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1 | INTRODUCTION
Functional, aesthetic, or planning needs predicate
changes and discontinuities in the vertical load-bearing
system of a building. These demands are often outside
the boundaries of normal commercial development and
create special and interesting engineering problems that
are usually solved with some form of transfer structure.
Transfer structures provide a means of redirecting
gravity loadings when a vertical supporting member has
to be interrupted and a direct load path to the founda-
tions is not possible. There are several reasons for which
discontinuities in the supporting system are desired. For
example, mixed-use high-rise buildings that provide for
two or more types of occupancies require a different
arrangement of the supporting structure for each
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A transfer structure (TS) is a structure that alters the load path of the gravity
loads, shifting the line of thrust laterally to a different vertical alignment.
Transfer structures are introduced in buildings that feature discontinuities in
some columns or walls and where a direct load path to the foundations is not
possible. They usually represent major elements of the structure and their
impact on building cost and construction time can be substantial. This paper
presents an overview of existing transfer systems and provides guidance on
their design and construction. Extensive research on buildings with transfer
structures all over the world was carried out (more than 100 examples were
analyzed) with the aim of developing a rational typology of these structures.
The results can be broken down into five main types: BEAM, TRUSS,
INCLINED STRUT, PLATE, and ARCH & TIE.

construction, design, girder, transfer structure, truss

functionality. In densely populated cities, large column-
free spaces for lobbies or shopping areas are also required
at the lower levels of tall buildings, and the construction
almost invariably involves working within severe site
constraints. Moreover, the unused spaces above existing
activities and structures (air rights) have become attrac-
tive development sites in city centers and other areas
where space is at a premium.

The position of the transfer structure in a building's
elevation may be influenced by various factors such as
architectural constraints, the location of the mechanical
plants, and construction speed and economy. Low-level
transfer structures simplify the construction process—
they can be built using normal techniques and the super-
structure is supported on the transfer structure right from
the beginning. On the other hand, the construction of
transfer structures at the top of the building or at inter-
mediate levels usually requires significant temporary
works. Transfer structures are usually composed of mas-
sive concrete or steel elements that occupy a lot of space
and might not appropriately fit within a typical floor of a
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building. Therefore, it is usual to integrate these struc-
tures in the mechanical plant, making the least intrusion
into usable spaces. Most modern tall buildings have
sophisticated mechanical and electrical installations and,
in general, the building is divided into several vertical
zones, each served by its own mechanical plant. This
means that the choice of the type and position of transfer
structures throughout the building might not only be dic-
tated by structural concerns but also has to be integrated
with the building services.

The choice between a single-storey transfer structure
and a multitier transfer system also depends on factors
usually unrelated to structural efficiency. The position
and number of mechanical plants, the construction
method associated with each alternative, and even archi-
tectural preferences are often important issues that the
engineer must take into account when conceiving the
transfer system. For example, in the case of a multitier
transfer structure, benefits may arise from the simulta-
neous construction on more than one floor, as each verti-
cal zone (that is, a stack of floors supported on each
transfer level) is independent of the others.

The possibilities for the configuration of the transfer
structure are so wide that it may be positioned at a single
level or, on the other hand, every floor can be part of the
transfer system. Figure 1 illustrates this as (a) represents
a building with a single-floor transfer structure at a low
level, (b) shows the same building with two transfer
floors, each transferring a set of storeys, and, in (c), the
structural frame manages to gradually transfer the loads
from all the floors to the supports.

In general, transfer structures should not participate
in the lateral load-resisting system (as their function is to
redirect gravity loads) but must maintain their load-
carrying capacity through the full range of displacement
that the building may be subjected to. Moreover, as trans-
fer structures are very stiff elements of the structure,
these will often attract considerable lateral loads and
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must be designed accordingly. Sometimes, it might make
sense to combine the lateral stability system with the
transfer structure. Most tall buildings require more than
their central core to provide lateral stability when they
reach the 40 to 50 storey range.”” In such cases, a perime-
ter stability system can be integrated with the transfer
structure to form a vertical Vierendeel frame or a braced
facade.”® Figure 1d—f shows examples of buildings where
the braced facade—which has a major role in resisting
lateral loadings—also manages to redirect the loads from
the peripherical columns to the few supporting columns
at ground level.

2 | TYPES OF TRANSFER
STRUCTURES

The majority of transfer structures can be rationalized
into five generic forms. These are the BEAM, TRUSS,
INCLINED STRUT, PLATE, and ARCH & TIE, which
are illustrated in simplified form in Figure 2. In most of
these groups, all the three main structural materials—
reinforced concrete (RC), prestressed concrete, and
steel—may be considered, as well as composite schemes.
The following sections introduce each type of transfer
structure and describe its main features, as well as illus-
trate them through a set of representative examples.

21 | BEAM

For a wide variety of reasons, it is quite common that a
column must be interrupted at a certain level and cannot
go all the way to the foundations. The load arising from
that column must be transferred to nearby ones by means
of a transfer element that may be a beam. The term beam
is generally applied to structural members subjected pri-
marily to bending moments and shear forces. The most

]

(a) (b) (©)

FIGURE 1
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(a) Single-storey transfer structure; (b) multi-tier transfer structure; (c) structural frame transfer system; (d) Bank of China

Tower, Hong Kong, China; (e) Citigroup Centre, Manhattan, New York, USA; (f) Alcoa Building, San Francisco, USA (Source: Google)
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FIGURE 2

FIGURE 3
London, UK; (d) Commerzbank Tower, Frankfurt, Germany (Source:

common structural forms exhibiting beam behavior that
are employed as transfer structures in buildings are trans-
fer girders and Vierendeel frames.

Reinforced concrete transfer girders have been widely
used due to their simple design and construction. They
are usually employed to deal with local discontinuities in
the supporting system but can also deliver radical
changes in the structural grid. The major difference
between a transfer girder and a common beam is that the
former resists much larger loads. Hence, the main char-
acteristic of a transfer girder is its unusual depth
(Figure 3a,b). Due to the very large depths and substan-
tial reinforcement quantities required for a reinforced
concrete transfer beam, post-tensioning is usually
employed as it is a very effective way to reduce both the
depth and the reinforcement content.® Therefore, transfer
beam elements are usually used as post-tensioned girders.
The high strength of the prestressing steel compared to
passive steel grades allows for a significant reduction of
the cross-sectional area of reinforcement needed for flex-
ion design. This, in turn, makes it possible to improve the
detailing of the transfer element which can sometimes be
a matter of concern. Prestressing also has the advantage

INCLINED STRUT

PLATE ARCH & TIE

Types of transfer structures—BEAM, TRUSS, INCLINED STRUT, PLATE, and ARCH & TIE

(a) Sdo Paulo Museum of Art, Sdo Paulo, Brazil; (b) National Bank House, Melbourne, Australia'®; (c) Four Pancras Square,
5,16
)

of better controlling the deflections of the beam as it
imposes upwards deformations.

The Vierendeel frame comprises horizontal top and
bottom chords and vertical web members (Figure 3c,d).
This design achieves stability through rigid connections
between the members. Contrarily to the typical pin-
connected truss, in which elements are only axially
loaded, the members in a Vierendeel frame experience
bending, shear, and axial forces.”* The system is usually
employed with reinforced concrete but can also be used
with structural steel. A Vierendeel beam is heavier than
an equivalent truss equally loaded so its popularity is not
attributed to structural efficiency but rather to the archi-
tectural and mechanical integration that the system pro-
vides. The absence of diagonals makes it suitable for
storey-height construction without significant obstruction
to openings.

2.2 | TRUSS

Trusses are lighter in self-weight than concrete girders
and can transfer loads over large spans. They are used in
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a broad range of structures and can also be found acting
as transfer structures in buildings. As trusses are open
web structures, this system provides better integration
with architecture and mechanical systems than an equiv-
alent transfer girder. In fact, by increasing the truss depth
to a certain number of floors, its members become so
slim that they can be integrated into typical residential or
office layouts. That is a major advantage of this type of
transfer structure as the value of the net internal areas
far outweighs the differences in the cost of the structure.
There are two main types of transfer system where
the truss concept is applied: the transfer truss and the
hanger. The first is a normal truss, usually spanning
between RC walls or columns, and receiving load from
the discontinued columns at node locations, as illustrated
in Figure 4. The hanger transfer structure, on the other
hand, is also composed of axially loaded members but it
is a simplification of a normal truss, as it is only com-
posed of an inclined member in tension and a bottom
horizontal element in compression (Figure 5). The clear
distinction between these two transfer structures was
motivated by the differences in the complexity of the
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systems, the materials used, and the types of connections
and design procedures involved.

2.3 | INCLINED STRUT
The inclined strut is a transfer system that gradually
migrates vertical load from the application point to the
supports. It can appear in the form of an inclined col-
umn, a walking column, and a wall or a deep beam.
Inclined columns may be made of structural steel, rein-
forced concrete, or composite systems, whereas walking
columns and deep beams are always concrete elements.
Adopting inclined columns is a way of transferring
vertical load from one column location above to a differ-
ent support location below. The eccentricity of the trans-
ferred load causes an out-of-balance moment that cannot
be neglected, and, therefore, in order for the system to be
in static equilibrium, a set of horizontal forces are
required. This system can be applied to attain a small
adjustment in the column locations, stepping the column
positions incrementally over a number of floors to
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|

(c)

FIGURE 4 (a) Transfer truss scheme; (b) The Standard Hotel, New York, USA; (c) Art's Business & Hotel Centre, Lisbon, Portugal;
(d) gravity loads path through the transfer truss in the Art's Business & Hotel Centre (Source: 2, Google)
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FIGURE 5 (a)Hanger TS (two possible arrangements); (b) HSBC Main Building, Hong Kong, China; (c) FPM 41 Building, Lisbon,
Portugal; (d) gravity loads path through the hanger transfer structure in FPM 41 Building (Source: *, Google)
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FIGURE 6

(a) Structural system of the Grosvenor Place, Sydney, Australia; (b) 160 East 22nd Street Building, Manhattan, New York,

USA; (c) inclined column view during construction of the 160 East 22nd Street Building; (d) 150 North Riverside Plaza, Chicago, USA;

(e) inclined columns of the 150 North Riverside Plaza (Source: Google)

FIGURE 7

achieve the overall desired offset, or to undertake major
transfers (Figure 6), being a critical element of the whole
building structure. In the first case, the lateral forces
induced by the load eccentricity can often be resisted by
tension and compression of the slabs at floor levels, and
the system relies on the diaphragm action of the latter to
distribute the lateral forces to the shear walls. In the sec-
ond case, a specific structure to deal with the pull and
push forces generated is usually required.

A walking column is a tied-back shear panel transfer
system in which the vertical load is shifted laterally by
means of a vertical concrete wall loaded essentially in
shear (Figure 7a,b). A tie at the top of the panel and a
compression strut at the bottom (or vice versa), both con-
nected to the building's main lateral load-resisting sys-
tem, restrain the moment induced by the eccentricity of
the gravity loads. This structural system is completely
equivalent to that of an inclined column since the
inclined strut, similar to the inclined column, is devel-
oped within the concrete wall. This design is widely

= T

(a) Beetham Tower, Manchester, UK; (b) walking column system at the Beetham Tower; (c) walking column at the
56 Leonard, Manhattan, New York, USA; (d) deep beam in the Brunswick Building, Chicago, USA (Source: Google)

applied to achieve small adjustments in column location,
as shown in Figure 7c.

Finally, a deep beam is characterized by having a
relatively small span-to-depth ratio, generally below
3-4." It has a shear dominant behavior instead of a flex-
ural dominant one, characteristic of normal beams. Deep
beams are widely used as local transfer structures to
interrupt a single column, however, they may also be
employed to redirect load from several columns, as illus-
trated in Figure 7d. Contrarily to the inclined column
and walking column schemes, this system does not rely
on external elements to achieve stability.

24 | PLATE

A plate is a three-dimensional solid whose thickness is
very small in comparison with the other dimensions, and
it is characterized by receiving load only transversely to
its plane. The plate concept can be employed to create a
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transfer structure that takes the form of a reinforced
concrete transfer plate or a transfer grid. Transfer
structures are used when an adjustment in the structural
layout of the building is required, and particularly in the
cases of transfer plates or grids, the supporting system
may change significantly from the upper structure to the
podium.

A transfer plate is a thick reinforced concrete slab
that can redirect loads in more than one direction and,
therefore, is particularly suitable when a radical change
in the building grid is required. This solution provides
great flexibility to the architect and the structural engi-
neer to modify the supporting system and the vertical
load path. In high-rise buildings, the transfer plate is usu-
ally placed between the tower and the podium, 20-30 m
above ground level. The upper structure often accommo-
dates offices or residential units whereas the podium
floors house other functional spaces such as a shopping
mall or a lift lobby, which require large column-free
areas. Buildings with a transfer plate are usually com-
posed of a shear wall system in the upper structure,
mega-columns below the transfer floor, and the only con-
tinuous vertical element is a central core. Therefore, the
transfer plate admittedly participates in the lateral load-
resisting system, as some of the transferred members may
attract significant lateral loads.

As the transfer plate usually extends the entire build-
ing footprint and has a thickness of up to several meters,
it is a massive concrete structure with substantial self-
weight and large amounts of reinforcement, as illustrated
in Figure 8. Post-tensioning of the transfer plate is an
effective way of reducing the reinforcement quantities
and the plate thickness and improving the cracking and
deflection behavior.”' The reduction of the plate thick-
ness, and thus of its self-weight, is also advantageous for
the falsework system which has to support a lighter
structure.
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The transfer grid (Figure 9) is a variant of the transfer
plate system. Instead of being a continuum concrete slab,
it consists of an assembly of reinforced concrete beams,
usually in two orthogonal directions. While the transfer
plate can redirect loads in virtually any direction, the grid
system is not so versatile as it is restrained to beam direc-
tions." However, the transfer grid has the following
advantages over the transfer plate: it provides free space
between the beams that often accommodates mechanical
or electric installations; its structural behavior is clearer
and easier to model; and it is a lighter structure, which
has direct implications for the design of the falsework
system. The beams are usually prestressed to reduce
depth and reinforcement quantities.

2.5 | ARCH & TIE
The arch and tie structural systems are commonly used
due to their efficiency, reduced self-weight, long-span
capability, and ability to withstand lateral movement.
This type of structure is usually required to span long dis-
tances and does not need to hold significant loads, unlike
in general buildings. However, although it is not com-
mon to see arches and suspension systems in buildings,
these elements can, in fact, be used as transfer structures.
Figure 10a,b presents two examples where the arch trans-
fer system was employed, representing a defining feature
of the buildings. Likewise, Figure 10c shows a building
where the tie element was applied as a transfer structure,
which may be referred to as a suspension system.
Reactive forces will develop at the arch or tie ends,
which have both vertical and horizontal components. A
basic design issue is whether to support the horizontal
thrust involved directly through the foundations or to use
a supplementary horizontal compression strut in the case
of the tie or a tie-rod in the case of the arch. Designing
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and detailing; (d) Langham Place's transfer plate, Hong Kong, China (Source:

(a) The Pacific Place, Hong Kong, China; (b) structural system of the Pacific Place; (c) Pacific place's transfer place layout

14,21
)
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FIGURE 9 (a) Saint Gabriel Tower in Lisbon, Portugal; (b) Saint Gabriel Tower structural system'; (c) Atrium Saldanha Building;

(d) Atrium Saldanha floor layout (Source: *7)

FIGURE 10
Minnesota, USA (Source: 1 71%)

the foundations to absorb both vertical and horizontal
thrusts may not be practical due to the significant hori-
zontal forces involved; hence, this solution is rarely used.
In most cases, the horizontal thrusts are then resisted by
compression struts or tie-rods.

3 | KEYCONSIDERATIONS ABOUT
THE STRUCTURAL DESIGN OF
TRANSFER STRUCTURES

3.1 | Serviceability requirements

The deformation of a transfer structure must be carefully
assessed since a large part of the building (and sometimes
the whole building) depends on it. As a guiding principle,
a transfer structure should ideally lead to deflections sim-
ilar to those that would occur if the vertical elements
were continuous (or, in other words, if there was no
transfer structure). This may be achieved using post-ten-
sioning, but in most cases, the transfer structure will
deflect, and deflection criteria must be settled. In general,
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(a) Broadgate Exchange House, London, UK; (b) Ludwig Erhard Haus, Berlin, Germany; (c) Marquette Plaza, Minneapolis,

building codes refer span/250 as an appropriate limit
value for the vertical deflections of beams and slabs, for
the quasi-permanent loads.® Furthermore, span/500 is
normally an adequate limit for deflection after construc-
tion, meaning the deflection which occurs after the addi-
tion of partition and finishes. Currently, there is not
much guidance as to the deflection limits for transfer
structures, although it is commonly accepted that their
design should follow more severe criteria than normal
beam or slab elements. This can be achieved either by
imposing stricter limits or by designing for a more severe
load combination, such as frequent loads or characteristic
loads. Despite this, the serviceability criteria for global
transfer structures must be specified for each project and
agreed with the client.

Additionally, dynamic effects must be considered in
any structure to ensure that vibrations do not impair the
comfort of the users or the functioning of the structural
members. The great variability in vertical stiffness and
mobilized mass makes some transfer structures extremely
susceptible to vertical excitations. Therefore, the effects
of human-induced vibrations must be controlled, and the
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vertical component of the seismic action gains additional
importance, which is not common in building struc-
tures.”* In the first approach, vibration control can be
achieved by ensuring that the frequencies of the natural
modes of vibration are kept above or below appropriate
levels, which depend on the function of the structure and
the source of vibration. Possible sources of vibration
include walking, synchronized movements of people,
ground-borne vibrations from traffic, and wind action.
When a structure is subjected mainly to pedestrian traf-
fic, 5 Hz is often assumed as the minimum frequency of
the vertical mode of vibration of a floor structure to
ensure satisfactory behavior.' However, if the frequency
of the vertical mode of vibration is indeed below 5 Hz,
this does not imply that problems will arise regarding
users’ comfort. In this case, an appropriate analysis must
be carried out to explicitly assess the effects of human-
induced vibrations. This analysis will often involve
modeling human action (such as walking or synchro-
nized jumping) and the measurement of vertical accelera-
tions or other related parameters.**

3.2 | Deflection compatibility
The long-term differential shortening between the sup-
porting elements of a transfer structure may be regarded
as a support settlement from the perspective of the trans-
fer structure. In tall buildings, long-term differential
shortening may result in distortion of the horizontal ele-
ments and cracking in non-structural elements. This phe-
nomenon is even more serious for transfer structures, as
these usually possess large flexural stiffness. Thus, the
design of the transfer structure must include the effects
of differential shortening between the supporting ele-
ments, when these are found to be significant. Both elas-
tic shortening and the shortening due to creep and
shrinkage should be accounted for. If not specifically mit-
igated, the imposed forces and bending moments due to
this differential settlement can become very large, espe-
cially in high-rise buildings. Since designing the transfer
members and connections for these additional antici-
pated forces is a considerable penalty, minimizing the
effect through the adequate conceptual design of the
solution (regarding the sizing of the TS supporting ele-
ments), proportioning (relative stiffness of the TS), con-
struction sequencing, special detailing, or other methods
is a worthwhile effort.” Construction techniques such as
floor-by-floor construction and construction schedules
have a substantial influence on the amount of differential
shortening.’

Additionally, the support that a transfer member pro-
vides is not as stiff as a regular column. In other words,

ﬁb | 1077
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the flexural stiffness of a suitable transfer beam or truss
for a given situation is much lower than the axial stiffness
of a concrete column, for example. This condition should
be properly addressed during the analysis and design of
the structural members above the transfer level. The
deflections of the transfer structure will lead to a redistri-
bution of loads on the upper structure of the building.
Therefore, allowance should be made in the design of the
supported structure for the deflection of the supporting
members. This will normally involve the design for set-
tling supports and may require continuous bottom rein-
forcement at transferred columns. As for the analysis of
the upper floors, care should be taken if the structural
model above the transfer structure is analyzed separately
with the assumption that the supports offered by the
transfer structure are rigid. If the deflections of the trans-
fer structures are found to be significant, the load redistri-
bution should be carefully examined. In addition, staged
construction analyses should be carried out to correctly
assess the differential settlements of these “softer” col-
umns in order to adequately reinforce the slabs.

3.3 | Seismic action and design

The conceptual design of buildings with global transfer
structures in seismic regions must be carefully planned
and ensure that the transfer structure does not jeopardize
or impair the seismic design of the building. This can be
achieved providing that the transferred elements are
completely secondary, meaning that their contribution to
resisting the seismic loading is negligible. Ideally, the lat-
eral load resisting system should be practically the same
above and below the transfer structure, as all the primary
elements must be continuous in elevation and the trans-
ferred elements are secondary. The discontinued ele-
ments should provide only vertical support and have
insignificant lateral stiffness and shear and flexure resis-
tance. Notwithstanding, these elements and their connec-
tions must be designed and detailed with appropriate
ductility to maintain their load-bearing capacity under
the displacements imposed by the seismic action.

Given that the discontinued vertical elements should
not have any relevant shear capacity, the transfer struc-
ture itself should not participate in the seismic resisting
system by transferring lateral load. However, there are
situations where the interaction between the transfer
structure and the primary supporting elements does play
a role in resisting lateral loads. This is the case, for exam-
ple, when a very stiff transfer structure spans between
two primary vertical elements with fixed supports, creat-
ing a frame behavior, as illustrated in Figure 11a. Like-
wise, Figure 11b shows the outrigger effect that the
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FIGURE 11
buildings with transfer structures not covered by

Examples of structural systems of

codes; (a) frame effect; (b) outrigger effect

(b)

transfer structure may also induce by engaging a central
core with the perimeter columns. If a building has several
transfer levels along its height, it is possible to take
advantage of the former effects, as the primary vertical
elements and the transfer structures work together to
form a vertical Vierendeel frame or a multiple-level out-
rigger system, respectively.

Soft-storey seismic provisions in building codes limit
the permissible variation in stiffness or strength from sto-
rey to storey. The use of global TSs in buildings may
result in the creation of soft-storey mechanisms because
the transfer level is in general significantly more stiff and
stronger than the storey below.>® This apparent contra-
diction is solved through an adequate conceptual design
of the whole building. In fact, the mentioned code
requirements are intended to avoid a uniformly stiff or
strong structure having a soft or weak storey, where
deformations would concentrate resulting in an early col-
lapse of the building under the seismic event. However,
transfer structures should create the opposite situation: a
uniformly stiff or strong building that is additionally stiff-
ened and strengthened at the transfer level. That is
achieved by providing that the transfer structure is con-
nected to at least one primary vertical member that pro-
vides the majority of the inter-storey stiffness.

In addition, prescriptive code seismic requirements of
strong column-weak beam are intended to avoid the
undesirable phenomenon of all columns in a storey yield-
ing and developing hinges at top and bottom, potentially
leading to storey collapse. In a building with a transfer
structure, the strong column-weak beam provision does
not appear necessary or appropriate at the transferred
elements because the primary uninterrupted elements
already provide a continuous strong spine desirable for
favorable seismic performance. The strong column-weak
beam philosophy should apply only considering the
strong primary elements as the columns and the transfer

structure as the beam, checking that the transfer struc-
ture does not develop forces large enough to cause the
failure of the primary elements under the seismic event.
Therefore, the discontinued vertical elements may
develop plastic hinges at the top or bottom of the transfer
level, but storey collapse cannot occur as long as the pri-
mary elements are standing.

Regarding the seismic design of the transfer structure,
in general, seismic design according to codes is based on
elastic analysis methods using global force reduction fac-
tors to address buildings with distributed stiffness and
strength. However, current codes do not cover all struc-
tural types, and buildings incorporating global TSs often
present structural systems that do not fit in any of the
categories prescribed, as illustrated in Figure 11. In fact,
in such buildings, different structural elements of the
lateral-load resisting system might have very different
ductility capacities and demands. For example, coupling
beams between RC walls may experience high demand
from storey shears and require high ductility, while trans-
fer structures are usually designed to remain elastic
under the largest seismic event required by codes. The
choice of the force reduction factor for use in an elastic
analysis must be adequately defined and justified. How-
ever, there may not be any rational and defensible way to
derive such a factor for a given building. In fact, regard-
ing high-rise or complex structures, it is simply not
appropriate to design the building for the elastic seismic
load effects reduced by a global force reduction factor, as
this method cannot predict, either accurately or conserva-
tively, force, drift and acceleration responses in building
frame systems that undergo significant inelastic action.*
For tall buildings, minimum base shear is typically
greater than shear determined by linear elastic response
spectrum analysis. As a result, the effective force reduc-
tion factor in prescriptive design should be lower than
the value indicated in the building code for that
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structural system.'®> Therefore, code prescriptive design
procedures may not be appropriate for complex structural
systems. Non-linear time-history analyses as part of a
Performance-Based Design approach are recommended,
which can demonstrate adequate behavior of the transfer
structure by showing it remains elastic even under large
seismic events.” As an alternative, the capacity design
philosophy may be applied to the design of the transfer
structure to ensure elastic behavior under all seismic
loadings.

3.4 | Robustness and disproportionate
collapse

Transfer structures are often regarded as critical elements
for the overall stability of the building. As global TSs are
major elements of the structure and play such a big role
in the vertical load-bearing system, considerations of
robustness and disproportionate collapse are key to their
design. The resistance to disproportionate collapse is
achieved through providing the structure with adequate
robustness, designing it to be able to redistribute load
when a load-bearing member suffers a loss of strength or
stiffness and to have ductile global failure modes, rather
than brittle ones. There are four basic approaches to
design for robustness in structural engineering, which
are common to all the codes around the world*: (i) tie-
force based methods; (ii) alternate load path methods;
(iii) key element design; and (iv) risk-based methods.
Building structures are generally categorized into the
four risk classes (Classes 1, 2A, 2B and 3), and for each of
these classes, design criteria for meeting the robustness
requirements are prescribed in codes.* Large transfer
structures such as concrete plates, grids, or steel trusses

FIGURE 12
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are usually present in tall buildings, which are classified
as Class 3. The design for the robustness of buildings with
global transfer structures will often involve a systematic
risk assessment of the structure, as recommended for
Class 3 buildings. However, there is little practical guid-
ance available on the expectations for risk-based
methods. Notwithstanding, as a minimum requirement,
buildings with transfer structures should be no less
robust than Class 2B buildings, and the alternative load
path and key element design methods should be applied.
The alternative load path methods are always preferable
over the key element design and should always be priori-
tized in dealing with disproportionate collapse.* For
example, Figure 12 illustrates the application of the alter-
native load path method through four scenarios involving
the sudden failure of different critical members, and
Figure 13 showcases some of the results obtained in
terms of axial force and vertical displacements of key
members for selected scenarios. However, since transfer
structures are often single elements, the notional removal
approach is unlikely to be a viable design strategy in
many cases. Thus, the design of transfer structures and,
as importantly, of their supports, may be based on the
key element design. It should be stressed that the key ele-
ment design as prescribed by codes might be insufficient,
and transfer members that are vital to the stability of a
large part of the structure should be designed for the
loads arising from all normal and abnormal hazards, as
predicted through a comprehensive risk assessment.

3.5 | Construction sequence

The structural behavior of a building, comprising its
response in terms of movements, variations in internal

Tllustrative representation of scenarios considered in a disproportionate collapse analysis: (i) failure of upper chord, lower

chord, and diagonal of the central longitudinal truss in the cantilever area (ii) failure of upper chord, lower chord, and diagonal of the lateral
longitudinal truss in the cantilever area; (iii) failure of upper chord, lower chord, and diagonal of the central longitudinal truss in the central
span area; (iv) failure of upper chord, lower chord, and diagonal of the lateral longitudinal truss in the central span area
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forces, moments and stress distributions, and development
of locked-in forces will gradually change during and after
the construction due to varying loading conditions and
time-dependent properties of the materials such as concrete
creep, shrinkage and aging, and tendon relaxation. There-
fore, especially in tall buildings, it is highly recommended
that a construction-staged analysis is performed to accu-
rately estimate the final geometry of the building and the
forces the elements must resist at each stage of construction.
The effects of the construction sequence may be extremely
important for the design of transfer structures due to the
comparatively large stiffness of these elements and the
sequential built-up of stiffness of structural framework
above the transfer level.'” Only through a staged construc-
tion analysis will the load transfer history be correctly incor-
porated into the design of a transfer structure.

A comparative study between a staged construction
analysis and a conventional lumped analysis'’ based on a
25-storey building with low-level transfer beams esti-
mated that sequential analysis leads to increments of
about 30% in both the deflections and the bending
moments and shear forces on the transfer beams. This
conclusion shows that the effects of the construction
sequence cannot be neglected and demonstrates the
importance of performing a staged construction analysis.

4 | CONCLUDING REMARKS
Extensive research on buildings with transfer structures
all over the world has been performed. Based on more
than 100 examples that were analyzed,'® a rational typol-
ogy of existing transfer structures was developed based
on their structural system, and the following conclusions
may be drawn.

Regarding the materials employed, any type of trans-
fer structure can be materialized with either concrete or

steel, although there appears to be a preference for a cer-
tain material in each type, as demonstrated in Figure 14.
For example, transfer structures within the BEAM,
INCLINED STRUT, and PLATE types are mostly made
of concrete or prestressed concrete, whereas structural
steel is more popular for the TRUSS and ARCH & TIE
types.

This is related to the structural behavior of each
transfer system, since concrete is clearly predominant in
flexion or shear-dominant structures (BEAM and
PLATE), and steel is preferable for axially loaded ele-
ments (TRUSS and ARCH). It is interesting to note that,
within the TRUSS and ARCH & TIE types, composite
steel and concrete solutions are quite common, contrarily
to the other types of transfer structures, in which one
material seems to be dominant.

The evolution of transfer structures over time is
represented in Figure 15. From the analysis of this fig-
ure, it is noteworthy that some types of transfer struc-
tures were more popular in past decades and others are
currently more widely employed. For example, most of
the buildings within the BEAM type were built in the
1960s and 1970s and there is only one representative
example from recent years. In contrast, buildings using
the TRUSS system are increasingly more common, and
the majority of the examples shown are subsequent to
1990. Examples of the ARCH & TIE type are relatively
scarce, but there is no recent application of this system,
and the INCLINED STRUT and PLATE types do not
appear to be more common in any specific time period.
It is clear that the ARCH & TIE schemes are particu-
larly suitable to achieve long-span transfers. Further-
more, the overall most common type of transfer
structure is the TRUSS and, judging by the past two
decades, it seems that this scheme is going to prevail
over the other types of transfer structures in the near
future, and reaching for bigger spans.
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In conclusion, transfer structures provide a means of
redirecting gravity loadings when a vertical supporting
member has to be interrupted and a direct load path to
the foundations is not possible. The need for TSs is evi-
dent, as adjustments in the structural grid are required
for the most varied reasons, and the combination of sev-
eral functionalities in the same building is increasingly
more common. Discontinued vertical members often cre-
ate unusual engineering and construction challenges
(e.g., logistical challenges related to sequencing, erection
of heavy elements, as well as formwork complications),

and it is up to the structural engineer to conceive a trans-
fer solution to provide the vertical support needed. The
choice of transfer structure and the material employed is
ultimately dictated by several factors such as design
requirements, the building's needs, industry know-how,
market rates and conditions, and construction consider-
ations. Thus, transfer structures may exist under virtually
any form, the only limit being the designer's creativity.
This paper presents a review of the principal structural
systems employed as TSs in buildings and provides an
overview of technical background information necessary
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to understand and address key issues associated with
transfer systems use.
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