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Manhattan Loft Gardens, London = Project focus

Introduction
Manhattan Loft Gardens (Figure 1) is @ 143m tall,
42-storey, residential tower located in Stratford
), adjacent to existing high-speed
A JU‘-‘t north of Westfield Stratiord City
2). The tower was designed
by Skic ore Owin igs & Merrill (Europe) LLP (SOM)
architects and structural engineers, and built by
Bouygues UK for Manhatian Loft Corporation.
V5L International was the post-tensioning
specialist contractor.
The tower structure is formed integrally with
a sever-storey podium structure that houses
8-key hotel and amenities. The tower
-and-a-half-siorey
artment layouts, but is

tting through the building at leve
7-10, again at levels 25-28, and from level o}
the roof.

The architectural form of the tower was arrived
at by removing three triangular volumes from an
otherwise straight rectangular extrusio

ach notch eliminates half of the

lumns on two sides of the tower,
giving it a seemingly improbable and structurally
precarious silhoustte,

The dramatic tower form and notches are
made possible by a unigue system of hybrid
steel perimeter trusses and post-tensioned
concrete outrigger transfer cant:lw er structul

The ar r“hrtcuru.re is orgdrnsed around the idea of
a vertical community and is intended to promate
social interactions amo > residents. The
double-cantilevered tower design celebrates the
three sky gardens in which residents can meet.
These gardens provide a range of shared opan
spaces that provide spectacular views of the
Londaon skyl

Overall stability of the tower is provided primarily
by the central reinforced core wall, with additional
stiffness resulting from the interaction between
the post-tensioned outriggers, beft trusses and
perimeter columns,

Above each sky garden, a one-storey-deep,
steel, perimeter belt truss cames the gravity load
of the columns from up to 15 storeys above "up
to the next notch level or roof). The belt tr
are, In turn, carried by four [.'.lall-: of post- tuna,ar\ned
concrete outrig hat emanate from the central
core (Figures 5-7). The asyrmmetry of the notch
arrangement and the resulting unbalanced load
had the potential to cause the building to drift
laterally during construction, and the multiple
load paths cau by the outrig asUt ina
redundant, albeit highly indeterminate structure.

To minimise adverse lateral gravity drifts and
to ensura a predictable load path, a specific
construction sequence was developed as part
of the structural design. This ensured gr:
loads were introduced in a balanced manner to
gach set of outriggers and provided a high level
of determinacy by ring that most of the self-
weight grawvity load w: ;
the outriggers back to the core,
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These structural design choices, which
related to and - to some degree — dictated the
construction sequence, eliminated potentially
complex corrections and adjustments during
construction and allowed the tower to be
constructed in a simple and largely conventional
manner.

This article primariy presents a description of
the towers structural design, with a focus on the
design of the unusual post-tensioned outrigger
and construction sequence.

Site and history
The building is located immediately north of
Westfield Stratford City and directly to the east
of Stratford International rail and underground
station, in the heart of one of London's fastest
growing districts. Since the 2012 Olympics, this
area has seen marked growth in residential,
retail and office developments, as well as major
transport connections to central London.
Before the development of the high-speed
rail network, the site was largely industrial, with
a profusion of rail sidings and engine sheds
occupying the space where the Manhattan Loft

Gardens tower and surrounding buildings are now
situated (Figure 8). "

With the land subdivided as part of a large-
scale outline planning application that consisted
of several dozen plots earmarked for a range
aof developments, with density and heignt limits
defined, the Olympic Village construction project
commenced in 2007. Following the Olympics, the
apartment blocks for athletes were sold as privaie
residential units and the district became known
as East Vilage. The Manhattan Loft Gardens is
the tallest tower in the district, sitting just under
the +150m ACD (abave ordnance datum) level
dictated by the proximity of London City Airport's
control zone.

Manhattan Loft Corporation, with designs
prepared by SOM, won planning approval for the
tower in October 2010. RIBA Stage D design
work began and completed in 2011, Further
design work stalled for a short period once it
became clear that security access restrictions
introduced for the Olympics would prohibit any
significant site activities or construction until after
the games.

The project was tendered on Stage E
information in October 2013, after which
the preferred confractor’s proposals were
incorporated into the final design. Bouygues
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P AFIGURE 3: Architectural concapt

concrete, formed inside temporary sheet piling, to
retain approx. 3.5m of earth below ground level. A
Grade 3 basement, in accordance with BS 8102',
was achieved with a combination of gas and
waterproof membranes, waterproof concrete, and
by limiting concrete crack widths.

The 42-storey tower is founded on a piled raft,
UK won the project and started construction in which measures approx. 30m by 30m in plan, and
February 2015, with the continuous flight auger is 2500mm thick to directly support the central
(CFA) bearing pile construction and the installation  core and buttress walls. The raft distributes the
of the temporary perimeter sheet piled retaining loads from the tower walls and columns to the
wall and propping works. piles. The fop of the raft is set about 1.5m below

The tower and hotel superstructures topped out  finished ground level, to limit excavation depths
in December 2018, and the residential component  adjacent to a multistorey car park, which has its
reached practical completion in April 2019, with piled foundation and above-grade framing virtually
the hotel opening in May 2019, abutting the eastern end of the site.

Given the nature of the structure, where many
of the columns have been remaoved, the primary
lateral stability element is the central core, which
at 11m by 10m in plan is very small for & 143m
tall building. Buttress walls were added through
the seven floors of the hotel, to stiffen the bottom
section of the core. This simple system reduced

Foundations and substructure

The foundation system consists of a 350mm
thick, fully reinforced basement slab formed over
individual pile caps and ground beams within the
hotel podium area to the west of the main tower.
The basement walls are 300mm thick reinforced
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€FIGURE 2: Site consiraints: plan
view of Olympic park and high-
speed rall line (looking northeast)

lateral drift during construction and reduces
wind drift in service. It also distributes the tower's
vertical loads at the extremities of the piled raft,
s0 that ‘dishing’ (the tendency of the centre of
the raft, under the core, to deflect more than the
perimeter) of the raft is limitad.

There is no net tension at the base of the
buttress or primary core walls and the connection
between the walls and the raft consists only of
standard compression reinforcement dowel bars.

There are approx. 34 piles of 750mm or
900mm diameter below the hotel, and 88 piles
of 1200mm diameter below the piled raft. The
capacities for each pile diameter were provided
by the specialist geotechnical engineer and all
piles were constructed using the CFA method,
in accordance with the detalled specification
prepared by High-Point Rendell (HPR) and to the
ICE piling specification?. At this site, the London
clay layer is quite thin and is underlain with Thanet
sands, so all piles were taken roughly 1-2m into
this stratum. The piles were designed to utilise
bath skin-friction (in clay) and end-bearing (in

Thanet sands).

Another major consideration of the foundation
design was the proximity of the Channel Tunnel
Rail Link Stratford Box, which is 10m away
and parallel to the southern edge of the tower.
The 1800mm thick retaining walls cantilever
vertically for approx. 12m above the rail base, and
Network Rail’'High Speed 1, as the owner of both
the multistoray car park and the Stratford Box
structures, was very concerned about the impact
the new tower would have on the condition and
performance of these assets.

Initial geotechnical studies were carried out
by Caoffey Geotechnics, with additional design
validation and temporary works design complated
by HPR, which completed a range of additional
studies and reporting to verify the impact on the
adjacent structures.

Initial two-dimensional (20) studies sought to
demonstrate the comparative moments and shear
forces on the cantilever walls both in their existing
condition and as a result of the tower construction
(Figure 9). As such, a staged analysis was
completed where each step in the construction
phase was sequentially added, with results
reporied at each step.

The presence of Thanet sandz at a shallow
depth, and the offeet distance of the tower from
the wall, indicated a maximum wall mavernent at
the tip of approx. 15mm (height / 800), which was
deemed acceptable. In practice, surveys showed
movements of not greater than 10mm.

Wind tunnel testing

Awind tunnel test was carried out by BMT to
obtain wind pressures on the building. Two
scenarios where tested: one with a proposed
new tower, which would have been slightly taller
than Manhattan Loft Gardens, present quite close
by ta the north; and one without the proposed
tower. In fact, during construction of Manhattan
Loft Gardens, the proposals for the northern site
changed and two slightly shorter towers were
built, topping out at a similar time. No further

WFIGURE 5:
Transfer ievel structure
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COMPONENT KEY

1. Reinforced Gongcrete Gore Wall
2. Steel Balt Truss UC 356 Mamber
3. Post-Tensioned Concrete Outrigger
4. Six No. 37-Strand Post-Tensioning Tendons
5. Steel Belt Truss Connection

Node & Quirigger Stressing Point

COMPONENT KEY

1. Steel Belt Truss

2. Upper Transfer Structire

3. Post-Tensioned Conorete Ouirigger
4, Aeinforced Concrete Calumn, Typical
5. Lower Transfer Structure
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studies have been done to reassess the effects
of these towers, as the difference in the results
with and without the tower was negligible.

The wind force values for all relevant
directions were extracted and the results
wera imported into a finite-element analysis
program. Several load combinations were
included for both scenarios and all wind forces
were applied at each level of the structure. A
non-linear p-delta analysis was conducted to
assess the lateral stability of the building. Due
to the structural thicknesses required at the
outrigger zones, core thicknesses needed to
be larger than normal, so the lateral stability
results showed that the tower is relatively stiff
compared to many towers of this height, in part
due to the presence of the low-level buttress
walls. The primary core walls are 900mm thick
up to the first outrigger level, 750mm thick up to
the second outrigger level, and 400mm thick up
to the roof level. The analysis showed that wind
actions do not control the design of the lateral
stability system.
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Post-tensioned outrigger
transfer system

The tower's sky gardens are three
storeys high, extending from level 7-10
on the southwest half of the tower and
from level 26-28 on the northeast half
of the tower. At each of these locations,
11 of the tower's 24 perimeter columns
are interrupted and column loads are
completely transferred back to the
central core wall.

The transfer system consists of eight
post-tensioned outrigger walls emanating
from, and concurrent with, the central
core (Fig. 5). These, in turn, support a
perimeter steel belt truss. The post-
tensioned outrigger walls are nominally
one storey deep, but the lower portion
of the walls extends an additional 1.7m
below the level 10 and 28 slab levels,
bringing the total outrigger depth to

5.5m. AFIGURE T: Qutrigger
post-tensioning
tendons and anchorage
through belt truss node

Each outrigger cantilevers approx.
9m from the central core wall to the
perimeter column line and carries the
vertical load from up to 15 storeys
above and the weight of three perimeter
columns (per outrigger). The outrigger
walls are typically 750mm thick, but
increase in thickness to 1300mm near

and to 1700mm at the connection to the
steel belt fruss node, 4

The typical concrete strangth was
G40/50 for the core walls; at both
outrigger levels, the concrete strength
was C80/75 for the walls and outriggers.

[tis notable that the outrigger system is limited
o a depth of one fioor, and even more remarkable
that all four pairs of outriggers at each transfer
level are situated between and around residential
apartment units,

In most tall buildings that utilise outriggers
(typically, for lateral stability), an entire floor or a
double-height fioor is given up as saleable space,
being used instead for mechanical equipment or
storage because the bulk and complexity of the
outriggers obstruct normal usage.

I the Manhattan Loft Gardens tower, however,

COMPONENT KEY
the connection to the main core walls, 1. Concrete Core Wall
2. Six No. 37-Strand Post-Tensioning Tendaons
3. Conerete Golumn

. Post-Tensionad Concrete Outrigger

5. Steal Belt Truss UG 356 Member

6. Embedded Steel Column Stub

7. Machanical Reinforcement Couplers

all the floor space at the fransfer floors, except
for one small bay at level 28, was utilised for
residential units. This allowed the developer

to maximise the efficiency of the tower, but
presented a major challenge to coordinating
senvices and circulation at these levels.

Most notably, the residential use of the transfer
required large, 2.7m tall, rectangular door
apenings in the outriggers to accommodate
cormidors, at the structurally disadvantageous
location of maximum shear transfer between the
outrigger and core. The resulting discontinuity in
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€FIGURE &
Post-tensioned outrigger
ion and section

the shear transfer from the outriggers
to the core required substantial
thickening of the walls above and
below the opening and careful
consideration of the pour sequencing

Each of the eight outriggers at
a transfer level carries an ultimate
concentrated load at its tip of up
to 13.5MN. The outrigger acts like
a cantilever deep beam with the
upper portions of the beam attracting
tension and the bottom compression,

To counteract and balance the
tension force, six, multistrand, high-
strength, post-tensioning tendons
were introduced. Each of the six
tendons consists of 37 individual
strands made up of wires with a
1860MP breaking strength, giving a
total breaking load of about 10.3MN
per tendan.

The tendons were arranged to
pass through and directly against
the steel belt truss connection node
(Figs. 5-7). With this arrangement,
the post-tensioning served a dual
purpose: allowing the tendons to both
stress the concrete outrigger and help
secure the connection between the
steel truss and outrigger.

The tendons for each outrigger
are located in two horizontal layers
and are offset vertically so they can
interlace as they approach the core
wall. One row of tendons for the
outriggers spanning north—south
passes over and through the tendons for the
outriggers spanning east-west.

At the corners of the core, 12 large post-
tensioning tendons pass in close proximity to
mild reinforcerment for the longitudinal and vertical
outriggers, as well as significant reinforcement for
the cora wall. Avoiding congestion and collisions
in this zone of the core wall required careful
coordination and detailing of avery reinforcing
element (Figures & and 10).

The decision to introduce post-tensioned
outrigger elements was advantageous in

#hsom

and shear transfer mechanism (Fig. 6).

minimising and controling deflections. Initial
structural schemes for the tower transfer system
considered trussed structural steel outriggers,
embadded in the main core walls, to lighten the
structure and introduce more open space that
would facilitate routing of services.

While the steal truss outriggers were feasible
from & strength perspective, the resulting vertical
deflections were not negligible and would have
required corrections to the slab construction
elevations, as wel as additional monitoring, survey
and alignment procedures during construction.

In contrast, the use of post-tensioned concrate
outriggers resulted in small deflections due to the
much larger stifiness of the concrete elements.
More importantly, deflections that occurred
during construction were counteracted with each
incremental tensioning of the outrigger tendaons.

Just after completion of the outrigger levels, two
of the six tendons in each outrigger were stressed
and the fips of the outriggers moved up by
approx. 4mm. After this initial stressing, five floor
levels of concrete construction were built above,
and the tips of the outriggers deflected downward.

At this stage, two more of the six tendons
were stressed, five more floors were built, and the

AFIGURE

Manhattan Loft Gs

process was repeated until all six tendons were
fully stressed and the 15 concrete floors above
were complete,

Upon completion of the floors carried by the
outriggers and final stressing of all six tendons, the
elastic deflection of the tips of the outriggers was
approx. 3-4mm upward, Subsequently applied
loading and the resulting long-term deflections of
the outriggers were minimal, and are expected
ta bring the tips of the cutriggers to the neutral
position.

Due to the negligible outrigger deflections,
no special corrections or unusual curtain wall
connections were required - the construction
above the outriggers was, for all intents and
purposes, tha same as any flat-slab and reinforced
concrete-frame residential construction; tolerances
were no different than for a conventional building
of similar height (these conclusions were arrived at
through rigorous sequential analysis discussed in
the next section).

Constructability considerations
The greatest challenge in designing the post-
tensioned outriggers was not the analytical
maodelling and engineering design per se, but

KFIGURE 9 2D Plaxis model
plot of vertical deflection
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rather designing for practical considerations and
in & manner that ensured the outriggers could be
built easily without undue fime and complexity.

Given that the outriggers are integral with
the primary core walls at the transfer levels, a
conventional design and detailling approach would
have required pausing and disassembly of the
fower core’s jump-form construction to allow
placement of the outrigger post-tensioning and
reinfarcernent. This approach would have resutted
in significant additional cost and time.

Working together with Bouygues UK, SOM
engineers instead designed the outriggers to be
constructed after completion of the main core
walls, and thus allowed the jump form to advance
above, and concurrently with, the outrigger
construction. This approach was made possible
by leaving out large portions of the core walls at
each corner during the initial jump-formed pour
(Figure 11). These large 'leave-outs’ at the corners
were the full thickness of the core and thus
provided a full-depth shear and bearing interface
betwesn the outriggers and core. The leave-outs
were formed in the normal jump-forming sequence
by infroducing ‘stay-form’ to isolate comers, while
allowing the reinforcement, post-tensioning ducts
and couplers to pass through the pour joint.

Placement of the outrigger reinforcerment, post-
tensioning ducts and steel belt trusses required
cooperation between concrete and steel tracles.
Additional time was neaded to place the complex
outrigger reinforcement. This consisted of dense,
conventional, vertical shear reinforcement, typically
25mm hars, extending the full 5.5m depth of the
outriggers, and 32mm and 40mm longitudinal
bars.

The large shear forces in the outriggers and
anti-bursting reinforcement requirements for
the post-tensioning strands suggested densely
spaced, closed shear ties; howsaver, such an
arrangement would have been difficult to install in
the field. Alternatively, using a series of overlapping
U-bars for shear reinforcement would have
resulied in a doubling-up of congestion at the
face of the outriggers. The final design utiised a
combination of closed ties and U-bars, longitudinal
laps and mechanical couplers to reduce
congestion,

The final reinfarcement detailing was
determined to alow simple, sequential placement
of each bar. To ensure the constructability of
the outriggers, each piece of reinforcement was
modelled in 3D by SOM and the model was usad
to ‘walk through' the construction sequence,
identify conflicts and verify detailing choices (Figure
12). The 30 modelling of the reinforcement was
also beneficial for locating holes and mechanical
reinforcement couplers in the structural steel, all of
which had to be precisely fabricated by the steel
contractor,

At the outer ends of the cutriggers, the post-
tensioned elements connect to the perimeter steel
belt trusses. The location of this interface cccurs
where the post-tensioning tendons would typically
be stressed. Rather than attempting to avoid this
collision (loy moving the post-tensioning stressing
points inwards, away from the truss, for exampls),

3 SOM engineers embraced the concurrence of
& these two systems as an opportunity to simplify
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AFIGURE 12: Model of outrigger reinforcement to demonstrate reinforcement placement sequence

and enhance the connection between the steel
truss and allow easy access o the post-tensioning
tendlons.

The layout of the post-tensioning holes in the
steel truss node was dictated by minimum tendon-
spacing requirements and the truss node geometry
was configured to be as compact as possible
given this constraint. The truss nodes consist of
two, shaped gusset plates, each in the same plane
as the belt truss flange members, connected by
stiffening plates and hollow round tubes through
which the post-tensioning tendons pass,

The post-tensioning strands first pass through
larger 360mm holes in the outer plate and a round
steel tube connecting the two plates; they bear
directly against the annular space around smaller
215mm holes in the inner shaped plate.

The longitudinal outrigger reinforcement is also
mechanically coupled (threaded) directly to the
back side of the inner shaped truss connection
plate. The space between the inner and outer truss
node connection plates is filled with concrate, as
13 the space directly below the truss node, so that
the truss node and outrigger form one contiguous
compaosite elemeant.

By post-tensioning through and against the
steel truss node, the truss is securely connected
directly to the concrete outrigger by (among other
mechanisms) the tremendous friction force that
resuls from the steel truss node bearing against the
outrigger (Figure 13). Furthermore, the steel truss
node serves as a large stiffening and anchorage
plate for the tensioning strand termination and helps
to distribute the anchoring forces evenly across a
larger area of concrete than could otherwise have
been achieved with conventional post-tensioning
anchorage terminations.

Finally, the direct mechanical connection between
the truss node plate and the longitudinal outrigger
reinforcernent provides additional confinement
1o resist bursting forces in the vicinity of the
anchorage. The hybrid steel-truss-node and post-
tensioning anchorage connection is therefore truly
stronger than the sum of its parts.

Steel belt trusses

A continuous steel belt truss connects to and
spans between the post-tensioned outriggers. It
cantilevers approx. 9m from the tips of the concrete
outriggers out to the cormers of the tower. The steel
belt trusses are nominally one storey deep (4.05m
between the centres of the truss chords) and inhabit
the space between levels 10 and 11 and levels

28 and 29. The trusses are located just inside the
building envelope, and the diagonals pass directly in
front of the glazing.

The steel belt trusses utilise standard, wide-
flange, UC 35€ rolled shapes up to a maximum
size of 340kg/m. The strong axis of the members
was oriented horizontally, as is typical in bridge
construction, to simplify the connections by allowing
flange forces to be transferred through shared
gusset plates.

All field connections were mads with 27mm,
grade 10.9, high-strength friction bolts. The 27mm
polt size was the maximum-diameter bolt that
could fit in four rows across the width of the UC
3566 sections and was chosen to minimise the
connection sizes. The steel truss was designed and

AFIGURE 14:
Interior view of
steel belttrusses

detailed to be functional, compact and elegant, but
no special considerations were given to aesthetics
or alignment with architectural finishes, as it was
originally intended to be clad.

In the original architectural design for the transfer
floors, the steel truss diagonals were to be boxed
out with plasterboard and wood and enclosed to
match the typical interior finishes.

However, on seeing the structural outrigger
and steel belt fruss elements taking shape, the
owner, Harry Handelsman, took a liking to their
unadormed industrial character and directed
a last-minute design change so that the steel
trusses would remain exposed to view, along with

KWFIGURE 13
Concrete-to-steel
connection

the outrigger truss concrete. This design change
required intumescent fire proofing of the steel with
a high-grade finish, but otherwise the original truss
detailing choices remained unchanged.

The character of the outriggers and belt trussas
inspired the design of the apartment interiors at
the transfer floors and the final interior design
celebrates the structural engineering design that
supports the tower's improbable geometry (Figures
14 and 15).

Construction sequence and staged
analysis
The presence of the sky-garden notches and

57
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the associated colurmn transfer structures posed
an engineering paradox. If the columns under
one side of the outrigger and belt trusses were
built in & traditional bottorm-up sequence and the
outrigger and belt truss transfer system initially
sat atop of, and engaged half of, the columne
below, the transfer structure would be stiffer. But
subsequent gravity loading of the core would be
asymmetric and would result in lateral drift of the
tower (the tower would tend to lean, as more lnad
would go into the core on the side with the notch).

In principle, it would be possible to predict
these deflections and make corrections during
construction; however, a corrective approach
would add complexity to construction and it would
be difficult to accurately predict such movements.

Compounding these challenges, the resulting
structure would be highly indeterminate - the
partion of vertical load transferred by the truss,
versus the amount that would pass directly
through the truss to the columns below, would be
nearly impossible to predict accurately. It would
depend on the relative slifiness of the truss system
versus the axial stifiness of the columns, all of
which would be effactively changing with time as
the building changed during construction and the
concrete elements crept and shrank.

To eliminate thase challenges and uncertainties,
SOM engineers chose to transfer not just half the
columns, but all the columns at each outrigger
level. By transferring all the columns, the outriggers
and belt trusses were loaded in a balanced,
uniform manner and the resulting deflections
were symmetric and predictable. Loads on one
half of the cutriggers balanced the loads on the
other half, the core was evenly loaded, and the
tower did not deflect laterally during the initial
construction.

Ensuring that all colurmns were transferred was
accomplishad by designing a temporary gap or
‘leave-out’ into the columns just below the belt
trusses. The columns below the belt trusses
were not initially poured (and the encased steel
column connaction and mechanical reinforcement
couplers were initially left disconnected;

Figure 16). During construction, a 50mm gap

was visible and the width of this gap was visually
menitored to ensure no load was transferred to

the column stubs below the belt trusses (Figure
17). No special survey, monitoring or measurement
of the outrigger deflections was required during
construction, but the gaps at the embedded steal
calumn connections served as a tell-tale: it unusual
movements were to ocour, it would be readily
apparent locking at these connections.

After the level 10~11 transfer structure was
completed, conventional concrete post-tensioned
slab construction proceeded atop the outrigger
platform for levels 12-25. At this point in the
caonstruction, 100% of the dead load from levels
10-25 was transferred into the core walls and no
column connections were engaged below level 10,

The process was repeated above level 25: the
level 28-29 transfer structure was first completed,
and then levels 30-36 were again built as
conventional concrete construction (Figure 18],
with no column connections below level 29. Upon
completion of level 36, two fiers of floors were
fully transferred to two transfer systems and no
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columns were engaged the full height of the tower.

The seguence described above was fully
documented and described in SOM's construction
documentation (Figure 19). Thus, the contractors
means and methods were prescribed to some
degree by the engineering design.

Above level 38, where the highest sky garden
is located, the tower is cut back to a triangular
extrusion and continues up to the roof level (42)
only on the northeast side. The centre-of-mass of
the structure above level 36 is thus offset to the
northeast and construction of each level of floor
above level 36 caused the building to lean slightly.
To minimise this lean, the decision was made to
‘lock up' and completely connact the 22 columns
below each outrigger,

At this stage, the majority of the gravity load
for the tower was already transferred through
the outriggers. Upon initial 'locking up' of the
columns, no additional load was carried by these
columns, but the building’s lateral system was
suddenly stiffer, as each transfer floor now formed
a partial outrigger by engaging 13 of 24 perimeter
columns. This additional lateral stiffness reduced
the tendency of the building to lean while levels
37-42 were constructed.

In this manner, only balanced, symmetric
gravity loads were applied to the disconnected
outriggers, resulting in initially symmetric
deflections. Asymmetric gravity loads (from level
37-42 construction) were applied to the structure
with connected outriggers so that their ability to
resist lateral drift was mobilised.

As discussed previously, the loading of the
structure from levels 37-42 - and due to all
subsequent wind and imposed gravity loads — is
highly indeterminate. It is not easy to predict how
much load will be carried by the outriggers and
how much will go directly through the trusses into
the columns below.

To account for this uncertainty, several
different construction and loading sequences
were analysed to consider the effects of delayed
column lock-up and variations in the timing of
the cladding and superimposed dead load, The
worst-case forces resulting from these scenarios
were used for the final design.

In addition to different loading sequences, load
combinations were considerad with reduced
superimposed dead loads to capiure scenarios
where gravity load would be beneficial (i.e. to find
the worst-case tension in columns just under the
outriggers).

Because the structure is indeterminate and
the load path could vary greatly depending on
the construction sequence, the final member
design represented an envelope of different
construction and loading scenarios. For example,
the design of a lower perimeater column controlied
by compression is governed by the scenario
where the columns are locked up as intended, but
the superimposed dead load is applied late, so
that more superimposed dead gravity load goes
directly through the columns.

The design of a steel belt tfruss member is
typically governed by the segquence where the
superimposed dead load is applied early, before
column lock-up, so all the superimposed dead
load must be transferred through the steel trusses.

|
s

AFIGURE 15: Interior view
of post-tensioned concrete
outrigger and steel belt truss
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Column reinforcement for columng directly
below an outrigger is typically governed by the
temporary tension condition where there is little or
no compression in the column (nitially), but wind
or asymmetric gravity loading causes tension in
the columns due to the partial lateral outrigger
action of the transfer floors.

At these locations, where wind-cutrigger-action-
induced column tension could exceed gravity load
compreasion, all the colurmns were detailed with
mechanicaly coupled splices that helped ensure

& 3 a robust tension load path (Figure 20). Columns

$ that might encounter tensile forces are typically
% just under the outriggers, where gravity floor loads
are smallest.

For an indeterminate structure like the
Manhattan Loft Gardens tower, where load paths
are sensitive to construction sequence, linear
static analysis (or even non-linear, non-staged
analysis} often leads to erroneous results, The
load in any member in the structure can only
be determined by tracing a specific staged
construction history. Each analysis run represents
a very specific sequence of construction and
loading events and the results from different load
cases cannot be combined or superimposed

= independently of the build and load sequence.
3 This presents challenges for applying load factors

S48 and calculating creep and shrinkage effects.

The approach taken was to run separate
service-load (SLS) and ultimate-load (ULS) staged
analyses (and usually several of each). In the
SLS scenario, the member self-weights were
added in the sequence the members were built,
and imposed and wind loads were incrementally
added to, and then removed from, the completed
structure in the staged analysis run. The same
approach was used for ULS loads, but with the
appropriate factors applied at the time the loads
were applied,

@  The staged analysis results provide a record

«49 of the load in a member as it changes with time

NFIGURE 19: Prescribed
construction sequence

@ Piles, MAT, Foundation + Basement @ Core Walls up to Level 10

()

Manhattan Loft Garde

Erect Lower PT Qutriggers
Post-Tensioned Outrigger Truss Wall

Hotel Structure + Butress Walls,
Columns, Slabs to Level 9

(&) CastPTsiabs AtLeveis 1011 (7)) Core Wals up to Level 28 Columns + PT Slabs up to Level 25

Erect Upper PT Qutriggers Erect Upper Steel Belt Cast Slabs Level 28-20 Pour Core Walls up to Columns + RC Slabs up to
Post-Tensioned Qutriggers @ Trusses @ Level 36-37 @ Level 36
Truss Walls

Connect Columns to Trusses

Complete Core Walls @ Fire Stair Core Walls + RC
Below Levei 10 and 28

et Hanging Loft Levels 25, MEP. Flgor Finishes, Fit-Out
up to Roof

Slabs and Columns up to Roof 265,27
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| Seenatio 12
already includes systemns that allow the removal 5
of columns. The connection of the outrigger ‘

transfers to (half) the columns below brings

further redundancy and allows multiple load

paths. For example, any one column at any ‘

location in the tower can be removed: the load

that was formerly carried in compression can ‘

e hung in tension from the column above and

taken up to the outrigger level above. |
The belt trusses allow redistribution of loads

between columns and make the structure

more reslient. It was shown that even in the

extraordinary circumstance (well beyond any

DESIGNING FOR HOW A
STRUCTURE IS TO BE

BUILT IS AS IMPORTANT
AS DESIGNING WHAT IS

Scenario &

code requirement) that an entire post-tensioned f To BE B U I LT

outrigger experienced a shear failure, the steel s | B 5 o wosed ; Sunshat

belt truss could redistribute load to the adjacent | | . -

remaining outriggers and prevent collapse | HIECEESeEEEE NN | eiiiieemeemaeee—eeee

(Figure 22) { SOM STRUCTURAL DESIGN TEAM L
. Scgnanald.. T >, Scenario 3 -| Structural Design Partner:

Conclusions oA e William F. Baker

| Structural Project Leaders:

Gardens demonstrates that an ambitious S
Dmitri Jajich, Stuart Marsh

architectural design (Figure 23) is not
il incompatible with cost constraints and

-| Structural REVIT Technician:

|
The successful completion of Manhattan Loft ‘

and changes in the building state. To calculate It is typically not the absolute movements, but constructability. The engineering analysis t | - Christopher Parau
the relative deflections in the colurmnns and floors the relative racking movements between adjacent  carefully accounted for the uncertainties inherent Scenario? o 3| Structural Project Engineers:
i supported by the outriggers, for example, an glass panels that can be cause for concam. The in a highly indeterminate structure and adopted Scenariol Lo Max Cooper, Austin Devin
: SLS staged construction sequence was run that location of the greatest racking movement on an overall envelope approach to structural = 3 R
followed the anticipated build sequence and Manhattan Loft Gardens is between the tips of design. s - e — sl = == e i ! Inhouse technical review:
the time at which cladding and superimposad the belt trusses and the tips of the outriggers. This The hybrid post-tensioned outrigger and | i ncction o s N ‘ﬂ; Portion of outrigger removed from model to = Fmid dolsscr
loads were applied. For each floor and cladding was estimated to be about 10mm over 9m or belt truss transfer design provided balanced | SRR that have been removed 4 MMUILG RS Tallire ]
aftachment point, the deflections occurring L/900 (Figure 21). platforms on which to stage conventional Bujnatemiis L e ACKNOWLEDGEMENTS
b subsequent to slab construction, but up to concrete residential frame construction. The | scenarios considered
i cladding installation, were computed and Robustness and redundancy transfers were integrated into and around )
summarised in a movement and tolerance report The seemingly unstable form of Manhattan Loft residential floors and the structural design added ;' / y 4 P, The authors are grateful to
provided to the frame contractor and cladding Gardens might suggest a structure that is less to the value and appearance of the apartments. | r,-" F - Manhattan Loft Corporation - Harry
contactor. robust than a standard building. But, in fact, the Perhaps most important to the project’s v F o Handelsman, Chris White and
These movements were required to ensure that  presence of the transfer structures provides a success was the engineers' focus on simplicity F Phil Goodyear - for their trust in
] the cladding bracket connections were designed level of robustness and redundancy well beyond  and constructability from the outset of the S0M and their appreciation for the
i to allow sufficient adjustment to compensate for what one would find in & more conventional design. This approach helped ensure the project value of integrated structural and
any deviations from the theoretical that occurred building. could be realised swiftly and without undue architectural design, and also to
h before the cladding was installed. Manhattan Loft Gardens is inherently additional cost and comnplaxity — dasigning for Fradesi: Peraz of Bowpes LK. fr
The deflections that occur at each floor level insensitive to removal of, or damage to, critical how a siructure is to be buit is as important as Toaturing & apirk of seligbortion
R ; : ] T : z between the designers and builders.
subsequent to cladding installation are due to the parts of the structure becauss its design designing what is to be built.

additional loads and the weight of construction
above that gets added to the structure after a
level of cladding is installed, and also due to the
long-term creep and shrinkage of concrete. These
subsequent-to-cladding deflections were also
traced and provided to the contractors - to ensure
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