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Abstract 

 

In today’s age the desire to deliver projects on shorter schedules with greater complexity and smaller 

budgets requires computational approaches to streamline the interface between design, engineering and 

fabrication. Specialty structures are characterized typically by one or more of the following performative 

and aesthetic characteristics; low stiffness, high deflection, non-distinct gravity and lateral load path, 

exposed detailing, complex geometry, non-linearity of geometry and internal forces. Specialty structures 

require an increasingly blurred interface between disciplines, roles and structural systems to address all 

of these characteristics. The emerging technology of graphical scripting languages, APIs (Application 

Programming Interfaces), OOP (object orientated programming) languages and parametric modelling 

has now provided a collaborative team with almost limitless freedom to explore the engineering and 

design domain. However, with great freedom comes great confusion. It is important to efficiently utilize 

these methods and to manage and communicate the computational information produces when 
addressing criteria of performance, design and construction.  
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1. Introduction 

 

The expectation of the client today is such that projects are being asked to be completed faster and faster 

with more and more emphasis on the design aesthetic. Walter P Moore (WPM) were asked to work on 

a project where the delivery from time of conception to erection was compressed to an almost impossible 

schedule, even before allowing for the added design and engineering complexity of delivering a 

specialty structure. WPM were only able to steward the project successfully to completion through 

implementation of 1) a tight team based frame work between WPM offices in Kansas, New York, Los 

Angeles, Tampa 2) implementation of a companywide digital workflow approach to engineering. 

Without these two principal philosophies of engagement the project would never have been able to have 

been completed. This paper will touch on the digital workflow approach to engineering. The paper 

illustrates the potential possibility in the realm of specialty structures using digital work flow. The idea 

that a project can bypass traditional design stages and go direct from concept to construction in a 

nonlinear manner. 

 

2. Specialty Structures and Digital Workflow 

Specialty structures commonly refer to those structures characterized by: Non distinct gravity and lateral 

load paths, free form or complex geometry, low stiffness, large deflection, long span, low weight, 
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exposed structure and connections, geometrically non-linear behavior. Digital workflow is a term used 

to describe a way of working where the engineer works in a multitude of digital tools using techniques 

of interoperability to provide rapid feedback loops to talk to disciplines and clients in a medium of 

digital data to drive the design, analysis, engineering and fabrication of a project. A feedback loop is 

where the engineer may rapidly react to the design aesthetic of the client – typically the architect – by 

taking the design as an input, running iterations/options based on fabrication/construction/structural 
performance requirements that are assessed by digital engineering tools in the workflow. From the 

output of the work flow, output parameter s are used to drive and modify the design upstream. On a 

given project, we may have several recipes of digital workflow that accomplish a particular task. 

Together these recipes make up the menu of the complete digital work flow employed on the project. 

An example of the definition of a digital work flow recipe is given below in Figure 1 and a menu in 

Figure 2. 

 

 

Figure 1: Example of a digital work flow recipe 
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Figure 2: Example of a digital workflow menu composed of linked recipes 

It is important to note that typically no data is shared between file formats, all data is shared through the 

development of direct software links between programs using a programs Application Programming 

Interface (API), this allows for greater speed in operation, minimizes corruption of data, and minimizes 
number of files requiring storage and maintenance. 

3. Everbank Amphitheater 

The project presented here is a specialty structure classified as a hybrid structure. That is, it is composed 

of structural elements that in isolation would not provide a stable load bearing system, but in tandem the 

tension only and flexural elements work together to provide a structural system. The project is for a new 

amphitheater and practice facility for the Jacksonville Jaguars NFL football team in Florida. The 

structure was required to have an irregular non symmetrical form with a roof composed of a series of 

valleys and ridges that snaked their way from the front of the structure to the back. The structure is 
divided into two areas, the front being the practice facility for the Jaguars team, the rear being an 

enclosure for a stage and seating for an amphitheater. Figure 3 describes the structural narrative of the 

project. The structure is composed of bent steel wide flange sections – longitudinal trusses – that are 

supported along the transverse edge by mega trusses – again of steel wide flange section - at the front 

and middle. At the rear, one end of the longitudinal truss is supported by concrete columns of the seating 

bowl of the new amphitheater. Along the edges of the practice filed, vertical V columns of rectangular 

steel sections are used to provide both gravity and lateral support to the structure. Additional stiffening 
is provided by the in-fill transverse trusses, also of steel wide flange section. A pre-stressed architectural 
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PTFE coated glass fiber fabric was used as the enclosure. The walls are also enclosed by a prefabricated 

fabric frame composed of vertical steel rectangular sections. In plane bracing was added as required to 

increase the lateral stiffness of the structure. To complicate matters further, the direction from the client 

was to make sure the steel trusses were exposed. This required the fabric to be put on the underside of 

the steel trusses. This required the design surface of the structure and the structural system to which it 

follows – to be heavily massaged digitally by WPM to ensure adequate positive drainage of water. 

 

 

Figure 3: Structural Hierarchy of Everbank Amphitheater 

4. Design and Engineering  

4.1. Concept and Optioneering 

 

Given the initial design surface form the architect, WPM looked at an initial study of possible framing 

options. The digital workflow here consisted of rationalizing the design surface intro structural steel 

elements and assigning structural parameters of depth/spacing/structural shape to understand rough 

orders of size/weight of steel – Figure 4. From the design wireframe and surface, the analytical model 

was constructed.  
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Figure 4: Concept Rationalization of Design Surface 

The analytical model being a subset of the design model where geometry is rationalized from pure 

geometric form to linear 1D/2D/3D finite elements. This is typically done in a graphical programming 

language (GPL) such as grasshopper/dynamo studio. Custom nodes written by WPM with respect to the 

API of the GPL and the analysis program were used to facilitate the translation of the rationalized 

geometry in to structural elements for the particular analysis tool. Important consideration was given to 

convert the mesh elements in to analytical load panels in a manner that the local axes of the mesh was 

parallel to the required spanning direction of the load applied to the transverse trusses. We consider the 

structure to broken down into primary, secondary, tertiary and cladding weights. Due to the time 

constraints of the project steel had to be ordered up front before any detailed design and engineering of 

the structure. This steel tonnage limit was design constraint that had to be met through all subsequent 

stages. Various options were studied with the architect before a tonnage limit was set. At the point the 

limit was set at 3700 kip (16500 kN) for primary steel. 

4.2. What is stiff? Design Development. 

Once a rough order of tonnage was set, it was important to now understand the stability and structural 

performance of the structure within this constraint. The geometry of the primary structure was now fixed 

and digital workflow now addressed looking at opportunity to stiffen the structure so that dynamically 

the structural stiffness could be assessed and improved in dominant lateral and vertical directions while 

maintaining the 3700 kip (16500 kN) base line for steel. The natural frequency of the structure was 

continuously tracked and modifications were made to increase the frequency such that it was greater 

than or equal to 1 Hz. Such modifications considered, stiffening the concrete columns at the rear, looking 

at the effect of different member and support release conditions – for instance releases were introduced 

to prevent thermal lock in of load. A parametric work flow was set up to drive structural attributes 

through an Excel “builder file” linked to the GPL canvas. Geometric data was then pushed with the 

attributes to the structural analysis program. Once the structure was significantly stiff, digital work flow 

was used to extract the lumped masses using the GPL, normalize the frequencies at these lumped masses 

and provide them in a format for use for the wind tunnel consultant. As part of the check a work flow 

was set up to graphically plot the modal shape and magnitude of lumped masses and locations from the 

analysis model in a neutral CAD format. The plug in Eyas [1] was used here. This was a good visual 

check of the 10000s of digital data records. Color and graphics is very important in digital workflow to 
visually represent data that can be checked much quicker visually than by reading through numbers.  
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Figure 5: Digital Processing of Lumped Mass and Frequencies 

4.3. Design Development and Structural Optimization 

 

Once the structure had been refined for stiffness and the wind tunnel results retrieved from the 

consultant, the next part of the engineering and design was to accurately map these wind tunnel pressure 
loads to the analytical model for the primary structure. A digital workflow link between the excel sheet 

of wind pressures and the GPL was set up. Using geometric associativity between the geometry of a 

mesh face in the analytical model vs the wind consultant model, wind pressures were applied 

automatically to each panel in the analysis model – See Figure 6. This allowed for greater granularity 

of translation ensuring we can optimize the steel further to maintain the base line weight and structural 

stiffness. At this point, we have identified overall outside dimension of the wide flange families for the 

primary structure to which we should stay within. The opportunity here is to vary the thickness as much 

as possible to maintain sutural performance requirements of stiffness/frequency and structural weight. 

Connection detailing is also starting at this point. To address this and member optimization, an indexing 

strategy is set up. Indexing is used by WPM in the digital workflow process to provide clarity of 

identification of structural members in a digital model. Indexing also allow the user to dig and filter the 

analysis results in a high fidelity way. For instance, a good indexing stagey might allow the user to 

simply filter the first diagonal member of a particular truss using only its index. The index should be 
unique. An index is maintained throughout the digital work flow as we move through design stages and 

design tools.  
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Figure 6: Digital Processing of Wind Pressures to Primary Steel Model 

For instance, a fabrication tool such as Tekla would also carry the same index for a structural member 
as a structural analysis tool such as SAP2000. An example of an index is given below in Figure 7. 

Member forces are now starting to be fed to the connection engineer in Tampa. The index allows the 

connection engineer to understand where the forces are located on the structure and which member is 

carrying the force. As the foundation, concrete columns and bowl structure are being developed at this 

point, forces and stiffness between the civil engineering team in Atlanta and primary structure team in 

LA are being shared. Again indexing helps here, loads imposed on columns were shared via indexing 

and the resulting spring stiffness shared back to the team in LA. If the column are too soft to satisfy the 
dynamic performance requirement of the structure, the column was upsized or alternative strategies of 

stiffening discussed. 
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Figure 7: Digital Processing for Indexing  

4.4. Coupled Analysis of Fabric and Steel 

 

In parallel with the engineering of the primary structure, foundations and bowl, the engineering of the 

secondary steel and fabric is also ongoing. There are two approaches to the structural analysis of a tensile 

structure. First is the simplified de-coupled approach of modelling an infinitely stiff boundary and 
neglecting the effect of the boundary stiffness on performance by specifying high stiffness/deflection 

requirements in the boundary and upsizing the steel appropriately Second is a more advanced and 

efficient coupled approach where the secondary, and sometimes primary, is modelled together with the 

fabric. The first is not an option on this project as it would have meant the steel tonnage being way too 

high, as well as a detrimental aesthetic of requiring very large secondary steel members. A coupled 

approach was used here. Once a suitable form was found for the fabric that had positive drainage, a 

digital work flow was set up to auto generate a mesh between the rationalized secondary steel elements 

and boundary cable elements. Structural attributes were assigned through a link to an excel builder sheet. 

Attributes for member releases, section size, property, section size were defined. In the initial design the 

fabric was to be enclosed by secondary steel rectangular sections in square sections. The wind tunnel 

study showed that the wind pressures obtained were such that the fabric could work for a much larger 

area. This was a much preferred design direction as this minimized the number of perforations needed 
in the fabric to allow for the upstands to connect the secondary beams to the primary and minimize the 
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clamping detail. Further design development was done to investigate 1) removal of the transverse 

secondary 2) effect of an extraordinary load event of the fabric in a bay failing which would increase 

the out of balance load on the secondary steel. Studies showed that it would be possible to persist with 

a bigger fabric area and the transverse secondary members were removed. An indexing strategy was 

again set up here to allow for the connection engineers to begin checking the connection for the forces. 

Each secondary steel rectangular section was of typical span 30 ft (9.144 m) – termed a transom. At the 
ends of a transom the member was released for axial to relive temperature load and to avoid the members 

acting as another chord to the longitudinal trusses by picking up axial load as the truss deflects. At each 

end lateral and vertical load is carried by a major upstand. This is an extension of the primary 

longitudinal truss vertical. This allows the connection to take the moment due to out of balance lateral 

loads form the fabric acting on the transom. At the mid-point an intermediate upstand is used to pick up 

the vertical loads. This member is detailed to allow the member to rotate under lateral loads so that it 

doesn’t put torsion on the lower chord of the truss which has little capacity with it being an open wide 

flange section. Once the secondary steel and fabric is sized in the coupled model, the reactions from the 

connection points of secondary to primary need to be transferred to the primary structural model, and a 

verification steel design check is completed. A digital work flow was set up here to extract the forces 

from the coupled model, and use a K-D tree/closest point algorithm to identify the closest point in the 

primary structural analysis model with that of the point in the secondary coupled model. Forces were 

then transferred/mapped through the work flow directly into the primary structural analysis model – See 

Figure 8 – which described the mapped imposed loads acting on the structure for one load case. 

 

Figure 8: Mapping of Local Imposed Loads from Coupled Steel Fabric Model onto Primary 

A steel verification check to the more granular mapped point reactions was completed to make sure 

there was no local overstressing. In some areas the members were upsized as needed but in a way to 

endure the criteria of weight/stiffness were maintained. The connection engineer/and steel fabricator 

were notified of any changes in the member size/loads. The coupled model was used to assess resistance 

to ponding of the structure. Although there was no snow load at the site, a uniform load of 10 psf (0.48 

kNm-2) was used to assess the sensitivity of the structure to possible ponding under rain load. To ensure 

positive drainage it was decided to make sure every secondary transom was rolled to a specified radius 

instead of being a linear segment. Advanced numerical studies were used to assess the capacity of the 

roof to shed water based on surface obstruction, surface roughness, intensity of rainfall, and geometry 

of roof. The study suggested additional funnels needed to be introduced at the leading edge to improve 

the volume of rainfall able to be moved away from the surface of the roof. 
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4.4. Erection Analysis 

Thought needs to be given as to how to erect the structure. This considers the weight of elements, 

fabrication and transportation constraints and schedule of different trades working on the project. A 

workflow was set up to group the structure into 60 different stages of erection. Based on the indexing 

of the primary elements, staged groups were defined and assigned in the analytical model. Additional 

temporary tie elements are assigned to the model to ensure stability at each stage of the erection analysis 

in the as-built condition. A static analysis is run for each stage, the internal loads and stiffness at the end 

of the analysis inform the starting analysis of the next stage. Forces in the members are monitored at the 

end of each stage to make sure there is no overstressing of the member that might be higher than the 

installed state with applied loading. If this was the case, the member sizes may need increasing and/or 

connection detailing would require modification. At the end of the stages, the final stiffness and internal 

loads are used for a final verification of the static analysis of the structure with imposed loads. This is 

to make sure there are no permanent internal loads introduced due to the erection process that might 

cause over stressing during the lifetime of the structure. 

4.5. Fabrication and structural steel detailing  

 

All of the fabrication drawings were completed digitally by the steel fabricator using the geometry and 

sizing of the analytical model. Indexing was transferred to the fabrication model. The indexing was 

adopted as the piece mark and eventually made its way to site. Every piece of steel had a different 

geometry, indexing facilitates coordination on site. The time from design development to a fully 

connected structural steel fabrication model was three months. 

4.6 As Built 

The image in Figure 9 shows the current state of the project in late January 2017. 

 

Figure 9:As-Built Primary Steel 
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5 Conclusion  

Utilizing digital workflow and team work it was possible to steward and deliver a specialty structure 

project with a high design element at a delivery pace that exceeded that of more traditional commodity 

structures. The adoption of digital workflow was key and allowed typical design stages to be compressed 

and run in parallel, not in a traditional linear project delivery process. In summary, the digital workflow 

utilized on this project addressed many different scopes of structure and digital tools – see Figure 10 

below for a summary 

 

Figure 10: Structural scope and tools covered by the project digital work-flowl 

The primary steel was ordered way before connection detailing had started and the secondary and fabric 
engineering fully completed. Early design constraints of weight/stiffness were set early on at concept, 

and had to be monitored and respected at all points during subsequent further design development and 

construction. Adaptive digital workflow allowed WPM to maintain the early upfront constraints of 

tonnage/stiffness all the way from early concept through to erection with a minimum of conservatism. 

Adopting the approach of a coupled analysis model is important to understand the relative stiffness 

between primary/secondary/enclosure elements and get efficiency in load paths that are impossible with 

a non-coupled model approach. This leads to smaller steel sizes, better aesthetics, and savings in 

tonnage. Having a collaborative team where digital information is shared at all points with trust is 

essential. It would not have been possible to deliver this project without digital work flow to the 

aggressive schedule required. Although the project was ultimately a success, this is not necessarily the 

way we want to work in future 
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