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ABSTRACT

This paper describes in detail the custom tools and workflows developed in the
course of a 16 week design-build architectural studio. After an intensive design period,
the primary sculptural elements were specified as reinforced concrete. The irregularity
of the structure and its geometry, coupled with the ambitious timeline, necessitated the
development of customized digital tools that perform a broad scope of the various
processes in structural design: defining the structure geometry, translating that
geometry into Finite Elements, automating structural analysis, as well as for automating
the processes reinforcing bar design and the production of fabrication drawings.

1. OBJECTIVES AND MOTIVATIONS

As modeling tools and computation power have advanced over the last few decades,
architects have been enabled to explore increasingly complex geometry. Despite the
ability to draw these shapes, defining and constructing them is still often cumbersome
and laborious. Concrete’s plasticity makes it an enticing material to use for such
adventurous and expressive design intentions, but the hurdles of geometric definition
and structural design are further complicated by irregular and unconventional geometry.

The objective of this project is to develop computational tools and methods that will
vastly reduce the time and effort typically associated with structures of non-uniform and
complex geometry. While there are many tools that have massive sophistication around
the structural design of buildings with more predictable, conventional structural systems,
these large software suites often become cumbersome when dealing with structures of
non-uniform cross section and other geometric irregularities. This workflow aims to
leverage the geometric processing power and intelligence of architectural scripting
methods to deconstruct a complex design-build project into a meaningful engineering
model that can then provide the necessary information for rebar design. Integrating
engineering methods directly into the workflow and tools of architectural design can
more seamlessly enable the design and construction of more complicated projects.

This paper also serves a case study for the implications of an intimate integration of
architectural and engineering design methods. In the process described below, design
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development is completely informed by and executed through built-in engineering
analysis, thus providing a more holistically and comprehensively considered structure.

2. DESIGN BRIEF

The studio was structured around a design-build agenda, directed at designing a
public performance space along the Beltline in Atlanta, Georgia. The Beltline is a
corridor of unused railroad tracks that circles around the metropolitan city in a
continuous loop. The Beltline is an artifact of the bustling railroad industry that initially
sparked Atlanta’s growth into an important American city. The particular site to be
designed is a flat area that has been carved out of a large hill, and formerly housed an
“off-spur”; a local splitting of the track for an engine to pull into a station house.

In addition to the historical setting and narrative charge of the site, the studio
focused on using reinforced concrete as the main structural material. This was due to
industry interest in the project, as well as a continued line of research following from a
prerequisite course that focused on mold making, geometry, and the particulars of
reinforced concrete. In addition, the studio was to integrate research into custom
photovoltaic design; the ongoing research performed in this avenue is also very
compelling and will be documented in other papers and venues.

3. DESCRIPTION OF DESIGN STRUCTURE

Figure 1. Design Proposal — “Helioculus”

The studio was divided into three teams of 3-4 students, and over the course of four
weeks, the studio underwent an intensive series of competitions and focused design
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sessions to eventually generate the final design for which this paper outlines the
technical analysis and execution.

Material and Phasing

Phase 1:Linear Concrete Elemnts
Concrete Bench Forms
I Linear Footings

Phase 2:Primary Vertical Structure
Columns
I Footings

Il Phase 3: Steel Ellipses & Connections

Il Phase 4: Polycarbonate Solar Cell / LED
Laminates

Figure 2. Primary Structural Systems; Construction Phasing

The design features four major structural elements:

1.

The first element is a series of concrete benches that are roughly parallel to
each other, though they curve to create topographic effects as well as to suggest
an amphitheater-like space. These benches are made out of self-consolidating
reinforced concrete and perform structurally as low retaining walls. Their design
intent is to create a flexible space for seating, while also providing a performance
space. This flexibility was a very specific design move that featured heavily in all
proposed designs. Also significant is the geometry of these benches, which, in
cross-section, resemble the railroad profiles that were used by locomotives and
can be seen in many of the wayward rails still scattered around the Beltline (see
Figure 3). This irregular geometry would compel novel mold making methods
including a 5-axis CNC foam cutter, and the intricacies of that mold (especially
being a closed mold) would compel the studio to choose self-consolidating
concrete. The cross-section of the benches is also not constant. As one moves
from one end of the site to the other, the benches shrink, rotate, and distort, to
create compelling changes in the benches.

Large sculptural columns are continuations of the benches, with three of the four
benches turning up away from the ground, the rail-inspired geometry changing
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from the large retaining wall scale to a slender, skyward column, also cast in
reinforced SCC. The most compelling moment, perhaps, is the moment of
transition, where the columns lift from the ground and the vertical forces
transferred down through the columns must transition from the columns into the
benches, and into large footings.

SEATTO COLUMMN TRANSITION SEATTO COLUMN TRANSITION WITH CONTINUOUS FOOTING

Figure 3. Bench and Column Geometry Transitions

3. The large footings that provide the moment resistance to the cantilevered
columns are concealed below the ground surface.

4. The overhead canopy consists of a ribbon of custom solar panels strung
between two elliptical steel rings. Integrated into the custom solar panels are a
series of LED lights, such that each panel is a closed system, with solar cells, a
batter, and LED’s. As each strip is a closed system, the longevity of its light
display in the evening would be determined by the amount of exposure
throughout the previous afternoon, thus each night would feature a unique
playback of the day’s solar exposure.

3. WORKFLOW

The overarching flow of information is described in Figure 4 below. The process
begins with the original design model, a surface representation of the columns and
benches, as well as the canopy. In addition, the centerline along which that geometry
was generated is also provided, which enables the sampling process. The geometry is
delivered to the scripting process, which takes place in Grasshopper, a plug-in for the
3d modeling platform Rhinoceros. The geometry is approximated into rectangular
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sections, as describe in more detail below, then delivered to the structural analysis
package Oasys GSA in the form of data tables with member geometry and section
properties, loading cases and combinations, and boundary conditions. This export is
enabled by a set of plug-ins for Grasshopper called Geometry Gym and developed by
Jon Mirtschin, which is capable of interfacing with many BIM and structural analysis
packages. After structural analysis is executed by Oasys GSA, the resulting moments
are delivered back to Grasshopper, whereby a subroutine designs the steel rebar as
required by the ultimate loads. This information generates a 3d representation of the
rebar, which is then resampled in order to generate a complete package of fabrication
drawings.

PARAMETRIC WORKFLOW

FINITE ELEMENT STRUCTURAL
DEXGN MODEL | CONSTRUCTION >  ANALYSIS
- 3D NURBS curve Analysis Tables
- Surface Representation 1-d and 2-d FE definition
of Design Geometry - Section Properties
- Load Cases, Combinations Ultimate Design Load
Boundary Conditions Moment YY a-nd 77
— -ShearYand Z
Axial Load X
Y
COMPLETE FABRICATION S
DESCRIPTION OF |« DRAWING < BEAM DESIGN
CONCRETE MEMBERS SUBROUTINE SUBROUTINE
Complete package of 2d 3D NURBS curves
fabrication drawings representing rebar

geometry

Figure 4. General Workflow

4. AUTOMATED FINITE ELEMENT MODELING

As the specific geometry was controlled by another segment of the design team, the
engineering analysis needed to be able to accommodate variation in the specific model
instances, while still using what could be assumed from the overall design intention to
build flexible but directed workflows.

The inputs for the script are the individual geometries and the centerlines along
which the input cross-sections were lofted. Because the lofting procedure does a
significant amount of interpolation, the geometry does not require as many samplings to
generate the form as the engineer requires to analyze it. Thus, the interpolated shape
must be resampled to generate the cross sections that are necessary to perform the
analysis.
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4.1 Cantilever Beams

The large vertical elements that support the canopy do not carry significant axial
loads relative to their flexural requirements. The canopy itself is rather lightweight, but
transfers a large of amount of lateral wind load into the end of the vertical concrete
elements. Because the canopy is anchored at the very ends of those columns, they
behave primarily as large cantilever beams of non-uniform cross-section.

In order to approximate the series of unique cross-sections along the length of the
beam, we take advantage of certain assumptions about the overall expected shape: a)
it will be vaguely |-shaped, and b) it will not have a slender web, as is the case in steel
profiles.

The script cuts intersections at varying intervals, the resolution of which can be
refined in order to concentrate analysis in areas of concern, as in Figure 5. The
analysis requires the establishment of the major and minor axis of bending in order to
correctly compute the bending stiffness of the member - however the cross section is
constantly rotating, and there is no single point of reference with which to orient the
geometry. Thus, knowing that the cross-section will always be approximately I-shaped,
one can locate the shortest distance from the circumference to the centroid, and
assume that the line between these two points will establish the major axis of bending
(Figure 6).

Because the perimeter curve of the column cross-section is not a regular geometry,
the safest way to input beam properties into Geometry Gym is to approximate a
rectangle that will approach the same bending properties (or less). This also allows for
simple manual checking of numbers, as a further check on the script’s veracity. Thus,
each unique segment is assigned an approximated rectangular section, each of which
is slightly different.

Also of note is a yet-to-be developed function within the Geometry Gym
components. In its current state, because it is designed to accommodate a wide variety
of cross-sectional shapes, it does not compute the torsional stiffness constant, J. Thus,
in addition to approximating the best-fit rectangle, the script will also calculate the
torsional constant based on an algebraic approximation of torsional stiffness for
rectangular sections. This is then added in to the member properties table as a
“modified” cross-sectional property, despite being the actual natural value.
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Local Resolution
Adjustment

Figure 5. Variable Sampling Resolution

4.2 Low Retaining Walls

For the benches, a similar process is used, approximating rectangular sections,
though with the addition of an extra vertical element at each end node, which provides
continuity in the analytical model from the rail-shaped bench to the linear footing below
the surface.

4.3 Canopy — Steel Pipes

The highly flexible canopy is subject to large deflections and significant nonlinear
effects, and would merit an independent structural analysis to investigate these modes;
however that is outside the scope of this paper.

The large elliptical rings that span across the structure are circular hollow steel
pipes of constant cross-section. Thus, they are much simpler 1-D elements with
constant cross-section, determined by diameter and wall thickness. No other special
considerations are required for this particular component.
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Figure 7. Screen Capture of Oasys GSA Input Tables

4.4 Canopy — Solar Panels

For the purpose of the static analysis that will drive the design of the concrete, 2d
panels were originally designated as Load Panels. Their weight and flexural stiffness
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are neglected; they are simply elements for transferring load into other elements - in
this case, the wind load. Because the wind load is to be a projected area load, it was
important to maintain the planarity of the panels in the model. Given that each panel is
a quadrilateral, and that its corner points are supported on elliptical rings, most panels
were not planar, but in fact slightly non-planar quads, as indicated in Figure 8.

However, this curvature does not allow GSA to correctly project loads onto the
surface. Thus, the panels were discretized into triangles. In order to prevent severely
acute angles in the triangular finite elements, each panel was discretized into 6
triangular elements.

4.5 Footings

The width of the linear footing is an additional input parameter, which can be
adjusted iteratively as the analysis process progresses. The scripts then builds a series
of 2d elements that are nodally coincident with the vertical elements that are attached
to the retaining-wall benches, described above, thus creating structural continuity from
the ground to the benches. In addition, the large mat footing below the column is
parametrically generated. It takes as inputs the width, length, and rate of transition from
linear to mat footing, as well as the thickness for all foundation elements.

Curvature
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Figure 8. Gaussian Curvature: Non-planar Quadrilateral Solar Panels
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Figure 9. Image of Finite Element Model in Oasys GSA Environment

5. LOADING

5.1 Load Descriptions

Dead load:

The vertical load due to material weight is automatically computed and applied
within GSA.

Wind load:

Projected load on all panels — this is automatically calculated based on the
projected surface area, relative to the global directions

Projected load on all steel — this is based on a constant area, since the elements
are linear — and turned into a uniform linear load, though also projected. This can
be done due to the circular cross-section, thus its projected width is always the
same.

Projected load on concrete columns. Because the geometry is not constant, the
projected area is computed in each direction for each segment.

Live Load:

A 10 plf load is applied to the steel beams, to account for the use of banners,
back drops, lights, or other performance-related gear that may be affixed to the
rings.

A 750 Ib point load is applied at the lowest point of the steel halo, to represent
the possibility of individuals attempting to hang from the most accessible point of
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the structure. This is also an aspect that should be tested for dynamic loading, in
a separate analysis.

Load Types:

Live:

Linear Load on Steel (10#/ft)
Point Load on Steel (750#)

Wind X and Y
- 25 psf, global, projected
- linear and area loads

Gravity Load

Figure 10. Load diagrams, cases, and combinations.

6. BOUNDARY CONDITIONS

The structure is modeled with soil springs for its support condition. However, the
stiffness of each modeled spring is not universal, as it must reflect the tributary area
that it is supporting. This is also automatically calculated, with a linear stiffness that is
calculated based on the nodes connectivity, tributary area, and the assumed three-
dimensional stiffness of the soil, as shown in Figure 11.

7. ANALYSIS AND STRENGTH DESIGN

The process of performing structural calculations is algorithmic. Indeed, following
any sort of specification guideline, whether it is ACI or IBC, is a sort of road map to the
regular sequence of considerations that must be accounted for. The regimented series
of calculations is well suited to automation, and the use of automation also unburdens
the designer and the engineer from having to manually account for the constantly
changing
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Calculation of Node Stiffness based on Tributary Area Ny n4

3 node conditions:
Corner Node - 1 tributary zone
Edge Node - 2 tributary zones

Interior Node - 4 tributary zones

1

=4

Figure 11. Automated calculation of soil spring stiffness, based on tributary area.

cross-sectional geometry. Not only is the depth of the beam in constant flux, the
orientation of its major and minor bending axes are changing as well as the member
sweeps a complex 3-dimensional path. However, by sampling that beam in intervals of
planar slices, it can be reduced to familiar and predictable routines.

Given the approximated rectangular shape of each section, automating the beam
design process becomes more straightforward. For the first iteration of the tool, the
simplest way to approach this aspect of the process was to begin with very rudimentary
calculations of flexural capacity: using the rebar cover requirement of 1.5” and the
intended diameter of #3 rebar ties to place the extreme fiber of tensile reinforcement.
Subsequent versions began to use the ACI 318 code directly. Because the depth of the
beams is so large relative to the load being demanded, especially at the base of the
column where the geometry transitions into the bench profiles, the controlling factor is
really the minimum steel requirements to prevent cracking, as given in AC| 318.
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Figure 12. lllustration of Strength Design Subroutine.

After determining this amount of steel for each planar slice, the effective moment
capacity is computed and then compared to the ultimate moment as determined from
the structural analysis. If the minimum steel requirement does not provide the required
stiffness, a subsequent routine will then use the design moment to determine the area
of steel required, compute spacing requirements given in ACI, and determine a bar
layout compliant with the two - dividing the required area of steel by the area of a #4
bar to determine the number; distributing them across the tensile fiber length as
densely as spacing will require; and, if it is not possible to satisfy spacing limitations in
a single row, creating a second row (also compliant with spacing calculations).

Because the planes at the end of each design element were previously determined
to compile the FE model, this information for placing the rebar within that section can
be mapped back into the original design model directly, providing a series of points that
can be easily connected to generate the centroidal line of the rebar, shown in Figure 13.
This provides the resulting 3d geometry of the rebar placement, even inside of a non-
uniform cantilevered beam of irregular cross section.
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Figure 13. Generation of Rebar in 3D based on cross-section design

There are a few important discussion points here. The first was the assumption of
#4 longitudinal reinforcing bar. Because of the scale of the project, it was assumed that
dictating #4 bar throughout the structure would be sufficient. There may be instances
that require more substantial steel, particular where the column transitions to the bench
while framing into the mat footing. However these are unique points and will likely
require more specific methods of analysis than this workflow aims to achieve. The
choice of #4 bar was also motivated by ability to manually manipulate it on site. Bars
thicker than #4 become difficult to alter by hand. This is significant because the
intention is for this project to be built within an accelerated timeframe, where any errors
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in fabrication need to be adjusted on site, in real time. In addition, budgetary and site
limitations would prevent the establishment of any significant equipment on site, so that
access to heavy machinery would be sparse.

With regard to the analysis, specifying #4 bar significantly reduces the complexity of
the beam design routine because one of the most important variables is already
assigned. There are many programs available that already perform steel rebar and
concrete section optimization that can compute the most ideal combinations of rebar
size, spacing and location. However, the aim of this project was not to provide the most
advanced beam design methods, but rather to explore the power of integrating an
optimized design routine into the workflow of the designer — incorporating the
information given by such routines directly into the decision making progress. This
highly customized approach also makes writing such scripts more accessible: rather
than build a universal tool, the designer is equipped with a tool that is nothing more
than exactly what is needed, a lean and flexible sequence of computations designed to
provide the basic technical support. In addition, having this information will prime the
design team to have expedient, effective conversations with the engineering team
when they do enter the project. These conversations can then be implemented back
into the automation process, so that the workflow is a living thing — constantly improving
to meet the analytical needs of the engineers, but never acquiring unneeded
capabilities. For example, if an engineering team determines that shear reinforcing has
not been appropriately considered, the design team can then add the necessary
algorithms and code-derived equations into the program sequence, tailoring it exactly to
their needs.

The lightweight nature of the approach to these computational tools opens up
possibilities for optimization. Optimization typically relies on many iterations of slight
variation — a tedious process that can also be very demanding on time and effort.
However, if the sequence of analytical steps is streamlined to consider only the most
necessary steps of the beam design process, it decreases the threshold to optimization
processes. In the most basic sense, there is an immediate feedback for the designer. In
the past, architects must be rather far along in the design process before involving the
engineer, because the engineering process would be tedious and time consuming thus
dissuading the architect from making significant changes that would require
reassessment. However, with a lightweight tool that can provide a moderate depth of
analysis, and which can be subsequently improved to provide any further information
the engineer would need, the designer is freed to explore a wider array of design
iterations, while getting instant feedback on the engineering implications — how much
rebar, where that rebar would be placed (which would have formwork implications), etc.
This could be further expanded into computational optimization. Given certain fithess
parameters, be it cost, weight of material, or deflection, the model can then be set to
run through a series of slight variations in the specific geometric instances (e.g. the
leaning angle of the columns, the amount of twist, rate of change in cross-section) in
order to sweep through the design space and find the optimum result. Opening up
these possibilities is one of the primary advantages to incorporating first-principles
beam design into the workflow, introducing important structural information directly into
the design and decision making process.
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AUTOMATED REBAR DETAILING

Despite the intellectual value of the above described processes and tools, the
process of construction will ultimately have to contend with the graphical description of
these results for the purpose of fabrication. Fortunately, similar to structural design, the
specification of rebar components for fabrication is a rule-based, algorithmic endeavor.
The placement of longitudinal bar is driven by structural calculations, and the
transverse reinforcement is driven by the geometry of the cross section — either by
coverage requirements or construction considerations where the ties are temporarily
supporting the longitudinal bar. The information required to specify construction and
fabrication drawings is immediately available at the end of the above described
processes. By starting with a basic cross-sectional drawing that establishes the
geometric logic of the drawing — for example, understanding the base reinforcing must
be 1.5” plus half the diameter of the longitudinal bar from the edge of the concrete, and
so on — one can then set up a parametric framework work to generate a shop drawing
for every slightly unique cross section that occurs. Because the transverse reinforcing
is clearly not continuous, but occurs at certain intervals (in this case, every 18”) the
geometry must be resampled because the sampling locations for the Finite Element
model will not be consistent with the locations for the rebar drawing. This is another
advantage to the integrated parametric workflow, the geometric interchange between
designer, engineer, and fabricator are handled in the same environment. The structural
information designs the rebar, which is then rebuilt in three dimensions, in relation to
the concrete shape, which can then be directly queried to produce fabrication drawings.
This streamlined process is essential to the success of a project that features such
geometric complexity and variation. Figures 14, 15,and16 illustrate the parametric
description of these drawings, and also show the implications of its execution.

Hundreds of unique fabrication and construction drawings are generated
automatically, a task that would require countless hours of manual detailing, and which
can be instantly updated with any changes made by the designer. Given that the script
is keeping track of each planar slice, these drawings could then be tabulated to provide
a schedule of parts, a comprehensive list of the quantity and types of pieces that must
be fabricated, thus providing the designer with another piece of very important
information that can provide a first pass insight into the cost of their design — both the
amount of material as well as the breadth of fabrication that would be required — and
then adjust the design accordingly.
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Figure 16. lterating that tool across the wide variety of cross sections
CONCLUSION

The workflow and tools described herein provide an insight into what is available by
leveraging the geometric tools of the architect with the technical methods of engineers,
fabricators, and contractors. By automatic the process of approximating the design
geometry and deconstructing each of the structural systems it into the necessary Finite
Elements for structural analysis, the interpretive work that is often an exhaustive task is
handled automatically and parametrically. The subsequent analysis parses every
required loading case and combination in order to provide the scope of structural
requirements, which then drives a reduced, streamlined beam design subroutine. This
subroutine is built from the existing methods and equations of the building code, thus
remaining code compliant while maintaining flexibility. Certain assumptions, such as
bar size, further allow this to be a lean computational process, in order to open up the
opportunities for design exploration and even optimization. The rebar design that is a
product of these methods then regenerates a 3-dimensional representation of the steel
and where it will be located within the complex concrete geometry. This representation
of the structural steel is then re-sampled in order to produce all of the necessary
fabrication drawings.

The parametric nature of these tools allows for the designer to be constantly
tweaking, updating, and varying the specific implementation of the design, the nuances
of its twist, rotation, tilt, et cetera, without burdening all of the necessary processes that
must come afterward, thus changing the paradigm from a the conventional linear series
of design stages and instead integrating them into a live, active feedback loop. Though
the tools described above are customized for the specifics of a particular design
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proposal, their development was motivated by the desire for the integration of
specialties and the inclusion of information directly into the decision making process, an
approach that stands to significantly empower design and engineering teams to tackle
projects of increasing complexity in the future.
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