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Abstract

The Atlantic Yards B2 Modular Residential Tower will be the tallest volumetric modular building
in the world when completed in early 2015.

In January 2011, Forest City commissioned an integrated team of architects (SHoP), engineers
(Arup), and construction specialists to develop a modular construction system suitable for a
residential building that was being concurrently designed assuming conventional concrete flat-
slab construction methods. The goal: develop a modular approach resulting in improved quality
and cost savings compared to the conventional scheme.

The team developed a process and a modular system that maximizes work in the factory

and minimizes work in the field. The system consists of modules that are shipped to site

with structure, interior finishes, facades, and MEP systems complete. Connections between the
modules have been designed to minimize the on-site workers'impact on the finished apartments.

Keywords: Modular Construction, Prefabrication, Tall Building, Atlantic Yards
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Why Modular?

The Atlantic Yards development is envisioned
to include 15 new residential towers with

a total of 6,400 new apartment units,
approximately half of which are affordable
housing. The masterplan and land use
agreement for the development was
completed in 2006. With the onset of the
financial crisis in 2008, the developer faced
falling rents and rising construction costs. In
addition, it had made commitments to bring
the affordable housing online according to a
set schedule, use union labor for construction,
and spur economic development by creating
jobs in Brooklyn. Under these circumstances,
it was difficult to make the economics of
conventional construction work.

In January 2011, a conventional reinforced
concrete flat-slab framed building
design was already underway. Given the
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considerations noted above, the client decided to hire a team of
consultants for a 16-week project investigating a modular approach.
The goal: develop a modular design and a set of documents for price
comparison against conventional bids.

SHoP Architects was the design architect for both the conventional
and modular schemes. Arup was brought on board for structural,
MEP, fire and life safety, acoustics, security, and IT engineering and
consulting disciplines.

At the time, although modular construction had been used extensively
in low-rise applications, there were few precedents for volumetric
modular approaches for projects over 6 stories. The tallest was a
24-story apartment tower in Wolverhampton, UK. The challenge for the
B2 modular design team was to develop a new modular construction
methodology and system that was optimized for the construction
market conditions in NYC, capable of withstanding the loads associated
with going 32 stories tall, and would deliver quality with union labor at a
price competitive with conventional flat-slab construction.

Itis worth clarifying the difference between prefabrication and
volumetric modular construction at this point. Various buildings,

and many much taller than B2, have used prefabrication to varying
degrees. Almost all tall buildings use curtain wall panels. Some use
precast concrete. Modular construction is a style of prefabrication
wherein complete portions of a building are assembled in a factory
and delivered to site where they are assembled together to create a
building. Generally, if the pre-assembled component has walls, floors,
ceilings, and at least some of the finishes and services complete, then it
is volumetric modular construction.

Project Basics

The B2 program consists of approximately 350,000 square feet [32,000
sq meters] of predominantly rental residential apartments. The

tower massing is broken into 3 major “blocks’, with a recess “reglet”
between them to give scale to the building and avoid appearance of a
monolithic extrusion. The reglets are accentuated by a combination of
setbacks, cantilevers, and differences in facade (see Figure 1).

The ground floor consists of residential lobby and retail spaces, as

well as the Dean Street entrance to the arena. A 90ft [27.5m] transfer
girder spans over this arena entrance to support 19 stories of modules
above. The substructure is constructed conventionally with reinforced
concrete perimeter walls, base slab, and steel floor framing with slabs
on metal deck. The sub-cellar level contains a locker room to support
the arena; the cellar level is primarily filled with incoming utility service
rooms and other central plant rooms.

The basic layout of the typical apartment floor plate follows the classic
central double-loaded corridor bar type building typology (see Figure
2). Floors 12 through 32 are all residential apartments.

Modular Layout and Constraints

The basic floorplate is divided into modules that can be efficiently
fabricated and fit out with systems and finishes prior to shipping to site.
The largest floorplate has 36 modules per floor, generally arranged one
on each side of the central corridor (which is included in the northern
module). The building contains 930 modules in total. Studio apartments

SHOPHE 41 2 4 BT Bl Bt ACHE £ Gr ik AT Fuad ik it . B4 (Arup)
WEM. N, BHEE, F¥. ZR. TENIBAFEE L
Wikt T,

TAAEE, REERUEIFECE ZNARKEEAL,
ERBLVERFINAZAGE, EHBELEHNER L, Tx
ER/R KRG T4 ENE ARSI T RTINS

o B2 IR A S A LT B BA T AT B A PRk T 81— 3
BAE AL T A, B AR LR E SRS, TApE 4
ERKRREANBES ITREZToF INERN A ESRERT T
FH T RBREDNTHNERE LT,

ER—REE, T FHMAREER BT ETRAN. 2XEH
WA, HERUBATHNEAEMAETRRE AL I M4
e, JUFRTRE RS A REER, TIALERARA TSR
BEBREER. BRETRERAN N DETEHAEL B
HlE Rk, REZHIAGH R, RELELRRTENEN. BEEX
B, wRENFHERECHET. B, BTUARALEAE £ 8
Wk, XHHETTAREERALET,

Figure 1. The building massing is broken into 3 distinct building blocks with a recess
and setbacks. (Source: SHoP Architects)
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Figure 2. Typical modular floor plan with 36 modules per floor. (Source: Arup)
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Figure 3. Interior rendering of one-bedroom unit. (Source: SHoP Architects)
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typically consist of one module, one-bedroom units two, and two-
bedrooms three. The elevator core and stairwells are also constructed
modularly, with the cabs and rails finally set and plumbed on site.

Transportation requirements limited the size of the individual
modules. Typically, each fits within maximum dimensions of 15ft
[4.5m] width, 50ft [15m] length, and 10.5ft [3.2m] height, allowing
for “wide load” shipping on public roads. These limits work quite well
for rental apartments, where living rooms are typically 13ft [4.0m)]
wide and bedrooms 11ft—12ft [3.4 -3.7m] wide. The interior layouts
are such that the tenant might not know that the building was
constructed with modular methods (see Figure 3). Although some
modules approach 15ft [4.5m], the team kept them under 14ft [4.2m]
when possible, as New York prohibits shipping of modules over 14/
[4.2m] during rush-hour traffic.

Module size was also influenced by crane requirements. On B2, the
tower crane had a 26.5 ton max lift capacity. Module weight ranges
from approximately 7 tons for the smallest and lightest to 24 tons for
the heaviest. Modules farthest from the crane were made smaller in
order to fall within the specific lift limits at that crane radius. Modules
closest to it are heaviest.

Building massing variation along the height, and the desire to have a
wider range of unit types, resulted in 225 unique module structure types.

With variations in piping and facade, many of the 930 modules are unique.

The project can be thought of more as a development of a process
than the design of a specific module that will be stacked on great
scale: mass customization rather than mass production. Details
and methodologies are consistent, but each module is very much
constructed to its own design.

Modular High-Rise Structural System

The building’s base is constructed conventionally, with reinforced
concrete basement slabs and perimeter walls, steel-framed cellar
and ground floors, and a conventional steel-framed plinth level
above the ground floor that provides a level platform on which to
start stacking modules.
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Figure 4: Module Chassis (Source: Arup)
Figure 4. Module Chassis (Source: Arup) structural system. (Source: Arup)
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The basic building block of the modular system consists of a fully welded
steel-framed chassis (see Figure 4). The side of the modules acts as a
welded vierendeel truss spanning between corner columns, where

the module columns below carry the weight of all modules above.

The modular columns are typically 6"[150mm] square tubes with plate
thicknesses varying up to 1 %2"[38mm] as built-up sections at the base of
the tower. The module bottom chords are typically an 8"by 4" [200mm

x 100mm] structural tube, the top chord is typically 4" by 4"[100mm x
100mm], and the intermediate posts are 2" by 3" [S0mmx75mm]. At
locations with walls along the side of the module, thin-gage diagonal
strapping has been utilized to minimize deflections and steel weight. In
other instances, hallways or doors must pass through the side of a module
and the vierendeel panel must resist the shear without diagonal assistance.

The module floor system consists of 6" by 3" [150mm x 75mm] tube steel
purlins supporting 2" [50mm] metal deck running in the long direction
of the module. A 34" [19mm] layer of cementitious particle board acts

as the subfloor, and is followed by a V4" [5mm] layer of resilient acoustic
padding and floor finishes (typically hardwood flooring) to complete the
floor buildup. Each module has its own roof, with a 1"[25mm] metal deck
supported by 3"[75mm] tube steel roof purlins. Two layers of 5/8"[16mm]
gypsum wall board are hung from the underside of the ceiling purlins to
complete the ceiling assembly and provide membrane fire protection to
the floor and ceiling members. The total floor—ceiling sandwich for the
modular solution works out to be only 1'5"[430mm]; clear ceiling heights
of 8%6"[2.59m] are achieved with a 9'11"[3.02m] floor-to-floor spacing.

There is no concrete in the modules, making the system quite light
relative to conventional flat-slab construction. On average, the modular
solution weighs approximately 65% of a conventional RC flat-slab
building. The significant reduction in superstructure weight was
monetized as savings in foundation quantities and transfer steel.

Once the finished modules are shipped to site, they are stacked on
the plinth and connected both vertically and laterally to adjacent
modules. The roof of the modules acts as the lateral diaphragm and
carries wind and seismic loads across the floor plate to a series of
braced frames. Two braced frames are positioned in each primary
direction and tied together at the roof level with a hat truss (see
Figure 5). The modules carry their own gravity loads to the ground,
but lateral loads are carried wholly by the conventional braced
frames. The braced frames are primarily stiffness governed.

The building has a bi-directional set of two 100-ton tuned mass
dampers to limit accelerations under wind events to the ISO criteria

/ Hat Truss
LB

Building Setbacks
ARRE

E-W Braced Frames
/ E—WH# %

N-S Braced Frames
/ N—sH %
Dean Street Transfer
7 aEh AR

Building Massing
Typical Modules
BRI E R

& JE Plinth ~

Basement and

Foundation
s RS

ES

Figure 5. B2 Modular Structural System (Source: Arup)
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Figure 6. Fabrication phasing. (Source: Arup)
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for residences. While TMD's are not very common for buildings of only

32 stories, the low mass of the modular system, in combination with
building orientation and an acute cornered massing, resulted in baseline
accelerations such that adding damping proved to be the most cost-
effective means of controlling accelerations and achieving occupant
comfort criteria. The benefit of the low mass of the building meant

that significant supplemental damping (~+5.0 - 6.0% in all directions
including torsion) could be achieved with only 2-100 ton TMD's. 10 year
accelerations at the worst point on the building combining both x, y, and
torsional effects are now at expected to be at 14.9 milli-g.

Although a reinforced concrete core design with steel modules placed
around the core was initially considered, the steel-only solution was
deemed superior in order to minimize the number of trades on site
and ensure compatible tolerances between all systems. The long-term
deflection characteristics of concrete relative to steel would have made
connection of the two disparate systems complicated. In the steel-only
option, a single subcontractor can be responsible for geometric control
of both the module fabrication and conventional steel-braced frame
erection. The stacked and connected modules are capable to maintain
stability under service conditions without the assistance of the braced
frames. The sheer number of columns and minimal gaps between
modules also ensures a very redundant load path should any single
module column be lost. Tension connections between module columns
have been designed in accordance with NYC integrity provisions to
further enhance resistance against progressive collapse.

The decision to use the module roof as the diaphragm was based

on the project maxim of finishing as much of the apartment in the
factory as possible and minimizing potential for on-site activities to
damage the finished apartments. With the roof acting as diaphragm,
the primary structural connections between the modules can be
done from outside the apartment units, avoiding the risk of doing
heavy steelwork in a finished apartment. This proved to be one of the
keys to the phasing puzzle.

Module Fabrication and Fit-Out

Steel Fabrication

The module chassis are fabricated at Banker Steel in Virginia. A series
of three-dimensional jigs are used with setting pins to ensure tight
geometric control. The long sides of the modules are welded together
first; floor purlins are connected to complete the box. Lastly, the metal
deck floor and roof are pinned to the purlins and the 34" cementitious
particle board subfloor installed.
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Figure 7. Module chassis arrives to factory for fitout (Source: Arup)
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Figure 8. Factory layout. (Source: Arup)
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Figure 9. Modules on pedestals in factory for fit-out. (Source: Arup)
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At this point, the modules are loaded onto a truck for shipment to
FCS'Brooklyn factory for fit-out. The crane pick points on the modules
utilize a lifting lug designed to bolt down to the same connection
angles that are used onsite to bolt the modules together.

Module Fit-Out Work in the Factory

The factory follows a multi-step process to maximize fabrication and
fit-out efficiency (see Figure 6). The module frames arrive at the FCS
Modular factory in the Brooklyn Navy Yard and are typically stored until
the prior floor module’s fit-out work is complete (see Figure 7). When
the factory is ready for the module frames, they are brought into the
factory via a reach stacker, and an overhead gantry crane or wheel

lift is used to transport them to the work areas. The work areas, called
"group technology workcells’, consist of a group of 6 to 8 modules
placed adjacent to each other in a geometry that matches exactly

the positioning of the modules on site (see Figure 8) so that workers
can visually align finishes and systems across module matelines. The
geometric controls for the pedestals in the factory use the same
setting pins that match both the geometry of the steel fabricator’s jigs
and the final setting pins used in the connections on site. This ensures
that module frames have met the required tolerances and all fit-out
work can be performed with confidence.

The project approach gains efficiencies by maximizing prefabrication
and pre-assembly. By the time the module frame shows up at the
factory, a number of pre-assembled kits, ranging from wall frames to full
bathroom pods, will be ready for immediate installation in the module.

Wall panels and ceiling gyp boards are placed first (see Figure 9). Light-
gage stud-framed wall panels are placed between posts, supporting
two layers of 5/8" gypsum wallboard on each side of the module. When
combined with the equivalent wall or floor on the adjacent module,
the module perimeter walls, ceilings, and floors provide both the
required fire separation between apartments and the membrane fire
protection for the module steel members.

When the perimeter walls and ceilings are complete, the pre-
assembled bathroom pod (see Figure 10), complete with tiling,
fixtures, plumbing, wiring, etc, is inserted. This greatly reduces the time
required to complete the module, as the nature of the wet work and
complex plumbing inherent in the bathroom pods require more time
to produce than other finishes.

The MEP systems are arranged such that vertical risers service each stack
of modules with all sanitary drain and vent piping, hot and cold potable

Figure 10. Framing, fixtures, and plumbing installed in bathroom pod. (Source: Arup)
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Figure 11. Completed bathroom in factory with accessible pipe riser backing into
central corridor for access to make mateline connections in the field. (Source: Arup)
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Figure 12. Module ready for shipment to site with weather protection and facades
installed. (Source: Arup)
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water, and heating hot water, located typically as part of the bathroom
pod and placed so that the riser backs up to the central corridor, where
it can be accessed for site connections from the one area in the module
that won't be finished to completion in the factory (see Figure 11).

In conventional construction, architects and MEP designers typically
locate bathrooms back to back so that a shared riser can be used. In
modular construction, it pays to break this rule so that the riser can be
accessible from an area that is less time-consuming to fit out in the
field. If the risers were shared, the finished bathroom would require a
leave-out in the tiling to allow for field access to the riser to make the
connections. The money saved on the single riser is wasted on the field
labor needed to redo the time-intensive tiling work.

Once the perimeter walls and bathroom pods are installed, the MEP
systems branch out from the riser at the bathroom pod to service
the rest of the apartment. A packaged terminal air conditioning unit
is installed in the facade and serviced with electric power for cooling
and boiler hot water for heating.

Each apartment is wired to a single apartment panel. There will be a set
of circuits for each module in a multi-module apartment. “Quick-connect
plug systems are used to connect the circuits in the adjacent modules to
the module with the apartment panel."Home-run” wiring is precut and
coiled for shipment in the module for the connection back to the central
meter room, which will be completed when the module is set on site.

"

Prefabricated curtain wall panels are also installed on the modules

in the factory. These panels are prefabricated at MG McGrath in
Minneapolis and shipped to the FCS factory in Brooklyn, where they
are attached to the module with high precision. A compression gasket
is fitted all around the perimeter of the curtain wall and compressed to
form a seal when set next to and on top of the adjacent modules.

Once the apartment finishes are completed in the factory, each
module is weatherproofed for shipment to site with an EPDM roof
membrane at every module level and a perimeter Tyvek vapor barrier
(see Figure 12). The wheel lift brings the modules from the group
technology work cells to a storage area outside the factory where the
modules will await shipment to site.

Site Erection

As the small site can store only enough two or three modules at a time,
modules are effectively delivered “just in time” — making the close
proximity of factory and job site critical. Two stories of braced frame
are erected in advance of the module erection. The braced frames

are prefabricated so that only minimal bolting is required on site. The
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Figure 13. Module erection on site. (Source: FCRC EarthCam)
F13. A 3k # T I %k (R JE: FCRC EarthCam)
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central “ladder” section with the link beam over the central hallway is
welded in the shop and shipped as a single piece for easy erection in
the field. When the module arrives on site, a single tower crane lifts

it into position and places it on setting pins attached to the module
below, which control the geometry of the current set. The module can
then be taken off the hook (see Figure 13). The roofs of the modules on
the level below provide a safe work platform for the steel workers, who
handle the guide ropes and ensure that the module is placed correctly.
After a number of modules are set, workers walk across the roofs and
install the mateline bolted connection plates that tie the modules
together and back to the braced frames.

At the time of this writing, only six modules are being erected per
day. Factory production rates rather than erection speed have proven
to be the limiting factor. The actual lift process can take as little as

10 minutes per module. Considering trucking restrictions, delivery
logistics, and rigging, it would be entirely feasible to erect 12 modules
and associated braced frames in a normal workday. With 36 modules
per floor, this could equate to a floor every three days!

Mateline Work

A few floors below the active structural erection, carpenters and MEP
trades are working through the modules to connect up the MEP
risers, link the apartment electrical systems to the electrical bus duct
riser located in the central core area, and splice together the sprinkler
system. Once the MEP systems are connected, workers will complete
the architectural finishes at the mateline areas and ensure the fire
protection membranes are complete.

Benefits

More of a process than a product, the modular system designed for
Atlantic Yards B2 is versatile enough to be employed on a wide variety of
projects. Modular construction can provide significant advantages over
conventional construction in terms of worker safety, neighborhood impact,
consistent workplace location, and productivity in all weather conditions.

Closing Statement

This design and construction methodology is likely to play a significant
part in the future of tall buildings and vertical urbanism. Driven by
cost and schedule pressures and enabled by technological advances
and labor cost differentials, modular construction is likely to prove an
important tool for housing the world's increasing urban populations.
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