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| Introduction

basic concepts and techniques that are

effective in the development and construction
of a Lego modeling project. There are numerous
examples of excellent Lego models, but few creations
document the details of their construction, and yet
fewer explain their underlying design principles.
This article will attempt to address the how and the
why of model building.

| prefer to build objects that either physically exist in
reality or have been visually “brought to life” in
motion pictures. The basic design principles
presented here are generally applicable to al models,
whether they are readlity or fantasy-based. It is
important to remember when experimenting in a
creative field there is no right way to do something.
The approach presented here is merely my way of
tackling the art of model building.

The purpose of this article is to illustrate the

The subject | have chosen to present is a model of the
twin towers of New Y ork's World Trade Center that |
built in November of 2001.

Subject Analysis

| cannot over emphasize the following statement:
Know Your Subject. Gather as much data, photos,
history etc. as possible.

A wedth of information about the World Trade
Center is publicly available, much of it as an
unfortunate consequence of the tower’s destruction
by terrorists.

When gathering information concentrate on the
following:

« Dimensions and layout

« Materials and manufacturing

« Functionality

« History (perhaps not as important for model
building as the others but while you are
gathering information you might has well learn
something too!)
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Figure 1: Thetwin towersof theWorld Trade Center

For the World Trade Center, some of the basic data |
gathered included:

« Height to tip of antenna: 1726 ft (WTC 1)

« Height to roof: 1368 ft (WTC 1), 1362 ft (WTC
2)

« Length x Width: 208 ft x 208 ft

« Exterior columns were 18 %4’ wide and set 22"
apart

« 61 exterior columns per face

« Antenna located on the north tower, roof top
observatory on the south tower

« Sky lobbieson the 44" and 78" floors

« Floors: 110

« First super tal building built without any
masonry

« Completed 1973

« Destroyed on September 11, 2001



M odeling Philosophy

Although there are no hard definitions, | tend to make
a digtinction between the terms scale modeling and
mind's eye modeling.

Scale modeling creates a replica of an object by
accurately scaling al the dimensions. This type of
modeling is extremely difficult to pull off with Lego
elements due to their discrete nature.

Modeling with Lego is basically an attempt to make a
discretize model of a continuum. If we start with a
scaling ratio n between the length scale of the object
and the proposed model, then the ratio of volumesis
equal to n cubed.

Finaly if we discretize the volume of our model into
infinitesmally small volume elements denoted by dv
then the volume of the model can be approximated by
summing a sufficient number i of volume elements.

The main difficulty here is while Lego bricks can be
thought of as discrete volume elements, they are not
infinitesmally small, with the smallest lengths of
common parts being on the order of 3mm. This basic
size limit as well as the economic and engineering
implications of assembling massive quantities of
Lego elements place finite limits on how close our
model can approximate the original object. Even the
massive models composed of hundreds of thousands
of pieces at the Legoland® theme parks are not
immune to these physical limitations. Hence it is
nearly impossible to build true scale models out of

Lego, however we can build representative
approximations.
© 2003 J. Spencer Rezkalla Version 1.0
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The goal of mind’s eye modeling is to create a model
which visually matches or exceeds what a typical
person expects to see. In other words, a model that
appears to closely match their own mental image of
that object.

Few people posses a photographic memory. So for
the vast majority, our stored mental image of an
object is really just a collection of simplified
information concerning the key features of that object
and the sizing and scaling relationships of these
defining features. The goal of mind’s eye modeling is
to capture these features in the proper proportions
and adequate detail. It's important to remember that
the human brain can easily distinguish scaling
inaccuracies on the order of 10%.

An example of the mind’s eye modeling philosophy
might concern the architectural elements of a well-
known building such as the number of windows or
arches. A building may have exactly 15 arches,
however a mental image might simply contain the
impression that there are a significant number of
arches and they are related to other features by
particular size relationships. In building a model, we
might be able to substitute 12 or 11 arches as long as
the size relationships between the arches and their
surrounding features are not significantly degraded.
As fewer and fewer arches are used in the model,
eventually the size relationships are impossible to
maintain and a person will recognize that either there
are not enough arches or the model simply just
“doesn’t look right”. The art of mind’s eye modeling
is in determining how much degradation and detail
omission is acceptable to the average viewer.

In summary, mind s eye modeling might be viewed as
an intelligent way to loosen some of the rigid
constraints of scale modeling. | prefer to build
model s based on this philosophy.

A third form of Lego modeling is often referred to as
selective compression. This type of modeling is
similar in philosophy to mind's eye modeling,
however it intentionally and noticeably violates some
of the critical size relationships in order to generate
models that are more economicaly feasible to
produce. Thus these models do not necessarily match
a typical individua s visual expectation, but usually
contain sufficient details to allow relatively easy
identification.



Design Process

After studying the architecture of the World Trade
Center towers, | broke the design down into several
critical visua details.

| then attempted to brainstorm various Lego
modeling concepts to simulate each of these details.
Once | had screened the concepts and established a
set of potential winning designs, | set about to scale
the overall model based on geometric relationships
and the economics of adesign.

Finaly | engineered the structure and assembly of the
winning design.

The next few sections highlight this design process.

Concept Generation

The first phase of modeling is concept generation.
Concept generation involves brainstorming ideas that
could be used to represent the design details critical
to establishing a mind's eye model. Usually some
crude initial estimates have to be made regarding the
overall size and construction of the model since most
hobbyists do not have access to an infinite supply of
Lego pieces. For instance | assumed that my model
would be larger and more complex than merely
stacking a few bricks together but smaller than Sean
Kenney'sincredible six-foot tall WTC tower.

The point of this exercise is to generate creative
modeling solutions. Try to produce solid ideas
without getting bogged down in the small details or
overall complexities of the model.

Important Items to Consider while Generating
Concepts:

« Geometric Relationships — maintaining the
proper proportions between key features is
critical

« Structural Considerations — models should be
capable of being assembled in a structurally
sound manner

« Light and Shadow Effects — these can often be
used to hide or even enhance visual features.

« [Easeof Assembly

« Piece Cost

« Piece & Color Availahility — some parts may not
be available in sufficient quantities or colors
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Critical Design Features

The following sections illustrate some of the
modeling concepts | generated.

Exterior Columns

The external column facade was probably the most
important visual identification feature of the World
Trade Center. Unlike traditional skyscrapers, each
tower had the typical interior load bearing columns
moved to the outer walls. Each face contained 61
load-bearing columns. The columns ran the length of
the building and formed arches at the top and at the
base. At the sky lobby levels the columns protruded
dightly outward and reflected light at a different
angle than their counterparts. This gave the towers
their distinct segmented bands.

Figure2: WTC Exterior Column Fagade

Three potential modeling concepts were generated to
approximate this design feature. These are shown
below in Figures 3, 4, and 5. The steel columns are
modeled in light gray. It is assumed that dark gray
can be used to differentiate the color bands found at
the sky lobby levels.



The first concept is obtained by simply stacking 1x2
brick grilles with their vertical grooved surface facing
outwards.

Figure3: 1 x 2 Brick Grilles Concept

The second concept uses a sideways stack-up of 1xN
plates to aternate color contrast between the gray
steel columns and the windows.

Figure4: 1 x N Plates Concept

The third concept uses 1x2 tile grilles mounted to a
wall of black plates to smulate the columns and the
windows.
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The World Trade Center
Lego® Modeling Concepts

Figure5: 1x 2 Tile Grilles Concept

Each concept has it's own unique set of strengths and
weaknesses. Upon comparison with Figure 2, it might
appear that the 1xN plate concept is the best
representation for the striped facade. Furthermore this
modeling technique has an advantage in the relatively
low piece cost and ease of obtaining 1xN gray and
black plates in bulk. However this concept suffers
from a major flaw. The window and column pattern
is two-dimensional and doesn’'t provide the proper
control of light and shadow that is needed to simulate
the facade. One of the signature features of the World
Trade Center s architecture was how the windows
were nearly invisble from a distance. This is
primarily due to two reasons. First is the shear
number of individual windows (more than 44,000
total). More importantly, the windows were
extremely narrow and were inset of the exterior
columns. When viewed from an angle, the columns
effectively block their neighboring windows and
gave the building its steel textured windowless
appearance. Hence the facade modeling technique
should incorporate three-dimensional textures with
the windows inset of the columns.

The 1x2 brick grilles have an advantage in that they
have a 3-D texture and that each brick has a large
number of ridges (15). Four bricks placed side by
side could simulate the 60 or so columns of the trade
center. The drawbacks to this method are that these
bricks are relatively expensive and not readily
available in large quantities. Furthermore there is no
color differentiation between the windows and the
columns leading to arather dull appearance.



The 1x2 grilles incorporate both a 3-D textured
geometry and color differentiation between the
exterior columns and the windows. However when
mounted to plates, the grilles end up forming a
pattern of aternating thick and thin columns as
shown in Figure 5. Columns of uniform thickness are
required to support the mind's eye modeling
technique.

Figure7: 1x 2 Tile Grille element

The winning technique is a subsequent modification
of the initiad 1x2 tile grille concept. Instead of
mounting the grilles to black plates, the grilles are
attached to 1x1 headlight bricks.

Figure 8: 1x1 Headlight brick element

The bricks are then stacked sideways. This allows the
one stud-wide grilles to be spaced exactly 1/5 of a
stud and alows a uniform 1/5 stud spacing of the
columns. The overall effect is each individua tile
grille represents three steel structural columns and
two inner windows as well as an adjacent window
between thetile grille and it’s neighbor.

This method appears to be costly in terms of the
number of 1x1 headlight bricks required, but there
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are design aternatives available to reducing the
number required that will be explored later in the
engineering section.

There is a trade-off in that the inset ties at the end of
each grille disrupt the black window continuity.
There are few perfect solutions when using Lego!

Figure9: 1x 2 Tile Grille Modified Concept

Entrance Arches

There were twenty-one columns at the base of each
face of the tower as shown in the photo below. Each
of the inner nineteen columns split into three
narrower columns above the lobby level, and
continued up the building.

Figure 10: Archesat the base of WTC 2

A concept incorporating 1x2 clips was created to
mimic these arches. Although these clips do not
diverge into three segments, they are effective in
modeling the branching effect. The clips snap into
IxN plates between the studs and simply rest on a
lower row of 1x1 plates. 1x1 tiles could be used for



the lower row to avoid the protruding stud but will be
considerably more expensive.

Figure 11: A concept for the base arches

Figure 12: Base archesin the model

Ultimately the overal scaling of the width
dimensions of the base of the model will dictate the
number of arches that are required. If the width is
small, then few arches will be used and the
appearance of mind's eye modeling may suffer.
These types of considerations need to be addressed
when deciding on the overall model scaling.

Corners & Roof

The corners and roof of the World Trade Center were
beveled. The roof was flat and contained an
observation deck and helicopter landing pad on the
south tower and a large television antenna on the
north tower.

© 2003 J. Spencer Rezkalla
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Figure 13: Roof and observation deck on WTC 2

A roof concept was generated using 45-degree slopes
to model the roofline bevel. Unfortunately this
method uses square corners modeled with 1x1 bricks.
The corner bevels are not a critical detail for amind’s
eye model. However corners that are visualy
different than the fagcade elements are important. The
use of 1x1 bricks may end up noticeably over-scaling
the corners, but it’'s a tradeoff that may be necessary.

Figure 14: Roofline and corner concept



Figure 15: Roofline of the north tower model

Brick & Plate Relationships

Several important geometric relationships between
Lego bricks and plates are shown below. These will
be helpful in the sizing and scaling the model.

Figure 16: 1 brick height = 3 stacked plates

Figure 17: 2 studs = 5 stacked plates

© 2003 J. Spencer Rezkalla
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Figure 18: 6 studs= 5 bricksin height

| Sizing & Scale

Once potential modeling techniques have been
generated, it is necessary to study their implications
on the overall size and scale of the model. One might
argue that concepts should not be generated without
detailed consideration as to the size and feasibility of
the model. However in my experience this type of
thinking tends to hinder initia creativity. Recall that
the concept generation phase is designed to dlicit
creative and potential modeling techniques. It may be
subsequently discovered that not all techniques will
perform suitably once the detailed design work gets
underway.

In following the mind’s eye modeling philosophy, |
try to scale the overall external dimensions as close to
the actual relationships as possible.

Identifying the Critical Scale Relationship &
Constraint:

The World Trade Center had a square floor plan of
208 feet per side. The height of a tower was 1368 feet
(using the height of Tower One — it's never been
clear to me why Tower Two was 6 feet shorter). This
gives a height to width aspect ratio of:

With the relatively simple block geometry of the
towers this aspect ratio is the criticad scae
relationship. Towers that are too short and stubby or

10



too tall and thin will not appear correct no matter
how well they are detailed.

Any set of dimensions could be used as long as the
aspect ratio is maintained. However, the dimensional
constraint that limits the overall size must be
identified before proceeding.

For the World Trade Center model, | decided the
chief constraint on the overall dimensions dictated by
the aspect ratio is the number of 1x2 tile grilles
needed to coat the exterior facade. | based this on
studying the available quantities of necessary parts
available on popular internet selling sites”. Other
parts such as the 1x1 bricks for the corners and any
bricks and plates that will be used on the interior are
judged to be easier to obtain in mass quantities.

The actual World Trade Center had 61 columns and
60 windows per floor on each face. This would
reguire about twenty "columns" of the 1x2 tile grilles.
However, from further analysis, we will find that this
many columns will involve far too many tile grilles
pieces.

It is important to note that the model does not need
the exact number of exterior columns. Few people
can visualize exactly how many columns were used
in the World Trade Center — they simply know there
were a large number of columns. The modeling goal
is to provide a sufficient number of columns to
satisfy the mind's eye.

The width of each tower (in units of studs) as a
function of the number of tile columns n can be
calculated. On each face of a tower there are two 1x1
brick corners. Each column of 1x2 tile grilles
represents three 1/5 stud external columns and two
interior 1/5 stud windows and an adjacent external
1/5 stud window which serves as the space between
the next tile grille column. Thus each tile grille
column measures 6/5 of a stud in width. The final
column needs a 1/4-stud window that is the height of
the stud on the top of the final 1x1 headlight brick.
Thus the width of the building in studs as a function
of ntilegrill columns:

© 2003 J. Spencer Rezkalla
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The width in studs is a linear function of the number
of columns.

Figure 19: Tower width versus number of columns

Using the height to width aspect ratio, the height of
the tower in units of studs can be estimated:

The height in studs is a linear function of the number
of columns.

Figure 20: Tower height versus number of columns
Asin most Lego projects, cost or piece availability is

ultimately the limiting factor. Thus we want to build
the largest model that is economically feasible.

11



To estimate the number of required 1x2 grille tiles
the total number of studs covered by the 1x2 tile
grilles is calculated. Eight sides (4 per tower) are
multiplied by the number of tile columns n and the
height of each tower measured in studs. Since each
tile grille piece covers two studs the total number of
studsis divided by two.

Hence the number of tile grilles required is a
quadratic function of the number of columns.

The World Trade Center
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N tile columns Width (studs)
7 10.65
8 11.85
9 13.05
10 14.25
11 15.45
12 16.65
13 17.75

From the number of tile grille plot, it apparent that
having 8 columns of tile grilles per requires close to
2500 tile grilles. Thirteen columns would require
6000 grilles. Based on economics, 8 tile grille
columns per face and a 12x12 stud footprint were
deemed most feasible. Later in the structural design,
it will be shown that the width of each tower must
increase dlightly to 12.8 studs.

Structural Considerations

Figure 21: 1x2 tile grilles versus number of columns

In studying these figures, there are only a few select
combinations of n columns that produce near integer
values of stud widths. This is an important detail
since it is likely that the engineering will demand
width dimensions that are measured in studs so that
the designs for the roof and base arches can be
implemented with relative ease.

We could also use 1/2-stud increments (with the help
of jumper plates), but this will cause additional
headaches in other aspects of the design.
Unfortunately 9 tile columns dlightly exceed 13 studs
and thus can't be used.

© 2003 J. Spencer Rezkalla
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The primary loads on the World Trade Center towers
were due to wind pressure loading and gravity. The
twin towers incorporated an innovative solution to
withstand these loads while maximizing the interior
office space. Columns normally spaced grid like
throughout the structure were moved to the outer
walls. This improved the tower's bending stiffness
without adding weight penalties. The outer columns
carried approximately 40% of the gravity load, and
an interior core carried the remaining 60% of the
weight of the building.

It becomes rather intuitive from building with Lego
that the shear strength of connected bricks far
surpasses the tensile strength because the former is
more closely related to the material strength of ABS
while the later depends on the frictional forces that
hold bricks together. This is an important
consideration when designing structurally sound
models.

The interfaces between elements are the weakest
links in the structure.

12



For the Lego twin towers model the following
structural considerations need to be accounted for in
the design:

« Support the weight of the structure under gravity

« Resist overturning moments such as from being
accidentally bumped

« Maintain structura integrity under handling and
transport

« Resist deformations arising from assembly pre-
stresses (i.e. warpage)

« Resistloca buckling

The design of choice to meet these demands is a
hollow rectangular tube structure. The tube structure
serves as the central core that carries the weight of
the model, resists overturning moments, and provides
a surface to mount the exterior facade elements.
Unfortunately the exterior fagade elements do not run
the length of the building uninterrupted and do not
aid the total bending stiffness of the tower, but thisis
not a critical deficiency.

The core is modeled in black to provide the proper
color for the phantom windows in between each of
thetile grille columns.

Figure 22: The " phantom” windows between the columns of
Ix2 tilegrille elements

© 2003 J. Spencer Rezkalla
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Figure 23: Location of the 8x8 stud core (highlighted in red for
visibility) within the model’s 12x12 stud floor plan

Core Design

Maximizing the area moment of inertia of the tube
core while minimizing weight is desirable to aid the
tower’s bending stiffness and save material. A core
with walls one stud thick will be sufficient to meet
these needs and to resist handling and transport |oads.
Interestingly, the overal stiffness of the tower is
actually controlled by bending stiffness of the thin
baseplate that it is grounded to. Since the bending
stiffness of the baseplate is far less than that of the
actual model, applying a lateral load to the top of a
tower will push the tower in the direction of the load
and cause the baseplate underneath to bend upwards.
This is why real skyscrapers are anchored to deep
foundations of bedrock!

13



Now that a core design technique has been selected,
we need to size it. However the available packaging
space for the core is ultimately dictated by the design
of the external fagade.

Modularity

Mobility is typically important for models and with
tall Lego structures it is beneficia to incorporate an
element of modularity to ease handling and transport.
It was decided that a natural location to segment the
towers would be at the sky lobby levels found on the
44™ and 78" floors. Thus each tower is divided into
three modular segments and a fixed base lobby. The
upper segment is dubbed Module A and contains the
rooftop while the two lower segments are identical in
design and designated Module B.

Lateral shear loads are transferred from one segment
to the next via blue colored adapters that dide inside
the tube (see Figure 21) at the base of each module as
shown in blue Figure 22. The adapters themselves are
not terribly strong, but sufficient to keep the
segments joined together and keep them from
toppling over if carelessdly bumped.

Figure 24: 6x6 adapter opening at module base
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Figure 25: Module A (front) & ModuleB (rear)

Figure 26: Module B attached to the Base

14



Figure 27: Three Module B units stacked
Corner Design

The 1x1 brick corner columns are essentialy
freestanding elements in the design (see Figure 21)
and become susceptible to buckling as their height is
increased. It was decided to take advantage of the
modular segmentation to combat this issue. By
segmenting the tower, the maximum number of 1x1
bricks stacked in acolumn is 21. Furthermore the 1x1
headlight bricks provide a small measure of support
in preventing the corners from buckling inward.

External Facade Design

The concept generated for the exterior facade relied
on a large quantity of 1x2 tile grilles and 1x1
headlight bricks. A modification is made to greatly
reduce the number of headlight bricks required.

In designing the columns for the exterior fagade care
must be taken to overcome pre-stresses that arise
when assembling long dlender collections of bricks
and plates.

The 1x2 tile grilles are small elements and when

mounted to dender 1xN plates they impose
compressive forces on the studs that in turn impart
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bending moments to the plate. A large number of
grilles sums these forces and bends the plate outward.
On way to combat this problem is to increase the
stiffness of the beam with a deeper section and to use
plates in shear on the bottom of the beam whose
compressive forces act to counteract those on the top
surface.

Each face of a module is composed of eight columns.
The six inner columns are composed of interlocking
bricks and plates with four 1x1 headlight bricks
embedded. These columns are 6 plates thick in depth
including the tiles. The two outermost columns are
not as deep in section so that they do not interfere
with the corresponding outer column on an adjacent
face.

The module faces are very iff in the lengthwise
direction of the columns but easily come apart when
bent across the columns. The central core will
provide the stiffnessin this direction.

Figure 28: Typical brick and plate layout of a column

Columns of different lengths are needed for Modules
A and B. The design elements of each module’'s
facade are similar in construction.
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Figure 31: Corner concept with jumper plate

Figure 29: Columns of Module A face

Figure 30: Assembled Module A face
Inner Core Design

The tile grilles must overlap the 12x12 stud footprint
at the top and bottom of the modules. This increases
the overall width of the tower by 8/10ths of a stud
from our original estimate of 12 studs.

The inner core is 8x8 studs and primarily composed
of 1x8 and 1x6 black bricks readily available in large
quantities from Lego Shop at Home®.

The module faces are mounted to the core using 1x2
“jumper” plates that are mounted sideways at the
corners of the core using 1x1 studs on all sides bricks
and 1x1 technic bricks.

Figure 32: Inner corewith 1x2 jumper plates

© 2003 J. Spencer Rezkalla Version 1.0 16



Figure 33: Inner corewith facade element attached

Lobby Level

The lobby levels were constructed on a standard
48x48 stud gray baseplate. The lobby level includes a
central core and 4 corner columns that support the
modules stacked above it.

The design is created to mimic the lobby of the actual
towers. Each tower had a plaza level mezzanine
entrance that is raised one stud above the street level
entrance. Each tower had one street side entrance that
necessitates an additional row of 1x1 plate base
columns. The gray plates that emanate from the core
are needed to stabilize the simply supported top row
of 1x2 clips.

The core and floor are modeled in white to simulate
the marble cladding found in the trade center lobby.

© 2003 J. Spencer Rezkalla
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Figure 34: Thelobby of the north tower at the West Side
Highway. Note the extra row of base columns at the street level

Figure 35: The lobby mezzanine level opening to the plaza.

Conclusions

Version 1.0

The actual physical model took about two months to
complete. The majority of the time was spent
collecting the thousands of 1x2 tile grille parts from
variousinternet vendors.

| completed the other WTC complex buildings and
Austin Tobin plaza a few months later. Finally |
generated an LDaw* computer model of the towers
which | used to help illustrate this paper. The Ldraw
model is available to download for free from my
Brickshelf® gallery. Additional photos of the physical
model can be found there as well.
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It's an interesting model in that provides a unique
three dimensional view of the complex that you don’t
get by simply looking at the plethora of photographs
out there.

Well that’s all folks! I’ve only covered the design and
construction of the two towers. The designs of the
smaller buildings are much simpler. You'll haveto
figure out how to build the rest of the complex on

your own.

Happy building!

J. Spencer Rezkalla

December 2003

Figure 37: Up, and up, and up - the north tower and the
entrance to Tobin Plaza. The central coreisvisible through the
base arches at the entrance.
Figure 36: The completed WTC complex Figure 38: Austin Tobin Plaza featuring the“ Sphere”
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Figure 39: West side of the complex featuring WTC 6 —the 21
story Marriott Hotel

Figure 40: View from Church Street
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