the natural frequencies of the models did not de-
crease. Conventional elastic analyses satisfacto-
rily reflected the real dynamic behaviour of 
buildings under frequent (minor) earthquakes. 

4. When the models were subjected to major (rare) 
earthquakes, extensive cracks occurred in the vi-

cinity of the transfer structure and the models 
were severely damaged. The natural frequency of 
the structures decreased by at most 46% and the 
damping ratio was increased to 4.5-7.5%. As the 
effects of stiffness and strength degradations of 
concrete elements were not considered in elastic 
analyses, the calculated seismic responses of 
buildings under rare earthquakes were not accu-
rate. Pushover analyses or non-linear time-
history analyses should be adopted. 

5. Local flexural deformation of transfer structures 
was identified as the origin of shear concentra-
tion at exterior walls above the transfer floor. A 
set of measures (e.g. using deeper transfer struc-
ture, stiffer core wall and lower level transfer 
structure) have been suggested for minimizing 
the detrimental effect of shear concentration.  

6. To better predict the interaction between exterior 
shear walls and other structural components, 
flexible shell or three-dimensional solid elements 
should be used to model the transfer structures 
and slabs in the neighbouring floors of the trans-
fer level. 

7. The equivalent lateral stiffness ratio was modified 
to take into account flexural deformation below 
transfer structures and inelastic deformation un-
der rare earthquakes. Further studies are sug-
gested to validate the effectiveness of the pro-
posal for controlling transfer structures 
undergoing soft-storey type of failure. 
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