
!

!

 
 

FACADE TECTONICS 
World Congress Los Angeles 2016 

Conference Proceedings 
Volume 1 

 
 
 
 

Edited by 

 
Douglas Noble, FAIA, Ph.D.        

Managing Director of the Facade Tectonics Institute 
Director of the Chase L. Leavitt Graduate Building Science Program 

Chair of the Ph.D. Program  
USC , School of Architecture 

 

Karen Kensek, LEED AP (BD+C) 
Executive Director, Facade Tectonics Institute 

Associate Professor of the Practice of Architecture 
USC, School of Architecture 

 
Shreya Das 

Master of Building Science 
USC, School of Architecture 

 

  



15!

 

PARAMETERS FOR PLASTICITY  
An approach to FRP unitized façade design    

 
Jeff Ponitz  
Cal Poly State University, San Luis Obispo  
jponitz@calpoly.edu 

 

 
Mark Cabrinha  
Cal Poly State University, San Luis Obispo 
mcabrinh@calpoly.edu 

 

 

ABSTRACT  

A group of architecture students, led by the authors, design and prototype high-performance fiber-reinforced polymer (FRP) 
unitized façade systems. Working with industry partners from architecture, façade engineering, and FRP fabrication, and 
learning from the recent example of SFMoMA’s FRP façade, the group studied the material constraints and affordances of 
FRP in relation to unitized curtain wall design and building performance. The design process for four student teams evolved 
from improvisational paper maché models to digitally fabricated prototypes and molds developed across multiple scales, 
culminating in refined proposals for integrated FRP unitized systems. In doing so, the group developed “parameters for 
plasticity” that can serve as a framework for FRP unitized façade design that integrates considerations of FRP material 
properties and fabrication; unitized façade performance, transportation, and assembly; and aesthetic and experiential 
qualities. A technical analysis of these proposals evaluates the relationship between surface geometry, material composition, 
and structural performance.  
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INTRODUCTION: FRP RESURGENCE 

The use of Fiber Reinforced Polymers (FRP) is not new in architecture, as evidenced by Monsanto’s House of the Future 
displayed at Disneyland from 1957-1967, but recent years have seen a renewed interest in FRP and other composite 
materials. Inspired by the performative designs of the aerospace and nautical industries, and empowered by digital tools that 
enable the design and fabrication of complex forms, architects are taking a renewed interest in the potential of FRP and other 
composite materials. Greg Lynn, long at the forefront of this resurgence, argues for the connection between the formal and 
constructional potential of composites: 

“There is a sea change in the world of construction: the shift from assemblage to fusion. In material terms this translates into 
a move from mechanical to chemical attachments; more simply, things are built without bolts, screws, nails, and pegs and 
are instead glued. In formal terms this translates into a shift from discrete, freestanding, detachable elements into layers of 
materials, blended or filleted connections, and smooth curvilinear elements between elements.” (Lynn 20) 

The design of architectural façade systems, where aesthetics meet performance, is an area of particular promise for FRP. 
The benefits of FRP in façade applications are myriad: it has a high strength-to-weight ratio, giving rigidity to thin, lightweight 
components. It is non-conductive, creating an effective thermal break. It is non-corrosive, minimizing degradation and 
maintenance due to moisture. It is watertight, seamless and nearly limitless in size. It allows for parts consolidation, where 
formerly discrete components are integrated into a single multifunctional element. Lastly, it can be sculpturally formed with a 
high degree of precision.    
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With these areas of potential in mind, a class of architecture students at Cal Poly University, led by the authors, set out to 
design fully integrated FRP unitized façade systems. Working with industry partners from architecture (Gensler Los Angeles), 
façade engineering (Enclos), and FRP fabrication (Kreysler & Associates), the class sought to leverage the potential of FRP 
while working within the constraints of unitized curtainwall construction. At the outset, working with FRP seemed to be 
almost limitless in the complexity of surface curvature as well as seemingly limitless panel size. However, in working with 
these industry partners, the design process began to identify and incorporate numerous constraints from fabrication and 
installation, to transportation logistics, to thermal and day lighting performance, while maintaining the aesthetic ambitions of 
working with FRP.  

CASE STUDY: SFMOMA  

Concurrent to this class, construction was beginning on the largest façade application of FRP in the United States to date: 
the expansion of SFMoMA, a collaboration between architect Snohetta, façade design-build company Enclos, and FRP 
fabricator Kreysler & Associates. SFMoMA provided a formative case study for the class, demonstrating both the potential 
and the challenges of FRP façade systems on a large scale, and the lessons learned from this case study formed the basis of 
the design parameters for the class.  

 

Figure 1: SFMoMA, San Francisco 

The SFMoMA façade was originally designed as a rain screen utilizing glass fiber-reinforced concrete (GFRC) cladding, but 
the substitution of lightweight FRP resulted in three critical benefits. First, it resulted in the elimination of one million pounds 
of structural steel, reducing the sizing of primary structural members and replacing a secondary steel frame with lightweight 
aluminum framing. Second, it allowed the panels to become as large as 5.5 ft x 30 ft, reducing the number of panels as well 
as visible joints. Third, it allowed the cladding (measuring approximately 3/16” thick and weighing approximately 5 lbs/ft2) to 
be mounted to conventional light-gauge unitized panels before being shipped to the construction site, resulting in a shorter 
assembly time involving fewer trades. (Gardiner) In addition to satisfying the aesthetic goals of the architect, the transition to 
an FRP unitized system resulted in substantial cost savings that made SFMoMA economically feasible. Perhaps the most 
important innovation that enabled SFMoMA’s FRP façade was Kreysler & Associates’ development of Fireshield 285, a 
proprietary blend of resin and aggregate that pass the NFPA 285 fire test, which had previously restricted the use of FRP on 
any extent of a building over 40’ high in the United States.  

Because the SFMoMA façade was not originally designed as an FRP system, and innovation in façade design is an 
incremental process, the project as implemented does not fully exploit the potential of FRP. The use of FRP as a rain screen 
cladding, separate from the structural and weatherproofing functions of the barrier wall, does not take full advantage of its 
high strength-to-weight ratio, its watertightness, or its low conductivity, and creates a redundancy of material systems in the 
assembly. The separation of the assembly into a sculptural cladding over a flat unitized barrier wall creates a disconnect 
between inside and out: the interior volumes of SFMoMA are highly regular and rarely indicate the formal expressiveness of 
the building. One of the primary benefits of composite materials is parts consolidation: the ability of a single, seamless 
component to serve many functions. A unitized panel could consolidate structure, weatherproofing, and connection details 
into a single FRP component with savings in cost, space, and performance. Additionally, each of SFMoMA’s 700 FRP panels 
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is unique, requiring 700 unique CNC-milled molds—a time intensive and material intensive process that loses the efficiency 
of re-using a reduced number of standardized molds. 

Drawing largely from the example of SFMoMA and seeking to build upon its incremental approach to façade innovation (as 
opposed to radical speculations for a distant future), the class developed a set of design parameters for unitized FRP 
curtainwall systems: 

•! Panels should be as large as possible, though small enough to fit on a standard flat-bed truck (10’x48’) 
•! Panels should be designed to span from floor slab to floor slab, or column to column. (Fig. 2) 
•! The sizing and geometry of panels should balance considerations of standardization (re-usable molds) and 

customization (aesthetic or functional variation). 
•! Panels should consolidate structure, weather barrier, and connections whenever possible. 
•! Complex curvature should be utilized whenever possible to create rigidity (eliminating secondary structure and 

resisting wind loads).  
 

 

Figure 2 (l-r): Unitized curtain wall panel approaches (l-r): single span, twin span, and horizontal span. 

METHOD 

A materials-based approach was used by student teams to develop proposals for FRP façade systems. This process began 
with messy hands-on prototyping, using paper maché as a stand-in for FRP. Students experimented with molding processes 
and the tessellation of multiple units while evaluating the formal and structural qualities of the molded units. These quick 
studies were soon supplemented with parametric design software and digital fabrication processes to iteratively develop 
façade systems. In addition to exploring the formal possibilities and environmental performance of these façade systems, 
each scheme addressed the manufacturing processes used to produce them. For example, while continuous variation of 
units is a commonly desired outcome in contemporary digital design practices, the process of producing unique custom 
molds is costly, time-consuming, and generates tremendous waste. These investigations aimed to produce maximum 
perceived variation with minimum material and labor.  

 

Figure 3: Student project development from improvised paper maché study to digitally fabricated full-scale prototype. 

While the integration of digital design and fabrication tools was a central interest in this class, an effort was made to tie these 
tools directly to the material realities of unitized façade construction. In his essay “Craft in Digital Design,” Bill Kreysler 
reminds digital designers of the value of the constraints of materials and methods:     
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“Creating a wall with curves requires that I-beams be invented that follow these lines, or perhaps it requires an entirely new 
and bolder system of monocoque structures with no internal frame at all. This freedom of design, as liberating as it may 
seem, is a handicap that will inevitably bring the walls crashing down, perhaps literally, on designers who do not employ in 
their design an informed and effective understanding of means and methods. Today’s tools do not make these complex 
buildings easier to design. They simply make them possible.” (Lynn 38). 

A brief summary of four teams’ proposals follows. 

D R OOP 

 

Figure 4: Droop model and geometry diagram. 

This team used a catenary curve form-finding process to determine surface curvature that would resist wind loading while 
providing ambient, diffused light to interior spaces (Fig. 4). These twin-span panels met the floor slab at their only moment of 
zero curvature, thus reinforcing their weakest point and creating a straight joint at slab edge. Three exterior panel types were 
optimized to create conditions of light/view, light/no view, and no light/no view (maximum insulation); a fourth panel type was 
used as an interior partition that could spatially extend the façade. While a gravity-based, moldless forming process was 
initially explored, the need for precision required a CNC-milled foam formwork. This fabrication method retained the 
expanded polystyrene foam formwork as integral insulation.   
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SY NE R GY  

 

Figure 5: Synergy model and panel assembly diagram. 

Influenced by the strength created from creasing and pinching fabric, Synergy created an undulating façade punctuated by 
apertures of varying sizes. This team approached their barrier wall design as a composite sandwich panel (Fig. 5), consisting 
of an FRP shell, sprayed-in polyurethane insulation, and an aluminum backup panel that could be clad with a range of interior 
finishes. Panel size was maximized relative to building structure in order to maximize efficiency of assembly. While this 
scheme had a low degree of surface curvature, multiple apertures (with built-in FRP glazing units) introduced significant 
rigidity to the panel, due to the FRP returns at each aperture that acted as stiffeners. Two reusable forms were used to 
provide a consistently tessellated panel geometry, while more variable formwork inserts served to blank off different aperture 
systems. 

R E LAX E D  

 

Figure 6: Relaxed model and panel assembly diagram. 

This bay window style panel employed relaxed surfaces to maximize material efficiency and surface rigidity (Fig. 6). The panel 
was designed to be added to existing buildings as a façade replacement system, increasing energy performance while 
adding usable square footage. Integral FRP glazing units, oriented perpendicular to the building face, acted as structural 
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stiffeners to the FRP panels while creating intimate niche spaces with fragmented views while bouncing light across the 
continuously curved surfaces. Spray-in insulation added further stiffness to the panel. Despite its visual variation, this scheme 
utilized a single re-usable mold with the economy of a twin-span panel. 

T E SSE LLAT I ON ANI M AT I ON 

 

Figure 7: Tessellation Animation. 

This rain screen assembly studied complex tessellated patterning both within individual panels and across the façade (Fig. 7). 
A wide range of variability was achieved by combining four basic mold types with customized waterjet cut apertures. FRP 
panels were layered with primary and secondary structural systems in a cohesive geometric framework to provide visual 
depth. 

UNITIZED TECTONICS 

Architectural visions for FRP often suppress or negate the presence of the joint—following Greg Lynn’s proposed shift from 
“assemblage to fusion” and “mechanical to chemical attachments”—or ignore it altogether. These revolutionary visions are 
rooted in paired ambitions of aesthetics and performance: a completely seamless surface that provides a continuous weather 
barrier and structural load distribution. This approach overlooks many critical issues of façade design, one of which is the 
need to accommodate expansion and movement of the façade relative to building structure. By pursuing a unitized system, 
this group took an evolutionary approach that foregrounded the issue of the joint and realities of contemporary construction. 
The student proposals minimize the number of joints by maximizing unitized panel sizes (within the limitations of a flatbed 
truck), contributing to the aesthetic and performative continuity of the building façade while minimizing on-site erection time. 
Primary and secondary weather seals were integrated into the FRP panels themselves, rather than a separate backup system 
as in SFMoMA, concealing all mechanical fasteners.  

In reaction to the student proposals described above, Enclos proposed an aluminum split mullion system that would allow 
unitized panels to snap together in the field to provide a weather seal (Fig. 8). These mullions would be attached to the FRP 
panels in the shop, then snapped together in the field, with mullions held together by anti-buckling clips. As is typical in 
unitized systems, the mullion cavity itself would be uninsulated, but placing a thermal break in the mullion itself would 
mitigate thermal bridging. The joint could be left open, or a gasket could be inserted to create a less prominent reveal. The 
mullion system would act as an edge stiffener for the FRP panel, but due to the inherent stiffness of the FRP, these mullions 
would be much shallower and lighter than a conventional system. The connection to primary structure would be a standard 
unitized curtain wall detail, attaching to anchors embedded in the slab edge. Further development of this system would 
involve the replacement of the aluminum mullion with an extruded FRP mullion to achieve a fully integrated and continuous 
system that eliminates thermal bridging. 
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Figure 8: Vertical mullion detail at FRP panel-to-panel joint (adapted from image by Enclos) 

STRUCTURAL ANALYSIS 

Enclos also developed a comparative structural analysis for the student proposals, with the primary goal of determining how 
much of the panels’ strength was due to their sandwich panel construction (FRP and insulating foam), and how much was 
due to their surface geometry (continuous curvature and openings). The Droop and Synergy panels were analyzed relative to 
a flat sandwich panel (6” thick, 10’ wide, and 28’ tall). A simple distributed load of 30 psf was applied perpendicular to the 
main span of the panels to approximate wind loads, and Strand7 software was used to measure their maximum deflection 
and stress. Each of these three panels were analyzed both with and without a foam core. 

The addition of a relatively soft insulating foam (Young’s modulus of E=600 ksi) had a substantial impact on the strength of 
panels. The foam effectively distributed the load between the front and back faces of the panel, In the flat panel (controlling 
for geometry), the addition of foam reduced maximum deflection by a factor of ten, from 14” to 1.2”, within the acceptable 
range. It reduced the maximum stress by a factor of two, from 26 ksi to 10 ksi—above the acceptable range, but able to be 
remedied with local reinforcement around anchorage points. These improvements were largely a result of the foam 
distributing the load between the front and back faces of the panel. (Fig. 9) 

 

Figure 9: Structural performance comparison of flat twin span FRP panels, with and without a foam interlayer (image courtesy of Enclos)  

The analysis of panel geometry compared the flat panel to the Droop panel (large scale double curvature) and Synergy panel 
(small-scale double curvature with openings). (Fig. 10) The analysis showed that while most of the panels’ strength comes 
from the sandwich panel assembly of FRP and foam, surface curvature does make a meaningful contribution. The surface 
curvature of the Droop and Synergy panels (without foam) reduces maximum deflection by approximately a factor of ten 
compared to the flat panel, and reduces maximum stress by approximately a factor of two. While the Droop panel was 
derived from a catenary section working against the lateral wind loads of the façade, the thrust of the arching action is not 
able to resolve itself into the primary structure as this would require dead load anchors at all four corners of the façade—
which would not allow for differential movement between façade and primary structure. However, the catenary shape of the 
Droop panels stiffened the panels vertically. The Synergy panel performed slightly better, due to its numerous openings. The 
FRP returns of these openings acted as flanges connecting the front and back faces of the panel. Overall, the combination of 
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foam, surface curvature, and panel openings proved to be a very effective strategy for strengthening a unitized panel.    

 

Figure 10: Structural performance comparison of twin span FRP panels, comparing surface geometries (image courtesy of Enclos)   

 

CONCLUSION 

FRP has long inspired architects with its seemingly limitless potential, in both its aesthetics and its performance; digital 
design and fabrication tools are only expanding this potential in FRP design and construction. Much of the building façade 
design process, however, is about creatively addressing constraints such as transportation, installation, and structural and 
environmental performance. By overlaying these constraints with the material constraints and fabrication processes of FRP, 
this group established “parameters for plasticity” that can inform a design methodology for FRP facades.  
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