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Non-Destructive Evaluation of George Nakashima's Modernist Thin-Shell Plywood
Structure
Abstract
The purpose of this thesis is two-fold: to understand the construction and vulnerability of an open thinshell plywood structure, and to propose a holistic and efficient program for assessment of thin-shell
buildings using Non-Destructive Evaluation (NDE). This project focuses on the Pool House George
Nakashima built in 1960, on his estate in New Hope, Pennsylvania. The structure is noteworthy for its
conoid thin-shell roof, as part of a series of experimental roofs extant on the Nakashima Complex. While
several other buildings on site employ these warped roofs, the rate of deterioration of the plywood
assemblies is not fully understood.
This thesis complements a growing base of research for the George Nakashima Woodworker Complex
and the Nakashima Foundation for Peace, including the Getty Foundation funded “George Nakashima
Arts Building and Cloister Conservation and Management Plan” by PennPraxis (2017). This project utilizes
Non-Destructive and Semi-Destructive Evaluation to ascertain the current condition of the Pool House
thin-shell roof. This information can be used in conjunction with future research to understand the rate of
deterioration and to serve as a catalyst for a long-term maintenance plan. This thesis includes an
overview of George Nakashima and his career, a history of the Nakashima complex, a summary of thinshell structures, and the use of plywood as a building material, both broadly and in the context of the
George Nakashima Woodworker Complex. The methodology for the project is delineated, including
procedures for implementing NDE through careful study of the building. The employed NDE methodology
identifies the optimal approaches for meeting project objectives while working within a defined budget
and expertise level. The intention of this methodology is to create a model for NDE that can be
implemented in future building assessment projects. Eight methods for evaluation were selected and
employed on the Pool House, including: visual examination, moisture content data collection, physical
measurement, species identification, visual grading, sounding, infrared thermography, and coring. This
thesis ultimately presents a series of findings, based on NDE, related to the composition and
construction, changes in geometry, and material vulnerabilities of the Pool House roof. Lastly, the
effectiveness of the employed NDE methods is presented.

Keywords
NDE, building assessment, warped roofs, structural capacity, building material vulnerability

Disciplines
Historic Preservation and Conservation

Comments
Suggested Citation:
Reynolds, Elizabeth Henley (2018). Non-Destructive Evaluation of George Nakashima's Modernist ThinShell Plywood Structure (Masters Thesis). University of Pennsylvania, Philadelphia, PA.

This thesis or dissertation is available at ScholarlyCommons: https://repository.upenn.edu/hp_theses/650

NON-DESTRUCTIVE EVALUATION OF GEORGE NAKASHIMA’S MODERNIST THINSHELL PLYWOOD STRUCTURE
Elizabeth Henley Reynolds
A THESIS
in
Historic Preservation
Presented to the Faculties of the University of Pennsylvania in
Partial Fulfillment of the Requirements of the Degree of

MASTER OF SCIENCE IN HISTORIC PRESERVATION
2018

______________________
Advisor
Michael C. Henry, PE, AIA
Adjunct Professor of Architecture

______________________
Program Chair
Frank G. Matero
Professor

Acknowledgements
I would like to offer my sincerest gratitude to Michael C. Henry who committed a
considerable amount of time as my advisor and consistently offered thorough and astute advice. I
could not have completed this project without your guidance. I am incredibly appreciative to Mira
Nakashima, President of George Nakashima's Foundation for Peace and Creative Director of
George Nakashima Woodworker, for graciously allowing frequent visits to the site and offering me
the opportunity to stay overnight in the Reception House. These experiences led me to recognize
and fall in love with George Nakashima’s intuitive understanding of building materials imbued with a
sense of spirituality. I cannot thank the Nakashima family and staff at George Nakashima
Woodworker, such as John Lutz, and Kim DeFazio, enough for their welcoming attitude and willing
support of my research.
I extend my thanks to David Biggs who offered critical advice at the outset of this project
and provided guidance and resources along the way. I’d also like to recognize and thank Andrew
Fearon for his instruction, contribution of microscopy services, as well as oversight and willingness
to share tools for the coring operation. Your Wood Seminar helped me deepen my appreciation for
woodworking and craftmanship.
I would like to acknowledge and thank Professor Frank Matero and John Hinchman for
allowing frequent use of the Architectural Conservation Laboratory’s equipment and tools.
Additional thanks to John for his technical advice and support. My appreciation goes to William
Whitaker, Collections Manager of the Architectural Archives at the University of Pennsylvania, for
sharing his extensive expertise and resources related to the George Nakashima Woodworker
Complex.
My thanks to Matthys Levy for sharing his experiences as consultant engineer for George
Nakashima in the design development of many of the experimental warped roofs on site.

ii

I would like to whole-heartedly thank my mother and father for their constant support and
encouragement throughout this process. I offer my sincere gratitude to my mother who acted as my
editor. I certainly could not have kept my sanity without the two of you. Thank you for always acting
as the voices of reason. Lastly, I dedicate this thesis in memory of my grandfather, Charles Furlong,
who was a passionate woodworker and student of forestry, and encouraged me to pursue an
education in the fields of engineering and building technology. His guidance led me down the path to
historic preservation.

iii

Table of Contents
Acknowledgements .......................................................................................................................................... ii
List of Figures ................................................................................................................................................... vi
List of Tables ................................................................................................................................................... viii
1.0 Introduction .................................................................................................................................................. 1
2.0 Historical Context ...................................................................................................................................... 2
2.1 George Nakashima’s Early Career .................................................................................................... 2
2.2 Development of the George Nakashima Woodworker Complex ............................................ 5
2.2.1 Nakashima’s Experimental Designs ...................................................................................... 10
2.2.2 Development of the Pool House .............................................................................................. 12
2.3 Thin-Shells and Conoid Structures ................................................................................................. 14
3.0 Overview of the Pool House: Context and Materials .................................................................... 18
3.1 Situational Context ............................................................................................................................... 18
3.1.1 Climate Characterization ............................................................................................................ 19
3.1.2 Soil Characterization .................................................................................................................... 19
3.1.3 Site Features ................................................................................................................................... 20
3.2 Description and Chronology of the Pool House ........................................................................ 20
3.2.1 General Description of the Pool House ................................................................................. 20
3.2.2 Evolution of the Pool House Design ...................................................................................... 29
3.2.3 Post-Construction Alterations................................................................................................... 29
3.3 Plywood Overview................................................................................................................................ 30
3.3.1 Plywood Development ................................................................................................................. 31
3.3.2 Plywood Properties and Vulnerabilities ................................................................................. 32
4.0 Initial Visual Assessment ....................................................................................................................... 33
4.1 Methodology .......................................................................................................................................... 34
4.1.1 Limitations ...................................................................................................................................... 35
4.2 Initial Visual Assessment Findings ................................................................................................ 35
4.2.1 General Observations................................................................................................................... 36
4.2.2 Observed Conditions ................................................................................................................... 38
4.3 Initial Visual Assessment Conclusions.......................................................................................... 40
4.3.1 The Mysteries of the Pool House Assembly and Construction ...................................... 41
4.3.2 Threats to the Structural Capacity of the Pool House....................................................... 41
4.3.2.1 Leading Indicators of Threats to the Pool House ....................................................... 42
5.0 Overview of Non-Destructive Evaluation (NDE).......................................................................... 45
iv

6.0 Application of Non-Destructive Evaluation on the Pool House ............................................... 48
6.1 Methodology for Selection of NDE Methods .............................................................................. 49
6.1.1 Limitations ...................................................................................................................................... 57
6.2 Methodology for Non-Destructive Evaluation ........................................................................... 57
6.2.1 Selection of Testing and Evaluation Locations ................................................................... 58
6.2.2 Evaluation Guidelines ................................................................................................................. 61
6.2.3 Description of Completed Non-Destructive Evaluation .................................................. 63
7.0 Non-Destructive Evaluation Findings .............................................................................................. 81
7.1 Findings from Non-Destructive Evaluation of the Pool House ............................................ 82
7.1.1 Findings Related to Building Composition .......................................................................... 82
7.1.2 Findings Related to Changes in Geometry ........................................................................... 91
7.1.3 Findings Related to Material Vulnerability........................................................................... 96
7.2 Leading Threats to the Structural Capacity of the Pool House ........................................... 102
7.3 Recommendations for Future Research ..................................................................................... 106
7.4 The Applicability and Effectiveness of the Applied Non-Destructive Approaches ...... 109
8.0 Conclusion ................................................................................................................................................ 114
9.0 Bibliography............................................................................................................................................. 116
10.0 Appendices ............................................................................................................................................. 120
11.0 Index ......................................................................................................................................................... 141

v

List of Figures
Figure 1. Paper sheet stiffened by curvature. ............................................................................................... 15
Figure 2. Load diagrams of a hemispherical dome. .................................................................................... 16
Figure 3. Diagram of a conoid shape. ........................................................................................................... 18
Figure 4. The Pool House looking northwest. . .......................................................................................... 21
Figure 5. Gooseneck joint in railing on concrete deck of Pool House. .................................................. 22
Figure 6. Mortise and tenon joint at the base of railing post, anchored to concrete deck of pool
house. ................................................................................................................................................................... 22
Figure 7. Sill plate connection. ....................................................................................................................... 23
Figure 8. Detail of the three-layer plywood system, terminating at the copper flashing. ..................... 25
Figure 9. Pool House during construction, showing the radial bracing used to achieve the conoid
form. ..................................................................................................................................................................... 26
Figure 10. Pool House reflected ceiling plan, showing the numbering convention for the plywood
bays. ...................................................................................................................................................................... 27
Figure 11. Thin-shell assembly diagram. ....................................................................................................... 28
Figure 12. Leaf accumulation patterns. Figure 13. Snow accumulation patterns. ............................... 37
Figure 14. Snow from roof melting at north end drip edge. ..................................................................... 38
Figure 15. Causes and leading indicators of threats to the structural capacity of Nakashima’s Pool
House. .................................................................................................................................................................. 44
Figure 16. Most vulnerable areas of the Pool House to moisture-related damage. ............................... 60
Figure 17. Flattened reflected ceiling plan drawing..................................................................................... 64
Figure 18. Flattened reflected ceiling plan photomontage. ........................................................................ 64
Figure 19. Moisture content data collection location pattern (points of collection in blue). ............... 65
Figure 20. Collection of moisture content data using the Delmhorst Instrument Co., J-2000 PinType Moisture Meter, pins oriented parallel with the plywood grain........................................................ 66
Figure 21. Total station measurement data collection in progress. .......................................................... 68
vi

Figure 22. View from initial total station instrument set-up location, with plywood areas inaccessible
to measurement. ................................................................................................................................................. 69
Figure 23. Wood sample locations. .............................................................................................................. 70
Figure 24. Sounding data collection location pattern. ................................................................................ 71
Figure 25. Plywood core locations. ............................................................................................................... 75
Figure 26. Scoring veneer of plywood Layer 1 with an X-ACTO knife. Photo provided by Andrew
Fearon. ................................................................................................................................................................. 76
Figure 27. Screwing the plywood guide to Layer 1. Photo provided by Andrew Fearon. ................... 77
Figure 28. The plywood guide in place. ........................................................................................................ 78
Figure 29. Coring of the east wall of the Pool House. Photo provided by Andrew Fearon. .............. 79
Figure 30. Core taken from east wall. ........................................................................................................... 79
Figure 31. Coring location after the removal of plywood guide. Notice continuity between the three
layers of plywood extending back to the asphaltic roofing. Photo provided by Andrew Fearon. ....... 80
Figure 32. Replaced veneer where cored sample was taken. ..................................................................... 81
Figure 33. Reflected ceiling plan showing plywood and asphaltic roofing seam overlay. .................... 84
Figure 34. Plywood Layer 3 orientation evidenced through corrosion staining patterns. .................... 85
Figure 35. Infrared image of Pool House ceiling showing concealed plywood joints and fasteners.
Figure 36. Photograph accompanying infrared image on left with Layer 2 plywood joints indicated.
............................................................................................................................................................................... 86
Figure 37. Thin-shell assembly diagram. ...................................................................................................... 87
Figure 38. Infrared image indicating the location of embedded metal reinforcement in the west
masonry side wall, as well as anchor bolts, and potentially missing anchor bolts in the sill beam on
top of the masonry wall. ................................................................................................................................... 89
Figure 39. Vertical displacement of south end of west sill beam, possibly due to a lack of anchor
bolts connecting the beam to the wall. ........................................................................................................... 90

vii

Figure 40. Rib Cross-section diagrams showing existing measurements of the thin-shell against an
idealized curve. ................................................................................................................................................... 92
Figure 41. Transverse cross-section of Bay 1, along the northern most rib showing hinge points
where bracing connects to the thin-shell. ...................................................................................................... 93
Figure 42. Infrared image of the west side wall on the bottom superimposed with the sounding
gradient on the top, showing possible correlation between the cavity space within the masonry wall
and the hollow sound in the plywood area above. ....................................................................................... 94
Figure 43. Mirrored infrared image of the west side wall on the bottom superimposed with the
sounding gradient of the east wall plywood on the top, showing possible correlation between the
cavity space within the side wall and hollow sound in the plywood above. ............................................. 94
Figure 44. Vertical crack in sill beam, aligned with the orientation of anchors connecting the beam
to the masonry side wall.................................................................................................................................... 95
Figure 45. Comparison of moister content levels between the east and west plywood. East plywood
generally shows higher moisture content levels over a larger area to the north. ..................................... 97
............................................................................................................................................................................... 99
Figure 46. Moisture gradient of plywood above east and west walls, showing higher moisture
content levels (outlined in blue) oriented approximately where the embedded metal is located.......... 99
Figure 47. Decay of plywood Layer 3 on north end of Pool House. .................................................... 100
Figure 48. Fully intact core sample of plywood (Layers 1-3) showing no sign of decay. ................... 102
Figure 49. Total station instrument set-up locations. ............................................................................... 108
Figure 50. Causes and Leading Indicators of Threats to the Structural Capacity of Nakashima’s Pool
House. ................................................................................................................................................................ 113

viii

List of Tables
Table 1. George Nakashima Woodworker Complex buildings and year of construction. ..................... 7
Table 2. Minimum Bending Radii for Douglas fir Plywood...................................................................... 33
Table 3. Climatic Conditions During Site Visits (Initial Visual Assessment and In-Depth Condition
Assessment). ....................................................................................................................................................... 34
Table 4. Effectiveness of NDT and SDT Methods to Assess Structural Timber. ................................ 47
Table 5. Non-Destructive Evaluation Decision Matrix. ............................................................................ 51
Table 6. Non-Destructive Evaluation Decision Matrix – Limitation Scale Factors. ............................. 52
Table 7. Application of Non-Destructive Evaluation. ............................................................................... 62
Table 8. Impact of Threats to the Structural Capacity of Nakashima’s Pool House. ......................... 105
Table 9. Applicability of NDE Approach to Findings, Within Three Categories (Building
Composition, Changes in Geometry, and Material Vulnerability). .......................................................... 110

ix

1.0 Introduction
The purpose of this thesis is two-fold: to understand the construction and vulnerability of a
thin-shell plywood structure, and to propose a holistic and efficient program for assessment using
Non-Destructive Evaluation (NDE) for thin-shell structures. This project focuses on the Pool House
George Nakashima built in 1960 on his estate in New Hope, Pennsylvania. This structure is
noteworthy for its thin-shell conoid roof. Several other buildings on the Nakashima Complex utilize
similar experimental thin-shell plywood roofs, but, with the exception of the Arts Building and
Cloister, little has been documented to understand how these thin-shells perform over time. This
thesis will utilize Non-Destructive and Semi-Destructive Evaluation in order to ascertain the current
condition of the building, in particular the thin-shell roof. This information can be used to
understand the rate of deterioration in future projects and to serve as a catalyst for a long-term
maintenance plan. The methodology used in the evaluation identifies the optimal approaches for
meeting the project objectives while working within a defined budget and expertise level. The
intention is to create a model for NDE that can be implemented for future building assessment
projects.
This thesis is divided into seven main sections, following this introduction: 1) Background
information, including the historical context of the Pool House and its designer; 2) Situational
context of the Pool House, its description, and chronology; 3) Results of an initial visual assessment;
4) An overview of NDE methods and philosophy; 5) Methodology devised to select the NDE
methods for this project; 6) Findings related to the building composition and the potential
vulnerabilities of the thin-shell roof to damage or deterioration, as well as an analysis of the
effectiveness of the NDE approaches used in this project; and, 7) Conclusion.
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2.0 Historical Context
Every structure reflects a design context and historical background, both of which should
contribute to the objectives for its assessment regarding significance and condition. This section
outlines the historical context of the Pool House George Nakashima designed for his home and
woodworking complex in New Hope, Pennsylvania. Nakashima’s early career is reviewed, followed
by an overview of the development of the site, including experimental roof structures. All this
information is crucial to the comprehension of the structure’s significance, fabrication, and the
assessment approaches that are ultimately undertaken.
2.1 George Nakashima’s Early Career
Although George Katsutoshi Nakashima is considered one of the leading innovators in
twentieth-century furniture design; his career began as an architect.1 Throughout his life, he
experimented with innovative architectural and woodworking designs on what has become known as
the George Nakashima Woodworker Complex in New Hope, Pennsylvania, designated a National
Historic Landmark in 2014.2
George Nakashima was born on May 24, 1905, in Spokane, Washington. His early
fascination with architecture and the forests of the Pacific Northwest motivated him to study
architecture at the University of Washington (attaining his Bachelor of Architecture in 1929), at the
Ecole Americaine des Beaux-Arts in Fountainebleu, France, and at the Massachusetts Institute of
Technology (attaining his Master of Architecture degree in 1930).3
Following graduation from the Massachusetts Institute of Technology, Nakashima worked
for Richard Brooks Studio and the Long Island State Park Commission in New York City, but when

1 “George Nakashima Exhibit Unveils the Grain of a True Craftsman,” The Seattle Times, September 21, 2012,
https://www.seattletimes.com/entertainment/george-nakashima-exhibit-unveils-the-grain-of-a-truecraftsman/.
2 “NHL Nomination,” accessed December 14, 2017,
https://www.nps.gov/nhl/find/statelists/pa/GeorgeNakashimaWoodworkerComplex.pdf.
3 Mira Nakashima, Nature, Form, & Spirit: The Life and Legacy of George Nakashima (New York: Harry N. Abrams,
2003), 13.
2

the Great Depression struck, he began what he called his “vagabondage” in Europe and Asia.4 The
designer’s first stop was Paris. “Just what drew me to Paris, I don't quite remember,” Nakashima
wrote. “Probably, I felt a need to round out my French experience,” following his studies at the
Ecole Americaine des Beaux-Arts.5 Le Corbusier’s Pavillion Suisse was under construction a few
blocks from Nakashima’s apartment and the young architect became enthusiastic about its “new
forms and fresh use of concrete.”6 He visited the construction site frequently. Some modern
architectural historians contend that Nakashima’s architectural style is akin to the European
modernists, that his incorporation of “curvilinear forms” and “aesthetic biomorphic details” reflect
the influence of architects like Le Corbusier.7
After spending a year in Paris, Nakashima felt “deeply drawn to Japan, the land of my
forebears.”8 The young designer landed a job in Tokyo working for Czech-American architect
Antonin Raymond. Raymond’s designs incorporated traditional Japanese details into a modern design
aesthetic.9 This experience brought Nakashima back to his ancestral roots and introduced him to a
design philosophy that would impact his work dramatically. While working for Raymond, Nakashima
studied traditional Japanese construction methods: “the elegance and power of simplicity, the beauty
of proper materials in building, the delicacy of unfinished wood, the traditional and modern creative
proportions, where the error of a fraction of an inch can make the design fail absolutely.”10
Nakashima worked in Raymond’s Tokyo office for three years before moving on to another project
for the firm: construction of a dormitory for the Sri Aurobindo Ashram in Pondicherry, India.
In India, Nakashima was introduced to furniture-making and the ways ancient craftsmen
relied upon their sense of spirituality when working with wood. He became a disciple of the ashram
George Nakashima, The Soul of a Tree: A Woodworker’s Reflections, 1st ed. (Tokyo: Kodansha International,
1981), 49.
5 Ibid.
6 Ibid, 50.
7 George Nakashima and the Modernist Movement (Doylestown, PA: James A. Michener Art Museum, 2001), 10.
8 Nakashima, The Soul of a Tree, 55.
9 Ibid, 58.
10 Ibid.
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and volunteered his time and his earnings to the monastery.11 The Sri Aurobindo Ashram dormitory,
called Golconde, was one of the first high-strength reinforced concrete buildings in India. The design
incorporated thin bowed concrete tiles on the roof deck, an innovative concept that reflected the
philosophy of Le Corbusier, whose work Nakashima had admired in Paris.12 This work at Golconde
highlighted “a tension between the East and West, but also a contradiction between the modern and
the traditional in form and fabrication.”13 This dichotomy is clearly demonstrated in the architecture
on Nakashima’s complex in New Hope.
Nakashima called Golconde a “do-it-yourself” project because he created the architectural
drawings, designed the formwork and steel, coordinated the construction processes (including
assembling the equipment fleet), and fabricated the interior furnishings.14 He began his life-long
practice of hands-on work during the construction process here. Golconde also offered Nakashima
his first foray into furniture-making.
In 1939, when Nakashima returned to Japan, international tensions were mounting. He
worked for Raymond for six months, then convinced his wife-to-be, Marion Okajima, to return to
the United States before war broke out. They married in Los Angeles in February of 1941.15
That year, Nakashima took a road trip along the West Coast, visiting modern constructions
designed by the pre-eminent American architects. He was not impressed with what he found,
especially in the work of Frank Lloyd Wright. Nakashima worried that American architects were
producing works of shoddy craftsmanship, disregarding engineering principles.16 For that reason and
others, Nakashima decided to leave architecture and begin furniture-making in Seattle.17

Tina Skinner and Steven Paul Whitsitt, Homes of the Master Wood Artisans (Atglen, PA: Schiffer Publishing
Ltd., 2009), 115.
12 Nakashima, The Soul of a Tree, 64; George Nakashima and the Modernist Movement, 10.
13 Ibid, 11.
14 Ibid, 64.
15 Ibid, 69.
16 Nakashima, Nature, Form, & Spirit, 2003, 26.
17 Nakashima, The Soul of a Tree, 69.
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Soon afterwards, his life and career were uprooted. Following the Japanese attack on Pearl
Harbor, Japanese-Americans living on the West Coast were relocated to internment camps. In March
of 1942, George Nakashima, his wife, and newborn daughter, Mira, were interned in Idaho. Despite
the tragic circumstances, Nakashima was able to continue honing his woodworking craft, working
with a Japanese-trained woodworker to design and build furnishings for the internment camp using
scraps of wood found in the Idaho desert.18
Fortunately, Nakashima’s former employer, Antonin Raymond, had returned to the United
States. He effected the Nakashima family’s release and arranged for them to reside on his farm in
New Hope, Pennsylvania. Nakashima was not permitted to work on any of Raymond’s architectural
projects, which primarily consisted of government buildings.19 He quickly realized that he was “not
compatible” with his assigned task (tending the chickens), so Raymond helped him set up a small
furniture-making shop on the property.
His new regional surroundings fascinated Nakashima, particularly the vernacular forms
found in everything from fieldstone walls to furniture, including Windsor chairs. 20 He wove threads
of rural Pennsylvania’s heritage into his later architectural designs and furniture line. Nakashima grew
to love the landscape of rural Pennsylvania. After the war ended, he purchased land a mile away from
Raymond’s Farm. Nakashima later remarked, “Finally we saw this spot, fell in love with the pines and
dogwoods, and bought three acres.”21
2.2 Development of the George Nakashima Woodworker Complex
The landscape of Nakashima’s estate evolved in stages, beginning in 1946 with the George
Nakashima House and Workshop.22 “As our affairs improved, we added buildings when needed,” he

Skinner and Whitsitt, Homes of the Master Wood Artisans, 115–16.
Elizabeth Reynolds, Interview with Mira Nakashima, January 26, 2018.
20 Nakashima, The Soul of a Tree, 70.
21 Gertrude Benson, The Evening Bulletin, June 24, 1950, George Nakashima Woodworker Collection, The
Architectural Archives, University of Pennsylvania.
22 Mira Nakashima, Nature, Form, & Spirit: The Life and Legacy of George Nakashima (New York: Harry N.
Abrams, 2003), 46.
5
18
19

reported. Over the 44 years in which Nakashima lived on the site, he constructed a large collection of
structures.23 The George Nakashima Woodworker Complex now consists of twenty-one structures,
including the following (Table 1):

23

Nakashima, The Soul of a Tree, 72.
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Table 1. George Nakashima Woodworker Complex buildings and year of construction.
Year of Construction

Building

1946

The Workshop

1946

George Nakashima House

1954

The Showroom

1955

The Finishing Department

1956

The Main Lumber Storage Building

1957

The Chair Department

1957-1960

The Conoid Studio

1958

The Lanai

1958

The Pool Storage House

1960

The Swimming Pool

1960

The Pool House

1964-1967

The Arts Building and Cloister

1967

The George Nakashima Garage

1970

The Mira Nakashima House

1971

The Mira Nakashima Guest House

1975-1977

The Reception House

1977

The Heating House

1982

The New Lumber Storage Building

1985

The Mira Nakashima Garage

1990

The Pole Barn

7

During the Nakashima’s first few years living on their Complex, funds were limited. The
family provided construction labor in exchange for title to the land.24 “Like the farmer who first
builds his barn, we built our workshop first,”25 the designer explained later in life. Until they could
afford a house for shelter, the Nakashimas lived in a tent for the first six months on site and during
most of this time, the family did not have more than fifty dollars. They developed their property with
sweat equity, “scrounging materials, gathering stones off the property, digging the foundation by
hand, and working evenings and weekends.”26 George Nakashima’s wife and young daughter, Mira,
gathered and arranged the local fieldstone to assemble the exterior walls.27 During the early years, the
Nakashimas were responsible for almost all of the trade work, including “masonry, plumbing,
millwork, flooring and roofing.” A shell of their home was complete by the time winter set in that
first year.28
Nakashima’s furniture is considered part of the post-World War II American Studio Craft
Movement, and by the 1950s, it was beginning to catch the attention of fellow woodworkers and
consumers.29 In 1954, the family began construction of The Showroom, the third building on site.
This launched a flurry of development on the property, as the furniture business took off. Nine
structures were built on site between 1954 and 1960. Mira Nakashima does not recall her father ever
making an overall layout for the complex but noted that he carefully considered the placement and
orientation of buildings within the landscape. “[He situated the buildings] mostly by feel, by going on
site and putting stakes in the ground and then imagining what the view would be out each of the four
walls.” Mira Nakashima cited her father’s “instinctive sense” of the relationship between the
buildings to the landscape: “He had a feel for the property and a respect for the trees that were
growing there."30

Nakashima, 70.
Ibid, 71.
26 Ibid.
27 Ibid, 73.
28 Benson.
29 “George Nakashima Exhibit Unveils the Grain of a True Craftsman.”
30 Reynolds, Interview with Mira Nakashima.
8
24
25

As the business became more prosperous, George Nakashima hired contractors or trade
workers to complete most of the construction work, though always under his close supervision. He
would sometimes “borrow” his own woodworkers from the shop to assist with more technical
projects, such as pouring the concrete shell of the Conoid Studio.31 Nakashima did not believe that
architects should spend significant portions of their time at the drafting table. He preferred to control
the development of the design during construction. For that reason, few drawings of his buildings
exist. He often drew details on the “back of a sheet of plywood which happened to be handy the
afternoon the contractor came by to bid.,”32 Mira Nakashima said of her father, noting, “The
contractors would get to a certain point and wouldn't know what to do, so they would say ‘What's
next, George?’ Then he would go on site and sketch the next steps of the process. And they would
continue to build.”33
Nakashima used a uniform palette of materials and consistent design details for the structures
that he built on site. Many of his buildings incorporated a mix of natural, hand-worked materials with
innovative or industrialized components. He relied upon common building materials, including the
stone gathered on the property (or, later, imported), solid wood of many different species, stucco,
glass, copper, reinforced concrete, concrete block, plywood, asbestos cement (TransiteTM), and
asphaltic rolled roofing. After a decade on site, the designer began experimenting with warped roof
structures made of plywood, as explained in this section.
The Nakashima Complex became a cohesive environment. The buildings, interior furnishings,
and landscape exist in harmony, sharing materials, scale, and orientation. The designer explained, “I
not only want to see the green outside, but to feel the outside seeping in, to smell the pines and hear
the birds.”34 The natural environs also serve as a connection between the disparate structures on site.
An article in Smithsonian Magazine, published in 1972, described the complex: “Open spaces between

Ibid.
“Three Approaches to Architecture: 3. Romantic Realism,” Architectural Forum, May 1955, 152.
33 Reynolds, Interview with Mira Nakashima.
34 Benson.
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the shops, the showroom and the house are carefully landscaped; there are little pools, graveled paths
and, under the large trees, smaller dogwoods to gleam in the spring sunshine.”35 Mira Nakashima
likened her father’s instinctive sense for situating buildings within a landscape to the way he situated
furniture within his structures, that “brings a surprising sense of peace and comfort.”36 George
Nakashima took great pains to create “a congenial atmosphere for a combined family and business
life which even takes into account our grandchildren.”37
2.2.1 Nakashima’s Experimental Designs
During the 1950s and 1960s, Nakashima became fascinated with the concept of curvilinear
thin-shell roofs and began experimenting with these contemporary forms on the structures he built
for his Woodworker Complex. Nakashima studied the work of architects like Eero Saarinen, who
were building thin-shell structures, largely made of concrete. However, Nakashima did not believe
that many of these structures could truly be categorized as “thin-shells” because they were greater
than two-and-a-half inches in thickness. Nakashima decided to adapt this concept for plywood, 38
explaining, “To satisfy my original interest in architecture, I have designed and built six roofs of
different warped forms on our property.”39 The structures he designed with conoidal and hyperbolic
paraboloid thin-shell form roofs include the Main Lumber Storage Building (1956), the Chair
Department (1957), the Pool Storage House (1958), the Conoid Studio (1957-1960), the Pool House
(1960), and the Arts Building and Cloister (1964 and 1967).40 Each structure meets Nakashima’s
criterion for a thin-shell, having a thickness of two-and-a-half inches or less, including the Conoid
Studio, the only concrete shell structure on the site.
According to Mira Nakashima, the years between 1956 and 1967 were characterized by
experimental construction on site, explaining that they “were probably the most inspired, prolific,

Miriam Plotnicov, “A Way to Be Free: Nakashima’s Life,” Smithsonian Magazine 3, no. 6 (September 1972): 63.
Reynolds, Interview with Mira Nakashima.
37 Nakashima, The Soul of a Tree, 73.
38 Reynolds, Interview with Mira Nakashima.
39 Skinner and Whitsitt, Homes of the Master Wood Artisans, 116.
40 “NHL Nomination,” 17–21.
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and innovative in my father’s life, and his renewed capability in architecture was one element of this
burst of creativity.”41 Each structure allowed for experimentation with a new roof design or industrial
materials that were not available for the previous building, “for the new is not rejected here, even
though much tradition is retained.”42 These thin-shell designs were inexpensive and relatively easy to
construct. Nakashima demonstrated that the plywood hyperbolic paraboloid system was “perhaps
the easiest and cheapest way to roof a clear span of this size (31 ft. square) or bigger.” Another
benefit was the fact that minimal scaffolding was required during erection.43
Nakashima typically built a prototype building of his experimental designs before
constructing more intricate and involved structures subsequently.44 For example, the Main Lumber
Storage building employs a three-layer hyperbolic paraboloid roof on a simple concrete block wall
construction, while the later Arts Building used a similar roof with much more elaborate design
details. Similarly, the Chair Department’s conoidal roof was used as a model for the Conoid Studio,
though without the corrugated design. Finally, the full conoidal roof of the Pool Storage House was a
prototype for the Pool House design. George Nakashima asked Mira to construct the Pool Storage
House, under his supervision, for completion of her high school senior design project. According to
Mira, her father used the project to foster her interest in architecture as a profession.
Nakashima resolutely insisted on following credible engineering practices in the creation of
his economical, yet organic and creative, designs. He subsequently joined forces with notable
engineers Paul Weidlinger, Mario Salvadori, and Matthys Levy, principals, and associates at
Weidlinger Associates; a “talented team enabled Nakashima to embark with confidence on his
adventure in shell construction.”45 Documentation of the structures shows an interplay of design
inspiration shared between Nakashima and his contemporaries. For instance, Nakashima originally
conceived of a thin-shell roof structure for the Conoid Studio, but Weidlinger and Salvadori went on
Nakashima, Nature, Form, & Spirit, 2003, 136.
Plotnicov, “A Way to Be Free: Nakashima’s Life,” 63.
43 “A Lumber Storehouse, New Hope, Pennsylvania,” Architectural Record, July 1959, 217.
44 “Adventures in Structure, A Sea Shell Roof,” Architectural Record, November 1957, 185.
45 Nakashima, Nature, Form, & Spirit, 2003, 136–37.
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to propose a conoidal shell.46 The Pool House also shows evidence of their collaboration. Levy and
Salvadori corresponded with Nakashima with confirmed sketches, Salvadori stating, “I hope you will
be able to build this very soon.”47 This experimentation in design resulted in a concentration of thinshell plywood roof specimen on site.
While each of the experimental designs involved consultation with reputable engineers, the
process raised reasonable doubts about the building performance. A concrete shell built in Princeton
and designed by the same consulting engineering firm, Weidlinger Associates, collapsed a few
months prior to placing concrete for the thin-shell roof of the Conoid Studio. The Princeton failure
caused apprehension among Nakashima’s design and construction team. Mira Nakashima described
her father’s relief following the successful concrete placement of the Conoid Studio roof: “After the
roof was cured, he would go down and remove a few supports [from the web of temporary shoring
elements] at a time and stand outside to make sure that it was still standing, and then when it did, he
must have been really happy.” 48
Currently, little original documentation exists related to the design and construction of
Nakashima’s experimental thin-shell plywood roofs, thanks to the designer’s hands-on approach in
the construction process. He seldom created in-depth construction documents. Mira Nakashima
notes, “although the engineering specifications for the Conoid Studio were carefully calculated, the
under-structure and finish carpentry were accomplished in typical Nakashima fashion: by casual
freehand pencil sketches on scraps of plywood during my father’s daily on-site supervision.”49
2.2.2 Development of the Pool House
Nakashima’s motivation for building a pool and Pool House on site was initiated by a family
accident, according to Mira Nakashima. “When my brother was little, he actually fell into [a pond in
front of the Showroom] when he was three years old, and almost drowned.” After that event, George
“A Lumber Storehouse, New Hope, Pennsylvania,” 183.
Mario G. Salvadori, “Letter from Mario G. Salvadori to George Nakashima,” March 16, 1960, Box 3, Folder
9, James A. Michener Museum Art Museum Library & Archives.
48 Reynolds, Interview with Mira Nakashima.
49 Nakashima, Nature, Form, & Spirit, 2003, 139–41.
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Nakashima wanted his son Kevin to learn how to swim and lose his fear of water, which became
motivation for constructing the pool.50
Nakashima carefully selected a location for the pool facilities. Although all the buildings
constructed prior to the Pool House had been set along a curving hillcrest overlooking the hollow,
the Pool House location would be counter to the established pattern of site selection. It was nestled
in the wooded hollow on the complex. Like the other buildings, the Pool House faced south
(Appendix A). After completion of the Pool House, the Arts Building and Cloister was also added to
the hollow. This geographic isolation, created by the elevation change, provides a peaceful
momentary escape, an experience of “a little more privacy, for a little bit of separation from the more
public buildings,” according to Mira Nakashima. The orientation of the building was also based on
the location of the nearby trees; George Nakashima was fascinated by a cluster of three Dawn
Redwood trees in the hollow, which now form a triangulated orientation with the Pool House and
Pool.
Nakashima began development of the Pool House design shortly after construction of the
Pool Storage House in 1958. Based on correspondence received from both Mario Salvadori and
Matthys Levy during March and April of 1960, respectively, it appears that Nakashima generated at
least two series of drawings for the Pool House.51 The final design was created through the
interaction between the three men and construction could have started in late April 1960, following
design approval by Levy. By November of that year, most of the construction was complete and a
portion of the rolled roofing had been installed.52

Reynolds, Interview with Mira Nakashima.
Salvadori, “Letter from Mario G. Salvadori to George Nakashima”; Matthys P. Levy, “Letter from Matthys
P. Levy to George Nakashima,” April 25, 1960, Box 3, Folder 9, James A. Michener Museum Art Museum
Library & Archives.
52 Photo of Rolled Roofing Stockpiled in Pool House to Be Installed, November 1960, November 1960, Box 4, Folder
11, James A. Michener Museum Art Museum Library & Archives; Photo of Pool House from the North with Rolled
Roofing Partially Installed, November 1960, November 1960, Box 4, Folder 11, James A. Michener Museum Art
Museum Library & Archives.
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The pool was awarded a design award in 1960, for the innovative form and use of the
cantilever principle of the concrete deck, a design element mirrored in the Pool House design.53 The
Pool House is one of the earliest examples of a building heated via a passive solar system, according
to Mia Nakashima.54
The Pool House was intended for use by the family and the men working in the shop, who
used their lunch breaks to play soccer down in the hollow, then jump into the pool to cool off before
returning to work.55 Wednesday nights became Family Night; the shop workers’ wives and children
were invited to swim.56 While that tradition belongs to the past, the Nakashima family continues to
hold periodic family reunions on site, with the Pool House at the center of the activities. Sixty to
seventy family members gather for breakfast, lunch, and dinner down in the hollow. Besides these
large events, the pool remains available for family use May through September. Weekly tours of the
complex from April through October include time for lunch at the Pool House.57
2.3 Thin-Shells and Conoid Structures
The roof of the Pool House is generally characterized as a conoid thin-shell form. This
section provides definitions for thin-shells and conoids, as well as offering some context related to
the use of these forms.
In architecture, a shell is defined as “a thin, curved plate structure shaped to transmit
applied forces by compressive, tensile, and shear stresses that act in the plane of the surface.”58 Mario
Salvadori and Matthys Levy, the primary engineers involved in the design of the Pool House,
collaborated on a book entitled Structural Design in Architecture, in which they define a thin-shell as “a
curved membrane thin enough to develop negligible bending stresses over most of its surface, but

“NHL Nomination,” 21, accessed December 14, 2017,
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54 Reynolds, Interview with Mira Nakashima.
55 Reynolds.
56 Olivia DePastina, “Nakashimas Live Austerely In Unique New Hope Complex,” Sunday Times Advertiser, July
17, 1966, 84th Year-No. 29 edition, The Architectural Archives, University of Pennsylvania.
57 Reynolds, Interview with Mira Nakashima.
58 “Shell Structure; Building Construction,” Encyclopaedia Britannica, last modified April 29, 2016, accessed
March 20, 2018, https://www.britannica.com/technology/shell-structure-building-construction.
14
53

thick enough not to buckle under compressive stresses, as an ideal membrane would.”59 Thin-shells
have a small thickness-to-surface-area ratio, but there is technically no absolute depth dimension or
ratio that defines a “thin” shell.60 However, Nakashima was insistent that thin-shells have a thickness
less than two-and-a-half inches. Shells may either be curved in one direction, like a cylinder, or in two
directions, like a hyperbolic paraboloid or conoid.
Mario Salvadori refers to thin-shells as “form-resistant structures,” likening them to a sheet
of paper stiffened through curvature:
If one holds a thin sheet of paper by one of its short sides, the sheet is incapable of
supporting its own weight—paper droops down (Figure 1-a). But if we give the side
held a slight curvature up, the same sheet of paper becomes stiffer and capable of
supporting not only its weight but also the small additional weight of a pencil or pen
(Figure 1-b).61

Figure 1. Paper sheet stiffened by curvature.62
According to Salvadori and Levy, thin-shell structures develop membrane stresses, including
tensile, compressive, and tangential shear stresses. Shell structures can carry the majority of their dead
load suitably if three conditions are met: the shell is thin enough, the shell is properly shaped
(adequate curvature to hold form), and the shell is correctly supported. Bending stresses are created

59 Mario Salvadori and Matthys Levy, Structural Design in Architecture (Englewood Cliffs, NJ: Prentice-Hall, Inc.,
1967), 322.
60 Chris J K Williams, “Shell Structures” (University of Bath, N.D.),
http://people.bath.ac.uk/abscjkw/LectureNotes/what-is-a-shell.pdf, 1.
61 Mario Salvadori, Why Buildings Stand up: The Strength of Architecture, 1st ed. (New York: Norton, 1980.), 186.
62 Salvadori.
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across the entire surface of the shell if the boundary conditions do not allow displacement. For
instance, in Figure 2-a below, showing a section of a hemispherical dome, the applied dead load
causes the shell to deform by expanding around the equator, however if radial displacement is
deterred, (Figure 2-b), a radial horizontal reaction, H (lb./inch), results. This non-tangential force
causes bending stresses in the shell.

Figure 2. Load diagrams of a hemispherical dome.63
The greatest concentration of thin-shell buildings is in Europe; the practice was less
common in the United States, but thin-shells began appearing in American architecture in the
beginning of the twentieth century and reached their peak usage by mid-century. The rise in
popularity of thin-shell concrete buildings was largely due to the interest of a dozen prominent
architects and engineers, including Paulo Luigi Nervi and Felix Candela, whose work George
Nakashima greatly admired.64
Around 1912, architects began considering thin-shell structures for vaulted and domed
uses,65 but most of thin-shell concrete buildings appeared between 1925 and 1975. In 1922, the Zeiss
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Planetarium, a geodesic dome in Jena, Germany, became the first thin-shell structure built with
concrete. By 1939, thin-shells were becoming a common form in European architecture. This design
concept peaked following World War II. In the early 1950s, architects began to veer further from
singly curved surfaces to more complex double-curved forms.66 Research conducted by the Timber
Development Association laboratories encouraged the use of plywood shells for constructing farm
silos in Essex, United Kingdom, built in 1955, were the earliest examples.67
For several reasons, the use of warped shell architecture waned by 1975. Fashion changed.
The thin-shell masters began passing and successive architects lost interest in employing thin-shell
forms. Other reasons include the complex analysis required for thin-shell structures, strict tolerances
in construction, conformance to building codes, and the development of competing materials, among
them, lightweight steel.68
The Architectural Record defined a conoid in a 1957 article about the construction of Conoid
Studio: “a conoidal surface is formed by moving a straight generator with one end on a straight line
and the other on a curve such as a circular segment or a parabola. The resulting surface has two
curvatures of opposite sign” (Figure 3). A conoid used in architectural applications typically
terminates before the curvature at one end approaches zero.69 George Nakashima described this
geometric model as "a three-dimensional geometric form with a base that is a square or rectangle.
One side rises in an arch, or parabola; the opposite side is a low rectangle. Between the arched and
rectangular sides extends a rounded plane.”70
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Figure 3. Diagram of a conoid shape.71
3.0 Overview of the Pool House: Context and Materials
This section provides an overview of the context, composition, and assembly of the Pool
House. The information includes a general description of the Pool House; changes to the Pool
House design and structure before and after construction, respectively; a comparison to the design of
other experimental plywood roof structures on the complex; and material characteristics.
3.1 Situational Context
This section outlines features of the Pool House site, including the climatic and geotechnical
characterization and provides a description of the site attributes such as terrain and natural and
landscaped features. It is imperative to understand the site context when evaluating the condition and
performance of a building. Factors such as the availability of moisture within the soil matrix, the
precipitation and solar radiation patterns, and the amount of shade provided by the natural and
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landscape features all have an impact on the wetting and drying patterns in buildings, and therefore
need to be understood in order to analyze a building’s performance.
3.1.1 Climate Characterization
Bucks County is within Climate Zone 4A, according to the International Energy
Conservation Code (Volume 7.3). This climate zone is characterized as mix-humid.72 According to
Northeastern Region Climatic Center, the maximum mean temperature is 97° F, while the minimum
mean temperature is -1° F. The mean average temperature is 52.7° F.73 This region averages 49.31
inches of precipitation, including 18.5 inches of snow per year.74 According to the National Oceanic
and Atmospheric Administration, Climate Zone 4A averages 56 freeze-thaw cycles. 75 The prevailing
winds originate from the west and northwest, ranging from nine to twelve miles per hour.76 These
factors offer challenges architects and engineers take into account.
3.1.2 Soil Characterization
The soil typology on the George Nakashima Woodworker Complex is largely characterized
as Mount Lucas silt loam, in some areas extremely stony. This soil type is moderately well drained,
with no frequent flooding or ponding. A typical profile of this soil consists of silt loam on the top
eight or nine inches, clay loam beneath to a depth of 34 to 38 inches, and gravelly sandy loam below
that to a depth of 60 to 99 inches. Because of the depth-to-saturation zone (six to 36 inches) and the
slope of land (up to 25%), this soil type can be poorly suited to buildings without basements,
according to the United States Department of Agriculture’s Natural Resources Conservation Service.

72 Michael C. Baechler et al., “Guide to Determining Climate Regions by County” (Pacific Northwest National
Laboratory, August 2015), 33,
https://www.energy.gov/sites/prod/files/2015/10/f27/ba_climate_region_guide_7.3.pdf.
73 The nearest available weather data to New Hope through Northeastern Regional Climate Center is for
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74 Northeastern Regional Climate Center, “Northeast RCC CLIMOD 2” last modified March 19, 2018.
http://climod2.nrcc.cornell.edu/.
75 The nearest available weather data to New Hope through National Oceanic and Atmospheric Administration
is for Trenton, New Jersey.
76 National Oceanic and Atmospheric Administration, “Engineering Weather Data - Trenton, NJ,” December
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3.1.3 Site Features
The Pool House is nestled on the southwest corner of the Nakashima Complex, oriented to
the south-southeast. A wooded, steeply graded slope descends to the base of the north elevation of
the Pool House. This hill continues to descend, decreasing in slope, toward the south elevation,
where the grade is fairly level. The pool is located south of the Pool House. Beyond both, a large
field stretches southward.
Surrounding the Pool House are trees and brush of varying maturity; they form an arc
surrounding the north side of the building. Landscaped features were incorporated toward the east,
west, and south of the building. Stones have been placed on the east and west side of the Pool House
parallel with the south façade, serving to slow run-off water descending from the sloped land to the
north.
The higher concentration of trees near the north end of the Pool House building affects the
availability of solar radiation and moisture collection proximate to the Pool House. The trees do not
allow much solar radiation on the north end of the roof during the spring and summer, while the low
angle of the sun during the winter also limits the radiation on the roof. Additionally, when the trees
drop their leaves in the fall, the leaves tend to concentrate on the north end of the building, causing a
build-up of moisture near the crown of the roof and along the sills. The full effect of these combined
factors will be discussed further in Section 4.2.1, “General Observations.”
3.2 Description and Chronology of the Pool House
This section includes a description of the Pool House as it stands today and a description of
changes to the structure over time, both before and after construction.
3.2.1 General Description of the Pool House
The Pool House is an open-air structure, characterized by the innovative conoid roof
assembly (Figure 4). The building employs materials such as plywood, other solid wood elements,
local field stone, steel-reinforced concrete masonry units (CMU), reinforced cast-in-place concrete,
asphaltic roofing material, and copper.
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Figure 4. The Pool House looking northwest. All photographs by Elizabeth Reynolds, unless
otherwise noted.
The base of the structure consists of reinforced (approximately every 16 inches) CMU
foundation walls on the north and south building elevations and reinforced field stone foundation
walls on the east and west. Based on a preliminary sketch, it is likely that these foundation walls are
set on a reinforced concrete footing which is continuous beneath all four walls and terminates 42
inches below grade.77 Wooden ramps toward the east and west lead up to a cantilevered concrete
deck balanced on the stem wall at the south end of the structure, extending toward the pool. This is
the entry point of the building. A wooden railing with a gooseneck joint at the mid-span runs along
the edge of the deck. The intricate joint is not readily apparent because of a large shrub planted on
the exterior, which covers the detail (Figure 5). The bases of the railing posts implement a mortiseand-tenon joint connection that is anchored to the underside of the concrete (Figure 6). The concrete
floor slab in the interior space is cast-in-place, set on grade. This concrete is segmented into
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rectangular slabs, approximately 4’6” by 4’11”, surrounded by 1-1/2” thick wooden strips. It is
unclear whether the slabs were individually poured, or the top surface was scored to insert the
wooden strips.

Figure 5. Gooseneck joint in railing on concrete deck of Pool House.

Figure 6. Mortise and tenon joint at the base of railing post, anchored to concrete deck of pool
house.
22

Timber sill beams (likely composed of red oak) are set upon the fieldstone side walls. These
beams are the connection points where the arched plywood roof assembly transfers loads to the
masonry foundation wall (Figure 7). The sill beams seat the plywood members and wooden ribs that
run between the plywood seams. A copper-clad plywood sill projects downward from this
connection, toward the exterior. This copper flashing also appears to lie beneath the roofing material
along the sill. Flashing on the north and south edges caps the plywood roofing assembly.

Figure 7. Sill plate connection.
An assembly of three layers of plywood creates the thin-shell structure. For simplicity, a
naming convention was created for these three layers of plywood. Layer 1 is the bottom-most layer,
visible from the interior. Layer 2 is the center plywood layer. Layer 3 is the top-most plywood layer
facing the exterior and covered by the asphaltic roofing (Figure 8). The three layers of plywood were
23

screwed together, although the exact pattern of fasteners is not clear. The main engineer involved
with the development of the Pool House design, Matthys Levy, noted that George Nakashima
insisted on gluing the plywood layers together, but there is no direct evidence of this.78 The arch of
the plywood roof assembly was achieved by bending the plywood during construction on radial
bracing (Figure 9).79 The plywood was bent according the desired radius by fastening one end of the
material to the ribs and weighing down the opposite end of the plywood to complete fastening. Each
sheet is ½” thick with five plies. The plies are visible at the north edge of the building where the
copper flashing has separated from the building slightly. While Layer 1 is largely distinguishable,
Layers 2 and 3 are more difficult to differentiate, due to the proximity to the copper flashing. It’s
likely that Nakashima employed higher finish-grade plywood on Layer 1 and would have been more
likely to incorporate a lower finish-grade plywood in Layers 2 and 3.

78
79

Elizabeth Reynolds, Interview with Matthys Levy, March 28, 2018.
Reynolds, Interview with Mira Nakashima; Interview with Matthys Levy.
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Figure 8. Detail of the three-layer plywood system, terminating at the copper flashing.
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Figure 9. Pool House during construction, showing the radial bracing used to achieve the conoid
form.80
It appears that plywood Layers 1 and 3 are composed of full four-by-eight-foot sheets of
douglas fir plywood, with the eight-foot edge oriented circumferentially. This circumferential
orientation is apparent on Layer 1. This is likely also the orientation of Layer 3, based on the pattern
of four-foot-by-eight-foot fastener staining visible on Layer 1. The circumferential Layer 3 joints
appear to be staggered approximately eleven inches south of those in Layer 1. Preliminary infrared
images indicate that Layer 2 plywood was cut to partial widths, with the long side in the longitudinal
(axial) direction allowing for the necessary curvature to achieve the conoid form.
On the inside face of the thin-shell, the circumferential plywood Layer 1 joints are covered
with 3–½” wide by ½” thick wood ribs (likely western red cedar). Each width of plywood between
two ribs are hereby referred to as a bay. There are nine bays across plywood Layer 1 (Figure 10). Bay
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9 is the only bay with partial-width sheets of plywood, which composes the projecting eave on the
south of the building. The ribs are not structural but were used in the construction process to
conform the plywood to the conoid shape. The circumferential joints of plywood Layer 1 (and
possibly Layer 2) are fastened to the ribs. The outer two layers are likely fastened to Layer 1. A
diagram of the likely layout and fastening patterns of the thin-shell assembly was developed based on
later findings (Figure 11). A similar method of fastening was used in the construction of the Main
Lumber Storage Building, four years prior to the construction of the Pool House.81 The south end of
the thin-shell is supported by timber bracing with metal gusset plates that imitate a timber scissor
truss.

Figure 10. Pool House reflected ceiling plan, showing the numbering convention for the plywood
bays.
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Figure 11. Thin-shell assembly diagram.
Plywood Layer 3 is protected on the exterior face by rolled asphaltic roofing laid
longitudinally. The circumferential roofing end seams are staggered; each sheet of roofing material is
less than twenty feet long. Inside the Pool House are solar-powered showers. Copper pipes for the
plumbing run along the crown of the roof, then penetrate the roofing and plywood assembly on the
north end.
The interior of the structure is largely open, with a set of 7’ 1-1/2” high CMU partition walls
at the north end to define bathroom and shower spaces. A small kitchenette and movable furniture
occupy the open space.
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3.2.2 Evolution of the Pool House Design
The Pool House design evolved in several ways prior to construction. Although the sketches
and explanation provided by Salvadori and Levy (Appendix B) are not detailed and do not include
diagrams of all elements of the structure, several changes to the original concept can be determined.
The initial drawings provided by Salvadori show a building profile similar to the Pool House
as it stands; they detail a projecting eave at the entry point on one end and the height of the crown of
the roof sloping down toward the opposite end. However, the design does not depict the diagonal
bracing that now stiffens the projecting eave toward the south.
After receiving these initial sketches, Nakashima responded with a proposal to add bracing
to simulate trusses “to hold the curvature of the roof.” Matthys Levy then suggested that the
previously proposed column arrangement would no longer be necessary with the truss design; he
suggests that this should be attached using clips or bolts. Levy also recommended a six-inch-by-sixinch timber sill plate that could be fixed to the masonry walls using anchors. He noted that the
plywood shell can be “nailed directly to the outside of the sill plate,” (Appendix B).82
3.2.3 Post-Construction Alterations
Historic photographs and discussions with Mira Nakashima, John Yarnall, and John Lutz
reveal several changes to the structure over time:
- A snow event prior to 1990 caused the wood-bracing on the south edge of the thin-shell to
buckle. Subsequently, George and Mira Nakashima designed new bracing. Gusset plates, not
included in the original design, were added to this assembly;
- The asphaltic rolled roofing was replaced, although the original near-white color was
maintained (as evidenced through historic photographs). However, the roofing was originally
installed circumferentially, not longitudinally. No documentation exists to explain the
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change. The original roofing material appears to have been a smaller width than the current
material (40 inches);
- A second entry ramp was added to the southwest corner of the concrete deck, similar to
the original ramp on the southeast side;
- Replacement wood was spliced onto the south ends of the sill beams in the 1990s,
following an infestation of carpenter ants. It appears that the replacement wood is another
species, white oak, rather than red oak. A portion of the beam facing the interior space on
the east side and a portion of the beam facing the exterior on the west side were replaced;
- Two full four-by-eight-foot sheets of plywood were replaced within Layer 3 toward the
south third of the east side of the roof during a roofing replacement, circa 2010; and,
- The entire electrical system of the Pool House was replaced circa 2010.
3.3 Plywood Overview
While George Nakashima disparaged the use of plywood in furniture, he used the material
frequently in the experimental thin-shell structures on his property. Plywood becomes an efficient
structural component when employed in a shell, with a small necessary cross-section. It is critical to
understand the properties, performance, and environmental conditions that threaten the material’s
preservation. As a result, many of the evaluation procedures focus on ascertaining the current
condition of the plywood employed in the Pool House.
Plywood is composed of plies, or veneers, several thin layers of wood laid so that the grain
direction of each ply is rotated at a right angle to the adjacent layers. Each ply is bonded with an
adhesive, either natural or synthetic to the adjacent ply.83 When making plywood, plies are first
created by rotating a log against a rotary lathe. These plies are then flattened, cut to the proper
dimension, and patched (if necessary), before the drying process. The flattened plies are bonded with
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an adhesive and fused using either a hot press or cold press. In the final stage of fabrication, the
plywood sheets are trimmed to size and sanded.84
3.3.1 Plywood Development
The development of plywood began in the mid-to-late nineteenth century. In 1865, John K.
Mayo received the earliest known patent for plywood (known as “scale boards” at the time).
Originally, hardwoods were used in plywood production, and plywood was primarily used to make
concealed elements in furniture design, such as drawer bottoms. After the turn of the twentiethcentury, however, softwoods quickly became the wood of choice for plywood manufacturing. The
softwood plywood industry took off in 1905, when the Portland Manufacturing Company produced
and exhibited douglas fir plywood sheets at the Lewis and Clark Centennial Exposition in Portland,
Oregon. The material was used in many ways during the first few decades of the twentieth century,
among them for automobile manufacturing starting in the 1920s and the production of parts for
boats and planes during World War II.85
Standardization in manufacturing methods began in the 1920s. By 1924, the Pacific Coast
Manufacturers Association, later the Douglas Fir Plywood Association, was established to create a
grading system for the material. In the 1930s, the four-foot-by-eight-foot panel size became standard.
By that time, plywood marketing shifted toward residential construction. Designers began using the
material in new ways on building exteriors, both in prefabricated applications and modernist
designs.86
The development and success of plywood as an engineered material relied heavily on the
quality of adhesives used to bond the veneers. In the earliest plywood sheets, hide (animal-based)
glue was used. Then water-resistant glues appeared on the market, the first of which was casein glue,
introduced to the United States in 1900. Subsequent water-resistant bonding materials were tested,

Thomas C. Jester, Michael A. Tomlan, and Getty Conservation Institute, eds., Twentieth-Century Building
Materials: History and Conservation (Los Angeles, California: Getty Conservation Institute, 2014).
85 Jester, Tomlan, and Getty Conservation Institute.
86 Jester, Tomlan, and Getty Conservation Institute.
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including blood albumin glues, soybean glues, and resin-based glues. By 1935, synthetic resin
adhesives, among them phenol-formaldehyde, were developed.87 At the time of the Pool House
construction in 1960, the Douglas Fir Plywood Association (DFPA) noted that exterior plywood was
“made only with a hot-pressed phenolic resin adhesive which becomes permanent and insoluble
under practically any exposure condition.”88 Phenol-formaldehyde resin remains the primary adhesive
used in the production of exterior plywood today.89
3.3.2 Plywood Properties and Vulnerabilities
Like other wood-based products, many of the physical properties and vulnerabilities of
plywood depend largely on available moisture. However, plywood demonstrates higher dimensional
stability compared with most solid wooden products, thanks to the alternating orientation of the
plies’ grains.90 Plywood is especially susceptible to moisture-related mechanisms along the edges
where the end grain is exposed, so the layers must be properly protected and sealed. Checks can
often develop in the face veneer after moisture enters the exposed end grain and causes hygroscopic
expansion.91 When moisture accumulates on sections of the plywood, the panels may arch, bow, or
warp. Additionally, the plywood manufacturing process often results in lathe checks in the veneers,
and they provide additional means of moisture transport, more so than other solid-wood products.
Standard permeability values for 3/8” thick plywood vary between approximately 0.51 and 1.41
perms.92
Changes in thermal conditions can subject wood-based materials to physical change.
Typically, thermal expansion results in fewer dimension changes to the wood than hygroscopic
expansion. Thermal expansion and contraction is therefore not considered unless moisture content is

Jester, Tomlan, and Getty Conservation Institute.
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Plywood Association, 1962).
89 Schniewind, Wood and Wood-Based Materials.
90 Schniewind.
91 Perkins, C.E., Plywood: Properties, Design and Construction.
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relatively constant.93 In 1962, the DFPA stated that a typical eight-foot-long sheet of plywood with
five plies would lengthen by approximately 0.021 inches over a 120°F temperature increase. Plywood
expands 40% more with heat than solid douglas fir, but the rate is still relatively insignificant within
most ambient temperature ranges.94
In terms of mechanical properties, plywood and common softwood lumber typically have a
similar range of allowable stresses. The DFPA notes that the greater the number of plies in a sheet of
plywood (typically three or five), “the closer the equalization of strength in the two directions, and
the better the distribution of load across the panel.”95 The bending properties of plywood depend on
its width, thickness, and density. Average bending properties for full-width plywood produced in the
early 1960s is shown in Table 2.
Table 2. Minimum Bending Radii for Douglas fir Plywood.96

4.0 Initial Visual Assessment
Keeping in mind the properties of plywood and the results of background research related to
the project, the first step in assessing the condition of the Pool House structure is through an
elemental survey conducted visually. The initial visual assessment provides a baseline understanding
of the general conditions of the Pool House prior to developing a holistic NDE campaign. This
section outlines the methodology, limitations, findings, and conclusions of this condition assessment.

Schniewind.
Schniewind.
95 Perkins, C.E., Plywood: Properties, Design and Construction, 17.
96 Perkins, C.E., Plywood: Properties, Design and Construction.
33
93
94

4.1 Methodology
This condition assessment was conducted by two graduate students, the author of this thesis,
and Kelsey Britt, another University of Pennsylvania graduate student who worked on a practicum
project completed for HSPV 739-301, “Wood Seminar,” within the Historic Preservation
department. The observations and data were collected during a series of three site visits on
November 16, November 18, and December 1 of 2017. Site conditions were varied (sunny, rainy,
and overcast) during the three site visits, resulting in data collection based on a range of
environmental conditions. The basic climatic conditions on the day of each site visit are included in
Table 3 and photos of the Pool House showing ambient conditions are included in Appendix C.

In-Depth Condition
Assessment

Initial Visual
Assessment

Table 3. Climatic Conditions During Site Visits (Initial Visual Assessment and In-Depth Condition
Assessment).97
Date of
Site Visit

Mean
Temp.
(°F)

Min.
Temp.
(°F)

Max.
Temp.
(°F)

Avg.
RH
(%)

Precip.
(in. per
24 hr.)

Weather
Classification

Avg.
Wind
Speed
(mph)

11/16/17

48

41

55

83

0.03

Overcast

5

11/18/17

38

27

54

84

0.36

Overcast, Rain

2

12/01/17

44

33

53

72

0.00

Sunny

3

01/26/18

28

18

39

58

0.00

Sunny

2

03/14/18

32

28

37

60

0.00*

Overcast

11

03/15/18

36

30

44

60

0.00*

Overcast

12

03/22/18

38

30

46

60

0.00*

Sunny

10

* Snow was in placed on the building upon arrival
The purpose of the first site visit was to make general observations related to the site, in
terms of the landscape characteristics, the structure’s geometry, and general conditions. Additionally,

“Weather History for Doylestown, PA,” Weather Underground, accessed April 18, 2018,
https://www.wunderground.com/history/airport/KDYL/2018/3/22/DailyHistory.html?req_city=&req_state
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simple measurements were collected to create a flattened reflected ceiling plan that was employed
during subsequent site visits to record further observations.
The purpose of the second site visit was to document and record general building conditions
and take samples for analysis. During this site visit, more refined measurements were taken, the
moisture content of architectural elements (plywood, ribs, sill beams) was recorded, infrared
thermography was employed, photographs of existing conditions were taken, and three wood
samples were taken. The purpose of the third site visit was to take additional measurements and
photographs.
General observations were amassed on subsequent site visits by the author of this thesis, on
January 26, March 14, March 15, and March 22 of 2018, during which the weather ranged from
sunny to overcast. All three of the March site visits occurred following snow events (about a 1.5” wet
snow event on March 13, and a 8.5” wet snow event on March 21).
4.1.1 Limitations
The initial visual assessment had several limitations, as most projects do: schedule, funding,
and physical restrictions. The first assessment had to be completed during the time period allotted to
the University of Pennsylvania Historic Preservation Wood Seminar, beginning in November, and
ending in mid-December of 2017. However, additional observations and discoveries were made early
in 2018, during the thesis process, and added to the preceding data collection. The University of
Pennsylvania offered the tools necessary for the required analyses, among them an infrared
thermography camera and moisture meter. All the assessment work was completed on the exterior
grade level or from the concrete floor of the interior. No ladders or scaffolding were used.
4.2 Initial Visual Assessment Findings
The observations and general conditions detected during this initial visual assessment are
summarized in this section, organized in two broad categories: general observations and observed
conditions.
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4.2.1 General Observations
Because the site visits took place during two seasonal periods (fall and winter) and amidst a
range of weather and environmental conditions (direct sun, overcast lighting, rain, melting snow,
wind), it was possible to collect a diverse sampling that established the steady-state conditions of the
Pool House. The importance of general observations of ambient conditions over time cannot be
overstated. This opportunity allows the researcher to recognize patterns and determine how the
building works as a system.
As is the case with most roof systems, biological matter (leaves, twigs, and branches) and
snow (Figure 12 and 13) collect at certain fixed points. On the Pool House roof, leaves, snow, and
twigs tend to accumulate along the crown, specifically toward the north end, as well as along the pent
eaves running along the side walls. This observation helps determine the pattern of moisture
movement along and through the thin-shell assembly, since melting snow and moisture that collects
on biological matter travels in a pattern dictated by gravity. In future studies, the pattern of snow
accumulation can inform a full structural analysis.
The patterns of leaf and snow accumulation also determine the patterns of moisture
transport along the exterior. When these accumulations are concentrated on the roof along the
crown, melting snow and moisture absorbed by leaves can do one of three things: 1) remain along
the crown where the radii of the shell are large and the surface of the roof is nearly flat in the
circumferential direction; 2) collect and flow toward the far north end of the roof; or 3) flow down
either side of the conoid form circumferentially toward the sills. The Pool House is open and
unheated, so the building has a cold roof assembly. The ambient temperature on either side of the
thin-shell (interior and exterior) is roughly the same and the tree cover, combined with the low path
of the sun during the winter, slows the release of moisture from the roof. Snow does not melt
rapidly, on the roof’s north end.
During a rain event and while snow was melting from the roof, a steady stream of water
flowed consistently along the drip edge of the north end of the thin-shell (Figure 14). This area has
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more moisture directed towards it due to the downward roof slope from south to north
(longitudinal) and the downward roof slope from the crown to the sills on the east and the west
(circumferential).

Figure 12. (top) Leaf accumulation patterns. Figure 13. (bottom) Snow accumulation patterns.
(outlined in green)
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Figure 14. Snow from roof melting at north end drip edge.
4.2.2 Observed Conditions
This section provides an overview of the conditions observed on both the interior and
exterior surfaces of the Pool House during all the site visits. These conditions include: biological
growth, brown rot, separation of roof assembly from connection points, staining, areas of high
moisture content, ultraviolet degradation, and animal or vermin activity. A condition glossary is
included in Appendix D.
Biological Growth: Moss and Algae
Biological growth covers much of the asphaltic roofing, particularly on the north end. The
northwest side of the roof is heavily coated with moss. The resultant appearance from afar is a dark
green color in most areas, with spots of light green or gray where the biological growth is not as
extreme. This condition is compounded by shading from the tree canopy. Less sunlight means fewer
opportunities for drying the roofing surface. Tree canopies drop sticks and leaves in the fall and the
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biological material collects on the surface. The moss- and leaf-covered surface retains any moisture
that accumulates naturally and can affect the thin-shell’s interior assembly.
Biological growth, primarily algae, also appears on the masonry side walls, characterized by a
bright green coating. This could be caused by moisture entering climatically in the form of ambient
moisture, rain or snow melt, or from the ground through capillary action. Some algae also appears on
the north end of plywood Layer 1, near the sill.
Biological Growth: Mold
Though faint in appearance, a thin layer of black and gray mold was observed on the interior
plywood surface of Layer 1. This condition is widespread across the plywood.
Brown Rot: Plywood
A detail of the three plywood layers is visible on the northwest corner, where copper
flashing has separated from the thin-shell slightly. Layer 3 appears to be partially deteriorated, but the
exact extent of this condition could not be determined. This degradation was not apparent in Layer 1
and it is not entirely clear whether it exists in Layer 2.
Separation of Roof Assembly from Connection Points
The conoid thin-shell assembly is transferring forces both vertically and laterally, to the ground and
toward the exterior at the connections to the side walls. The outward forces cause the thin-shell to
splay out toward the exterior, resulting in noticeable displacement of the plywood at the southwest
corner connection. Fasteners (nails) are visible where the plywood assembly is separating from the sill
beam. The nails appear to be slightly corroded.
Staining
Staining on the interior face of Layer 1 plywood in the Pool House is prolific, including both
moisture and fastener corrosion staining. The corrosion staining is oriented in patterns that appear to
align with the orientation of plywood in concealed layers, likely Layer 3.
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Moisture Content: Plywood, Ribs, and Beam
During one of the initial site visits, moisture readings were taken using a Wagner MMC 210
Moisture Meter on the west side of the building. This moisture meter is pinless, utilizing
electromagnetic wave technology to determine the moisture content to a depth of ¾”.98 These
readings were taken along the plywood, ribs, and sill beam running horizontally, parallel with the side
wall, after a four-hour rain event. The results ranged from 7.0 to 32.0 percent moisture content. The
plywood’s moisture content ranged from 32.0 to 15.0 percent, the beam’s moisture content ranged
from 7.0 to 11.3 percent, and the rib’s moisture content ranged from 25.2 to 8.8 percent. For all three
wood species, the highest readings were at the north end of the Pool House near the edge condition.
Plywood on the south end had relatively lower moisture content levels, where the building receives
direct sunlight. If the moisture content of a wood reaches its “fiber saturation point,” typically
between 28 and 30 percent, the material becomes increasingly susceptible to decay mechanisms, such
as mold and fungi.
Ultraviolet Degradation
When wood is exposed to sunlight, light-colored woods tend to darken, while dark-colored
woods bleach before turning to a brown color similar to that of softwoods. This results in a gray
appearance. This condition is apparent especially on the south end of the building, in areas of the
interior plywood Layer 1 where direct sunlight can pass through the timber framing.
Animal or Vermin Activity
The northernmost rib and the wood bracing at the north end interior have been subject to
animal or vermin activity and display signs of gnawing and chewing.
4.3 Initial Visual Assessment Conclusions
This visual assessment informs the research questions and methodology of evaluation to be
discussed in section 6.0 “Application of Non-Destructive Evaluation on the Pool House.” First, the

“MMC210 Digital Proline Moisture Meter,” Wagner Meters, accessed April 18, 2018,
https://www.wagnermeters.com/shop/mmc210-digital-proline-moisture-meter/.
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assessment served as a means to generate a list of unknown facets of the building assembly as well as
methods of construction. Second, the assessment also allowed for an understanding of the potential
threats to the Pool House. These two finding categories are outlined below.
4.3.1 The Mysteries of the Pool House Assembly and Construction
The initial visual assessment and archival research were not able to inform how plywood
Layers 2 and 3 are oriented and connected within the thin-shell system. To fully understand the
building performance, one needs to understand the means and methods of construction, as well as
how the building works as a structural unit. Further study of the building using NDE was required in
order to determine the size, orientation, and means of connecting plywood Layers 2 and 3. This
information reveals how joints in each of the three plywood layers, as well as the asphalt roofing, are
oriented with respect to one another. The entire thin-shell assembly is a network of overlapping
material joints among four layers, including the plywood and asphaltic roofing. The orientation of
these joints helps dictate the path of moisture flow through the assembly and can ultimately evince
areas of vulnerability within the assembly.
Additionally, the initial research was not able to reveal the grade of plywood employed in the
Pool House. Binoculars were used on site to search for grade stamps in Layer 1 plywood, however
grade stamps do not exist in this area.
The exact thickness of each plywood layer was also not readily available based on initial
research and observation. This information would inform a structural analysis of the building,
completely independently of this thesis.
4.3.2 Threats to the Structural Capacity of the Pool House
The inspection of the building culminated in a list of potential “Threats to the Structural
Capacity” of the Pool House. Five were identified, all of which could ultimately result in structural
failure. While the purpose of this thesis is not to perform a structural analysis, the ultimate findings
presented in sections 7.1 and 7.2 could inform a structural assessment. NDE will be used to
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understand how vulnerable the building is to the following Threats, both now and in the future. The
primary Threats include:
1) Separation of plywood layers;
2) Loss of section in plywood;
3) Flattening of the thin-shell assembly;
4) Rotation of the side wall(s); and,
5) Movement or weakened connection at points of fixity at the sill beam.
4.3.2.1 Leading Indicators of Threats to the Pool House
After determining the primary Threats to the structural capacity of the Pool House, a plan
was devised to evaluate the immediacy of each of these Threats. First, potential “Causes” of the
Threats are identified, based on the initial visual assessment and a baseline knowledge of the building
construction, the structural system and site characteristics. The Causes are not necessarily currently
active on the Pool House, but they could be in the future.
In order to identify whether the potential Causes are in fact actively diminishing the
structural capacity of the Pool House, “Leading Indicators” of the Causes are identified. Leading
Indicators are hereby known as conditions or properties of the building, climatic factors, or natural
factors that can be identified through NDE to understand how serious the Threats are to the
structure’s survival. Each Leading Indicator, Cause, and Threat, and the relationships therein, are
shown in Figure 15. Threats with a greater number of potential Causes are shown in red, while the
Threats with a lesser number of Causes are shown in pale yellow. The Threats associated with
multiple Causes could potentially endanger the stability of the Pool House. This theory will be
evaluated based on the findings of the NDE.
This diagram illustrates that Leading Indicators that can theoretically edify the impact of
several Causes at once, while others only inform the impact of one Cause. According to this initial
assessment, high moisture content is the most telling indicator of potential Threats. This Leading
Indicator relates to the greater number of Causes, including the corrosion of fasteners in plywood,
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plywood rot, corrosion of anchors, and loss of section in sill beams. These Causes also help to
evaluate the significance of three of the five Threats to the structural capacity. Therefore, this
Leading Indicator will be supremely important in this assessment of the Pool House.
NDE methods were selected based on the ability to capture and quantify the Leading
Indicators. The effectiveness of each NDE approach will also be evaluated within the conclusions,
following assemblage of findings based on the evaluation.
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Figure 15. Causes and leading indicators of threats to the structural capacity of Nakashima’s Pool House.
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5.0 Overview of Non-Destructive Evaluation (NDE)
Conservation and structural assessments of significant structures must curtail and/or
conscientiously limit physical interventions to the buildings, to ensure that they retain their historic
fabric as much as possible. To qualify for the National Register of Historic Places, according to the
United States Department of the Interior, a property must retain material integrity.99 Therefore,
building investigators must be able to devise methods of assessment that provide a wealth of
information while also limiting building damage. These parameters have initiated the use of “NonDestructive Evaluation” (NDE) techniques to study both historic and modern buildings in order to
classify construction methods and ascertain current conditions.
NDE involves the use of tools and techniques by a conservator, engineer, or other building
evaluation professional that will:
answer questions about the condition, strength, and construction details of wood in
historic buildings in the interest of saving historic fabric and reducing or eliminating
damage to significant historic features or materials caused by investigative probes.100
NDE can include both low-tech and high-tech methods, running the gamut from visual
examinations and soundings using a mallet (low-tech) to infrared thermography and radiography
(high-tech). These assessment methods are often referred to interchangeably as Non-Destructive
Testing (NDT). For the purposes of this thesis, these techniques will be referred to as NonDestructive Evaluation (or NDE). NDE is often used in conjunction with semi-destructive
evaluation (SDE) techniques. For this thesis, both NDE and SDE approaches have been considered,
both broadly included under the same “non-destructive” umbrella category.
The NDE approaches that are available for comprehending and assessing wood
construction include the following:101

99 Rustin A. Quaide, “Section VIII: How to Apply the National Register Criteria for Evaluation, National
Register of Historic Places Bulletin (NRB 15),” November 28, 2001,
https://www.nps.gov/nr/publications/bulletins/nrb15/nrb15_8.htm.
100 Ronald W. Anthony, “Nondestructive Evaluation: Wood,” The Association for Preservation Technology
International, Practice Points, XLI, no. 4 (2010): 1.
101 Mariapaola Riggio et al., “In Situ Assessment of Structural Timber Using Non-Destructive Techniques,”
Materials and Structures 47 (2014): 749–66.
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- Visual inspection;
- Visual Grading;
- Species identification;
- Moisture measurement;
- Digital radioscopy;
- Ground penetrating radar;
- Infrared thermography;
- Stress wave propagation;
- Resistance drilling;
- Core drilling;
- Tension microspecimens;
- Glueline test;
- Screw withdrawal;
- Probing;
- Sounding;
- Physical Measurement;
- Magnetometer; and,
- Surface hardness.
Before implementing NDE on a project, researchers should understand the associated
advantages and disadvantages. According to an article by Donald Friedman in the Association for
Preservation Technology Bulletin, “The low-tech methods [of NDE] can be extremely slow, as they may
require hands-on investigation of every piece of suspect [material], while the high-tech methods are
often expensive and inconclusive.”102 Therefore, professionals weigh which evaluation techniques
will reveal the most information about the building in accordance to the project goals. They consider

Donald Friedman, “Ambiguity in Building Investigation: A Study of Sampling and Decision-Making with
Field Data,” The Association for Preservation Technology Bulletin 31, no. 2/3 (2000): 43.
46

102

the accessibility of the tools, the experience necessary for collecting and interpreting the data, and the
associated costs in evaluation procedures.
In-situ tests are not as accurate as lab-based approaches. Regulation of relevant factors in
testing or evaluation is often impossible in situ, which means that NDE allows for additional factors
of error.103 The best practice is to implement several NDE approaches “in conjunction with other
assessment methods and experience to obtain information about wood that can be used to make
decisions concerning appropriate treatments."104 Table 4 highlights the relevance of using multiple
NDT or SDT approaches in concord to determine multiple material properties.
Table 4. Effectiveness of NDT and SDT Methods to Assess Structural Timber.105

Beyond using tools and equipment to assess a building, researchers must rely on their senses
to detect damage or decay. Information gained through careful sensory observation is just as
important as that obtained through high-tech approaches. The accumulation of these observations

Guillermo Iniguez-Gonzalez et al., “In-Situ Assessment of Structural Timber Density Using NonDestructive and Semi-Destructive Evaluation,” BioResources 10, no. 2 (2015): 2256.
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over time should be recorded, to the extent possible. All five senses—sight, hearing, smell, touch,
even taste—can divulge valuable information about building conditions. According to Knut Einar
Larsen and Nils Marstein, authors of “Conservation of Historic Timber Structures: An Ecological
Approach,”
Conservators may be able to see the fruiting bodies or the mycelium of fungi on the
surface of timbers, or bore holes or bore dust from insects. By knocking on wood, it
is possible to judge from the sound whether the timber is sound or not. The mouldy
smell of an ongoing fungal attack is usually easily perceived. Conservators should
feel the wood to check if the surface feels damp. When the purpose is to determine
structural as well as material damage, deterioration or decay, the quality of the result
depends on the conservator’s ability to work as systematically as possible. 106
6.0 Application of Non-Destructive Evaluation on the Pool House
This section outlines the methodology for selection and implementation of NDE methods.
Establishing a sound methodology for the NDE is a fundamental objective of this project. This
methodology can be applied to other projects.
The NDE selection process that will be outlined in this section starts with clearly defined
objectives and then determines which evaluation methods will most appropriately inform the project
goals. This process also considers the cost, complexity, and destructivity of each NDE method, as
well as the availability of requisite tools and equipment, the established budget, and the skill level of
research personnel. All this information was tabulated in a Decision Matrix that resulted in a
prioritized evaluation schedule for the Pool House. The ultimate goal was to determine the relevance
or potential impact of the five “Threats to the Structural Capacity” listed in section 4.3.2.
The first objective in prioritizing the evaluation methodology was to determine appropriate
testing and evaluation locations, establish proper ambient conditions for collecting accurate data, and
detail possible sources of error. The testing and evaluation locations were selected based on an
understanding of the building construction, the current conditions, the impact of climatic and
contextual factors, as well as ergonomic limitations. Based on time restrictions and available

Knut Einar Larsen and Nils Marstein, “Conservation of Historic Timber Structures: An Ecological
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personnel, NDE commenced on areas of the building that are accessible from the floor or site. Next
by using the Decision Matrix, implementation guidelines were created for each high-priority NDE
procedure. These evaluation guidelines are based on applicable product literature and recommended
procedures for each tool and technique implemented.
6.1 Methodology for Selection of NDE Methods
This section sets out a strategic approach for the selection of specific NDE methods,
according to project goals and limitations. This approach limits extraneous evaluation or testing by
focusing resources and materials on the most suitable NDE approaches for a project. The prevailing
concern was to understand the vulnerabilities of the Pool House. The “Basic Test Selection”
procedure outlined below is a model that can be used for forensic investigations of other buildings,
although some of the information employed is project-specific and should be adjusted as necessary.
The selection process for NDE methods is described through the Decision Matrix in
conjunction with the “Limitation Scale Factor” table developed for the Pool House (Tables 5 and 6).
The information provided in these two tables is based on the latest version of ASCE’s Guideline for
Structural Condition Assessment of Existing Buildings (11-99), and it focuses on the assessment
recommendations for wood as well as metal connectors.107 It is important to note that this guidebook
was published in 2000, and over the intervening eighteen years, developments in the field of
condition assessment technology have progressed.
The evaluation techniques were selected according to a procedure which will be described in
this section and illustrated in stages through Tables 5 and 6. A numbering system, circled in orange,
has been incorporated into both tables, where number
number

is the first stage of the process, and

is the last. The stages of this methodology can be adjusted for other building assessment

American Society of Civil Engineers, Guideline for Structural Condition Assessment of Existing Buildings (Reston,
VA: American Society of Civil Engineers, 2000),
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projects based on their research questions, the building materials to be assessed, and the project
limitations (including scope, budget, and timeframe).
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Table 5. Non-Destructive Evaluation Decision Matrix.
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Table 6. Non-Destructive Evaluation Decision Matrix – Limitation Scale Factors.
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Stages in the Development of the Non-Destructive Evaluation Decision Matrix:

Determine the properties to test based on the project research questions generated from the
initial visual assessment. In the case of George Nakashima’s Pool House, the properties were
separated into several categories: the mechanical and physical properties of plywood, the physical
condition of plywood, and the physical condition of connectors, such as screws.

Generate a list of NDE methods that can add to the understanding of the previously listed
properties. For the purpose of this thesis, both completely non-destructive, as well as minimally
destructive, approaches have been considered. These minimally destructive approaches are included
in the “non-destructive” category. While a thorough list of NDE approaches are outlined and
described within ASCE’s Guidelines, it is important to research the most recent technological
approaches in the decision-making process.

Determine scale factors for the “Properties” column, stage

, specifically an “Importance

Value.” This Importance Value is subjective and project-dependent, representing the relative
importance of the material property within the larger goals of the project. These values are also based
on the project’s research questions. The most important material properties that serve to answer the
research questions are assigned a value of five, while the least important material properties are
assigned a value of one. For this project, all material properties are assigned an Importance Value
greater than one.
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Additional scale factors, called “Limitation Scale Factors,” are assigned for each NDE
method (Table 6). Some of these scale factors are subjective and project-dependent, based on the
experience of the researcher and availability of necessary tools and equipment, which will be
explained further below. Each scale factor is assigned a value from one to three; a value of one
means that the test or evaluation method will have fewer impediments, and a value of three means
that the test will have more impediments. The limitations of each evaluation approach fall within
four categories:
1) The relative cost to complete: This value represents the scale of all costs that will be
incurred by the researcher or firm completing the test, based on the resources at their
disposal. These values are subjective and project-dependent. Relative cost depends on the
comparative scale of the project’s available budget. For this project, any evaluation method
that is free and available through the university, or anything costing less than $20, is assigned
a value of one. Any method that would involve purchasing or renting expensive equipment
to complete evaluation is assigned a value of three.
2) The complexity and experience needed: This value represents the combined relative
complexity of the evaluation method, as well as the experience needed to complete the
evaluation and analyze the information. These values can be subjective and projectdependent. A general rating of the complexity of each test is included in ASCE’s Guidelines,
although these ratings were adjusted based on the researcher’s experience with each method.
A value of one means that the method is relatively simple and little experience is needed or
that the researcher has previous experience completing that task; a value of three means that
the process is quite complex and requires a high level of skill to complete and interpret the
test.
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3) The availability of tools and equipment: This value is entirely project-dependent,
considering what tools and equipment are available to the researcher or firm completing the
project. A value of one represents open access to all necessary tools, materials, and
equipment, while a value of two means that a professional contact likely has access to the
necessary materials. A value of three means that many or all the materials would need to be
purchased to complete the evaluation.
4) The destructivity: This value is relatively constant from project to project, although it
could be adjusted if the application of the evaluation method is slightly atypical. A
destructiveness value of one means that the evaluation will result in no visible change to the
building, while a value of three means that the test will result in a noticeable change in the
appearance of the building.

Determine which material properties each NDT or NDE method can inform. A value of
“1” was placed in each cell if the test listed in the column header could add to the understanding of
the property listed in the row header. These values were then tabulated in stage

to give an

understanding of which tests inform the greatest number of properties. The applicability of each test
to each property is based largely on ASCE’s Guidelines [Tables 4.5.1(a)., 4.5.1(b), 4.5.3(a)., and
4.5.3(b).].108 However, personal judgement was used to further evaluate the applicability of the tests,
based on project-specific factors and an understanding of the building. The ASCE tables also do not
compare every property against every NDE method included in Table 5. Additionally, the researcher
included several NDE methods that were not included in ASCE’s guidelines. The applicability of
these tests was determined through outside research.

108

American Society of Civil Engineers, 127–32.
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Score each NDT or NDE to establish a prioritization based on the number of material
properties that the evaluation informs, and then adjust these scores based on the scale factors. The
first score is simply the summation of the number of properties covered by each test. The tests that
score within the top 75% of total score values were tracked by highlighting those score cells in gray.
An adjusted scale factor score was also tabulated, based on the scale factors. First, the occurrence
value of “1” where it appears was multiplied by the Importance Value of each property. The
summation of the limitation values was then tabulated in Table 6. The Limitation Scale Factors were
then doubled and subtracted from the scaled Importance Value score. The top 75% of these scores
were also highlighted in gray. This serves as a comparison to determine how the importance and
limitation scale values factored into the total score.

Determine the NDE methods’ order of importance, based on the scaled scores. The tests
within the top 75% of scores are shown on Table 5 in green, where dark green represents the NDE
method of highest importance. The tests within the bottom 25% of scores are shown in red, where
dark red represents the NDE methods of lowest importance. This serves to establish a prioritization
for the evaluation procedures that would be completed on the Pool House. The goal of the project is
to complete the NDE methods that are in the top 75% of scores, shown in Table 5 in green,
completing the dark green procedures first and moving on to the light green procedures as time
allows. There are eight total NDE methods that fall in the top 75% of scores, in the following order:
1) Visual Examination;
2) Moisture Content Reading;
3) Physical Measurement;
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4) Species Identification;
5) Visual Grading;
6) Sounding;
7) Probing; and,
8) Infrared Thermography.
6.1.1 Limitations
The evaluation procedures on the Pool House are limited by several factors that have been
mentioned briefly. These constraints include a modest budget and a defined timeframe within the
school year. The evaluation processes were completed by a singular researcher within three days on
site in the middle of winter, which means that the methods had to be limited in scope and achievable
by one person. An exception to this was in the coring completed. University of Pennsylvania lecturer
and professional conservator, Andrew Fearon, oversaw the coring operation. Due to the defined
timeframe and the geometry of the building, most of the evaluation procedures were limited to areas
of the building accessible from the ground, either on the exterior grade level or from the interior
concrete floor. Additionally, the scope of evaluation does not encompass a complete structural
analysis, although some of the findings will likely be used in the structural analysis completed by
David Biggs, P.E., S.E.
6.2 Methodology for Non-Destructive Evaluation
The methodology for evaluation of the tests was based on the Decision Matrix previously
described. The methodology is grounded in research related to the Pool House construction and its
current condition, the natural environment, climate, and suggested procedures for completing each
NDE approach; those procedures are dependent on the tools and equipment available.
This section outlines the process for selecting evaluation locations and the guidelines that
were created for field assessment based on seven factors: 1) the tool or equipment used for the
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proposed task, 2) specific application of the tool or equipment, 3) the specific location of evaluation,
4) the most appropriate time of day to complete the evaluation, 5) preferred ambient conditions for
evaluation, 6) potential sources of error related to the specific tool and equipment used, and 7)
external factors.
6.2.1 Selection of Testing and Evaluation Locations
The first and most imperative task is to understand the building and how it was constructed,
and then gain a basic comprehension of how the building is performing, especially with respect to the
“Threats to the Structural Capacity” previously mentioned. This should be completed before the
evaluation process begins. Knowledge of the building construction helps researchers focus evaluation
procedures on the areas of the building most vulnerable to deterioration or loss of capacity.
The researcher should next compare highly vulnerable and minimally vulnerable locations
with less vulnerable and even unaffected locations, to understand the full range of conditions.
Threats to the structural capacity of the Pool House are largely related to 1) high moisture content,
which can allow for rotting; 2) insect degradation; 3) changes in the geometry due to dead, live, wind,
and snow loads; 4) weakened connections at the anchor points; or 5) rotation of the side wall(s).
The amount of moisture available to a building has a significant impact on the structure’s
performance and capacity; therefore, the most vulnerable areas are those with large concentrations of
moisture. Most often, in the case of the Pool House, these concentrations are found near the sill
plate, along the crown of the roof, and at the north and south ends of the roof. See the orange
notations below (Figure 16), which were based on initial moisture-content readings (using a moisture
meter), visual patterns in moisture and fastener staining, exposure to the elements, and orientation of
plywood seams where moisture can flow. The sill assembly is also likely to undergo displacement due
to flattening of the roof geometry, rotation of the masonry side walls, or weakened connection points
between the plywood, sill, and side walls. The north end of the building also withstands higher
stresses in the thin-shell assembly than the south side. The form of the thin-shell on north end is
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flatter than it is on the south end. The flattened shape cannot hold its form as readily as the south
end.
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Figure 16. Most vulnerable areas of the Pool House to moisture-related damage.
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6.2.2 Evaluation Guidelines
NDE procedures should be completed following careful study of the building, the
surrounding environment, the employed materials, and the manufacturers’ recommendations for
tools and equipment. Prior to evaluation, a table was developed to determine optimal conditions for
data collection (to be used whenever possible) and to anticipate any sources of error in advance
(Table 7). The table includes the following: 1) the tool or equipment used for the proposed task; 2)
its specific application; 3) the general location of evaluation; 4) the most appropriate time of day to
complete the evaluation; 5) preferred ambient conditions for evaluation; 6) potential sources of error
related to the specific tool and equipment used; and 7) external sources of error. The NDE
procedures are organized in the order of priority, based on the analysis included in the Decision
Matrix.
The original NDE approaches slated for execution included: visual examination, moisture
content reading, physical measurement, species identification, visual grading, sounding, probing, and
infrared thermography. Due to time restrictions, probing was not completed in the evaluation of the
Pool House. This procedure was assigned a lower importance value within the Decision Matrix. On
the other hand, coring was added to the NDE scope, despite that this approach was not within the
top 75% of evaluated procedures in the Decision Matrix. Coring was completed to acquire
conclusive evidence about the current condition of the plywood in all three layers. The tools used for
testing and evaluation were made available through the University of Pennsylvania or through
professional contacts in the field of architectural conservation.
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Table 7. Application of Non-Destructive Evaluation.
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6.2.3 Description of Completed Non-Destructive Evaluation
Next, the specific procedures for each NDE approach will be delineated in the order in
which they appear in Table 7, the order of importance according to project objectives.
Visual Examination
1. To document those conditions that could be observed visually, two forms of flattened
reflected ceiling plans were created: a standard measured drawing and a photomontage (Figure 17
and 18, respectively). This process started by measuring the length of plywood Layer 1 above the sill
beam. Other than areas of connection at the sill, the design called for full four-foot-by-eight-foot
sheets of plywood. Therefore, the length of plywood was used to estimate the length of each rib for
the creation of the measured drawing. This drawing was used to develop a photomontage of the
ceiling.
To create a photomontage, dozens of photos of the thin-shell were taken from the interior.
The goal was to take photos with minimal distortion, considering the curved surface. It is impossible
to take wide-range photos of Layer 1 plywood using a standard digital camera because of the building
geometry. Essentially, one full sheet of plywood fills a standard DSLR camera frame. Therefore, at
least one photo was taken of each sheet of plywood, with the camera lens oriented as parallel to the
mid-point of the sheet as possible. These photos were then compiled in Photoshop and corrected for
light and color. The measured drawing was overlaid in Photoshop in order to adjust the photos of
each sheet of plywood to conform to the flattened reflected ceiling plan model.
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Figure 17. Flattened reflected ceiling plan drawing.

Figure 18. Flattened reflected ceiling plan photomontage.
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2. The reflected ceiling plan photomontage allowed for remote observation and analysis.
This work product helped identify fastener locations in the reflected ceiling plan remotely, rather
than using valuable time during a site visit. The locations of fasteners were identified and marked
with dots in AutoCAD. The reflected ceiling plan also helped the researcher identify joints of
plywood Layer 3, which was mapped subsequently.
3. On successive site visits, the flattened reflected ceiling plan drawing and photomontage
were used to record the observed conditions. This was later translated into a clean digital condition
drawing (Appendix E).
Moisture Content Reading
1. First, the standard settings on the Delmhorst J-2000 Pin-Type Moisture Meter were
adjusted to ensure that the correct wood species and surface temperature were accounted for.
2. Moisture content readings were taken in plywood Layer 1, parallel with the sill beam, in
rows approximately 3.5, 12, and 24 inches above the beam. Three data collection locations were
established per bay at these heights: two near the ribs, and one half-way between (Figure 19).

Figure 19. Moisture content data collection location pattern (points of collection in blue).
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3. The pins were inserted to full depth (5/16”). Two readings were taken in each testing
location, one when the two pins were oriented parallel to the wood grain and another with the pins
oriented perpendicular to the grain of the plywood (Figure 20). The two readings were averaged for
each testing location.

Figure 20. Collection of moisture content data using the Delmhorst Instrument Co., J-2000 PinType Moisture Meter, pins oriented parallel with the plywood grain.
4. Based on the data gathered on site, a moisture gradient map was created in AutoCAD. A
color was assigned to each moisture content reading in whole-number values, where lighter colors,
such as pale yellow, represent the lowest moisture content readings (≤ 10%, <11%), and darker
colors, such as black, represent the highest moisture content readings (≤ 39%) (Appendix F).
Physical Measurement
1. As previously mentioned, measurements were taken using a measuring tape in order to
develop a reflected ceiling plan. Manual measurements were also used to record the locations of the
asphaltic roofing on the exterior of the building. Some of these measurements could be taken from
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grade. The majority of the remaining asphaltic roofing measurements were estimated based on the
width of the roofing materials and scaled photos of the roof taken from a higher elevation to the
north of the Pool House.
2. Measurements were also taken using a Leica total station and TDS Recon data collector
(Figure 21). These measurements were recorded from three instrument set-up locations, using a
single back sight point. Three-dimensional spatial information was collected for data points on the
building on each exterior elevation of the building as well as on the interior. Snow located on the
roof limited data collection in that area. The interior data was primarily collected on the surface of
Layer 1 plywood, oriented circumferentially along the ribs. These measurements were collected every
other rib, or approximately every eight feet longitudinally. The total station measurements were
affected by approximately 8.5 inches of wet snow on the exterior of the building, especially on the
roof and sills as well as around the perimeter. This factor will have an impact on the data collected
for the thin-shell geometry because it will readily deform under snow load. Due to the nature of the
structure’s geometry, it is not possible to collect spatial data for areas of the structure from the total
station set-up locations. For instance, it was difficult to capture data for the plywood near the sill
because the scissor truss bracing and large bush to the south blocked some of this area (Figure 22).
3. Drawings were developed based on the total station spatial data (Appendix G).
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Figure 21. Total station measurement data collection in progress.
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Figure 22. View from initial total station instrument set-up location, with plywood areas inaccessible
to measurement (shown in red).
Species Identification
1. Three wood samples were collected during several site visits to identify the species of various
building elements. Samples of 1) plywood; 2) a sill beam; and 3) a rib from the building were
collected using a Swiss army knife (Figure 23).
2. The plywood sample was analyzed using microscopy by Andrew Fearon with Materials
Conservation Co.
3. The samples taken from the sill beam and rib were analyzed in cross-section using a
stereomicroscope. First, these samples were soaked in water for an hour. Then a clean edge was cut
into the sample using a razor blade. This clean edge was examined using a stereomicroscope.
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Figure 23. Wood sample locations (S = Sample).
Visual Grading
1. Visual grading of Layer 1 was completed through visual examination of the exposed
veneer. The appearance was categorized based on the type (exterior) and the veneer appearance
(number and size of knots and knotholes, and splits) according to the Douglas Fir Plywood
Association’s period literature. The grade could not be determined for concealed Layers 2 and 3.
Sounding
1. The sounding process began by categorizing the variety of acoustical responses produced
by striking Layer 1 plywood with a rubber mallet. Four standard acoustical responses were
established, and each was assigned a specific term to use in the data collection process. They are
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identified as solid, hollow, dull, and very dull. A video of each response was recorded in order to
ensure consistency.
2. The sounding process was completed in a manner similar to moisture content data
collection. The plywood was evaluated along rows, parallel to the sill beam, at heights of 3.5”, 7”,
10.5”, 14.5”, 19”, and 24” (Figure 24). This evaluation was done by striking the mallet against Layer 1
plywood along the horizontal rows, approximately every two to three inches.

Figure 24. Sounding data collection location pattern (points of collection in blue).
3. The acoustical responses were recorded on a reflected ceiling plan drawing in the field.
The letter “S” indicates locations where a solid response was heard, an “H” where hollow responses
were heard, a “D” where dull responses were heard, and a “V” where very dull responses were heard.
4. The plywood has a surface coating of mold that is visible and easily disturbed with any
direct contact. After sounding was completed, the plywood was rubbed with a cotton cloth to
remove the marks left by the mallet.
5. The sounding data was later translated onto the reflected ceiling plan in AutoCAD, with a
different color representing each acoustical response (Appendix H).
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Infrared Thermography (IRT)
1. A FLIR Exx-Series Camera was employed to complete infrared thermography (IRT).
Images of the building were taken using the FLIR camera in the morning, beginning at 7:30 AM,
before the building had been exposed to direct sunlight for an extended period of time.
2. Before images were taken, the camera settings were adjusted with the object parameters,
including the emissivity, relative humidity, distance, and temperature of material. Each material in a
building assembly has a unique emissivity value based on the material properties. Since most of the
images taken in this project include several different materials in one frame, an emissivity value of the
assembly was assumed. The emissivity of some of the prevalent materials in the Pool House
assembly include the following:109
- Plywood (smooth, dry): 0.82;
- Stone (sandstone, rough): 0.935;
- Tar: 0.8;
- Concrete: 0.92; and,
- Copper (oxidized): 0.6-0.7.
An emissivity value of 0.9 was used for all images taken with the IR camera for two reasons.
First, this is a standard assumed value when using IR, and secondly, it lies between the exact material
emissivity values.110 The only photos showing only one material in the frame are the images of the
plywood Layer 1. These images were taken to establish the location of Layer 2 plywood joints rather
than to evaluate moisture characteristics in the materials. Therefore, those images did not require a
high degree of accuracy in the temperature readings and the same emissivity value of 0.9 was used.
Relative humidity was measured using an iPhone application, “Hygrometer,” which collects
weather data from Weather Underground. This information was input in the FLIR camera settings as
well. On the day the IR images were taken, the relative humidity was 67%. The FLIR User Manual

109
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“User’s Manual FLIR Exx Series” (FLIR Systems, Inc., 2015).
“User’s Manual FLIR Exx Series.”
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suggests taking readings from between 23 and 26 feet away. This distance was used whenever
possible, but if a wider or narrower frame was necessary, the distance was adjusted accordingly on
the IR camera settings. Additionally, the temperature of the materials at the center of each image was
estimated using the IR camera prior to taking the IR images. FLIR suggests setting the emissivity to a
value of 1 and aiming the camera at the area of interest to determine the material temperature in that
area. This temperature reading was then entered into the settings before the image was taken.
3. IR images of both the exterior and interior were taken. The majority were wide-frame
images of the exterior. However, a snow event had occurred two days prior, so several inches of
snow remained on the roof of the Pool House. The researcher cleared off any snow sitting on the
sills prior to taking the images. However, the snow collected on the building affects the accuracy of
the images taken, particularly from the exterior. It also affects the images taken from the interior, but
possibly to a lesser extent.
Wide-frame images of the interior plywood faces and sill connections were taken. However,
it was impossible to take wide-frame images of the interior wall face on the north side because of the
restroom partitions located on the north end of the interior. Close-frame images were taken of the
entire interior face of Layer 1 in the thin-shell assembly. The camera lens was oriented parallel to the
center point of the plywood within the view frame. Before each picture was taken, the camera was
focused to obtain the clearest possible image.
4. The close-range images of plywood Layer 1 were used to determine the location of joints
in the Layer 2 plywood. The results of this analysis (which will be explained further in section 7.1
“Findings from Non-Destructive Evaluation of the Pool House”) were translated onto the reflected
ceiling plan. All the other wide-frame images were analyzed to understand moisture migration,
temperature variation, internal composition, and density. The results of this analysis will be discussed
in the conclusions section.

73

Coring
1. First, a test core was completed on spare plywood in order to practice the coring
procedure before taking the samples from the building. The test core followed the same procedure
that was implemented on the building.
2. The first step in taking core samples from the plywood is to determine the locations for
the coring processes. Originally, five core locations were selected on the east side of the building.
They were identified based on the moisture content readings taken that day. The goal was to take
some cores in locations with known deterioration (such as along edge conditions) and areas where
the levels of plywood deterioration is unknown. Moisture content readings were to guide the core
extraction locations. Ultimately, time restrictions meant that only two cores were taken (Figure 25).
Both cores were extracted along an interface where two sheets of plywood are joined. This made step
three easier to complete. The location of these two cores had lower moisture content levels,
comparatively with the average reading, but core 2 was in an area with dark moisture staining where
the wood had a punky appearance. From visual observation of the plywood edge conditions on the
north end of the thin-shell, it was apparent that decay is occurring in Layer 3 (where moisture
content is high), however it was not apparent whether decay was occurring in other areas (other than
edge conditions). These cores helped to make this determination.
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Figure 25. Plywood core locations (C = Core).
3. Next, Layer 1 was scored to remove a small section of the veneer. An X-ACTO knife
scored an organic curved shape along the joint line between two sheets of plywood (Figure 26). This
area had to be large enough to accommodate the ½” outer diameter shank of the core bit that was
used. After the plywood had been scored deep enough, the veneer was removed, using a metal
scraper to keep the veneer layer intact.
4. The next step was to screw the plywood guide onto Layer 1 of the thin-shell (Figure 27).
This guide was a 6-inch-by 6-inch-by-¾-inch piece of plywood with a ¾ inch diameter hole in the
center (Figure 28). Two screws (2 inches in length) were used to secure the guide, one in the upper
left corner and one in the bottom right corner. Each screw penetrated 1-1/4” into the plywood.
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Figure 26. Scoring veneer of plywood Layer 1 with an X-ACTO knife. Photo provided by Andrew
Fearon.
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Figure 27. Screwing the plywood guide to Layer 1. Photo provided by Andrew Fearon.
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Figure 28. The plywood guide in place.
5. After the guide was in place, the depth of the combined three layers of plywood was
estimated and marked on the core bit. The estimated depth was marked conservatively for the first
core in order to ensure that that core bit would not penetrate the roofing material on the exterior of
Layer 3. A CMT Plug Cutter with a 3/8-inch minor diameter and a ½ inch shank was used to extract
the cores. The core bit was then inserted in the hole of the guide. Coring proceeded continuously
within each plywood layer until a core of each of the three layers was extracted (Figure 29). The
coring shank was oriented perpendicular to the face of the plywood during the extraction process.
When the coring depth approached the estimated stopping depth, the researched slowed the rate of
coring until the last core was extracted. The researcher collected the plugs from the three layers and
made note of the layer orientation (Figure 30).
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Figure 29. Coring of the east wall of the Pool House. Photo provided by Andrew Fearon.

Figure 30. Core taken from east wall.
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5. After coring was completed, the guide was unscrewed from Layer 1 (Figure 31).
6. A layer of Elmer’s Glue was painted on to the rough face of Layer 1 and the veneer was
set on top (Figure 32), then taped down for approximately an hour until the glue set. The plywood
has a surface coating of mold that is easily disturbed and visible with any direct contact. These areas
were rubbed down with a cloth after completion in order to even out the appearance of the plywood.

Figure 31. Coring location after the removal of plywood guide. Notice continuity between the three
layers of plywood extending back to the asphaltic roofing. Photo provided by Andrew Fearon.
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Figure 32. Replaced veneer (boxed in white) where cored sample was taken.
7. One core sample location suffered minor loss in veneer material during the removal
process (step 3), so wood glue (Tite Bond III) was injected behind the veneer material after it was set
in place. Elmer’s Glue Wood Filler was then applied on the veneer face to enclose the sample area.
After the wood filler was set, it was sanded and painted with two shades of acrylic paint, mixed as
needed, to match the tone of the wood.
7.0 Non-Destructive Evaluation Findings
This section outlines the ultimate findings of this project, within two categories: discoveries
about the building based on the NDE, and findings related to the applicability and effectiveness of
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each NDE approach. The section about the building is further divided into three subsections:
findings related to the building composition, changes in geometry, and material vulnerabilities.
7.1 Findings from Non-Destructive Evaluation of the Pool House
Non-Destructive Evaluation on the Pool House revealed a significant and wide array of
information about the construction of the building, the original and current building geometry, and
material vulnerabilities. The findings within these three categories will be discussed below. Each
major finding is listed in bold, following a numeric order with no particular hierarchy. The NDE
approaches used to reach that finding are shown in italics below each bulleted title.
7.1.1 Findings Related to Building Composition
The following findings are based on data collected using several NDE approaches. These
findings relate to the materiality and construction details of the Pool House that could not be
understood from an initial assessment or archival research.
1. Location of Concealed Material Joints, Overlaid on Exposed Material Joints.
Visual Examination, Physical Measurement, Infrared Thermography
The locations of joints in each of the three plywood layers in the thin-shell assembly were
found using a variety of methods (Figure 33). First, measurements were taken of Layer 1 and the
asphaltic roofing by hand. Second, the reflected ceiling plan photomontage was used to highlight the
pattern of fastener staining, which correlates to Layer 3 plywood orientation. A grid of four-foot-byeight-foot rectangles representing Layer 3 plywood was superimposed on the reflected ceiling plan
based on the locations of fasteners discovered through fastener corrosion staining (Figure 34). Layer
3 plywood is staggered the same way that Layer 1 is staggered, but it is offset toward the south
approximately one foot. The close-range IR images taken from the interior were used to locate the
seams in Layer 2 and then imposed on the reflected ceiling plan (Figure 35 and 36). Layer 2 runs
perpendicular to Layers 1 and 3, and it is composed of smaller plywood strips that are not full width.
It appears that the plywood in Layer 2 is approximately 11” wide (circumferential direction).
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The fastener locations and patterns were also determined using visual examination and
infrared thermography. It is apparent that Layer 1 plywood is fastened from the exterior side to the
ribs. The layer 1 fasteners are clearly visible on the infrared images. The location of Layer 2 fasteners
was not determined. No pattern was apparent from either visual observation in the field and on the
reflected ceiling plan, or the infrared images. It is likely that the Layer 2 circumferential joints were
aligned with the circumferential joints of either Layer 1 or Layer 3 and fastened together (Figure 37).
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Figure 33. Reflected ceiling plan showing plywood and asphaltic roofing seam overlay.
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Figure 34. Plywood Layer 3 orientation evidenced through corrosion staining patterns.
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Figure 35. (bottom) Infrared image of Pool House ceiling showing concealed plywood joints and fasteners. Figure 36. (top) Photograph accompanying infrared image on left with Layer 2 plywood joints indicated.
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Figure 37. Thin-shell assembly diagram.
2. Wood Species and Grade (Plywood, Sill Beam, Rib).
Visual Examination; Species Identification
Sampling and microscopic analysis of three wood species led to the conclusion that the plywood is
douglas fir, the original sill beams are red oak, and the ribs are western red cedar (Appendix I)
However, it appears that white oak was used for the replaced segments of the sill beam on the south
side, though species identification was not completed under a microscope in these areas, the end
grain was analyzed on site. Further analysis should be completed to confirm that two different
species of wood are incorporated in the sill beam element.
At the time of the Pool House’s construction, the “type” of plywood was established based
on the moisture resistance of the glue joints while the “grade” of plywood was determined according
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to the quality of the veneer.111 Plywood was divided into two major types: interior and exterior, and
grades were indicated by two letters (according to an A through D designation system). Based on
period literature and visual examination, the Pool House’s Layer 1 plywood is likely grade EXTDFPA A-B or EXT-DFPA A-C. The “EXT” type was specified for prolonged outdoor exposure
where plies were hot-pressed with a phenolic resin adhesive. Grade A-B means that the front face
was a higher grade and the back face was a lower grade. Grade “A” plywood veneers have a “smooth
‘paint’ grade permitting a number of neatly-made repairs, plugs, patches, etc., with certain
restrictions,” while Grade “B” plywood is “a ‘solid surface’ veneer, except for specified minor
characteristics; may have a considerable number of neatly-made repairs,” and Grade “C” plywood is
“the lowest quality of veneer permitted in any exterior type panel; commonly used also as face of
sheathing grade panels. Permits 1” knotholes, tight knots up to 1-1/2”, 3/16” splits tapering to a
point, and other minor characteristics.”112
3. Existence of an Embedded Metal Support in the Masonry Side Wall.
Infrared Thermography
From the infrared images taken, metal reinforcing appears to be present within the masonry side
walls, aligned with the third rib from the south (Figure 38). The existence of this support was not
previously known from documentary resources.

Walter Fleming Scofield, Modern Timber Engineering, 4th ed. (New Orleans, LA, 1954),
http://hdl.handle.net/2027/mdp.39015002025206.
112 Perkins, C.E., Plywood: Properties, Design and Construction, 7.
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Figure 38. Infrared image indicating the location of embedded metal reinforcement in the west
masonry side wall, as well as anchor bolts, and potentially missing anchor bolts in the sill beam on
top of the masonry wall.
4. It is Uncertain Whether Anchor Bolts Connect the Sill Beam to the Side Wall on the
Southwest Corner as Elsewhere.
Visual Observation, Infrared Thermography
Figure 38 also appears to divulge more information about the west side wall. From the image, it
appears that no anchor bolts connect the sill beam to the side wall in bays 7 and 8 on the south,
although anchor bolts exist in bay 6. This area of the sill was replaced due to carpenter ant damage in
the 1990s. It is unclear whether the anchor bolts were removed at this time. Visual observation
shows deformation of this sill beam toward the south end, which could correlate the theory that
anchor bolts are not tying the beam to the wall at this south corner (Figure 39).

89

Figure 39. Vertical displacement of south end of west sill beam, possibly due to a lack of anchor
bolts connecting the beam to the wall.
5. No Roofing Felt Between the Asphaltic Roofing and Plywood Layer 3.
Coring
The exploratory coring that was completed on the Pool House proved that the asphaltic roofing is
laid directly on plywood Layer 3 without any roofing felt in between. It’s uncertain whether the
original roofing would have been installed this way as well. It’s possible that an original roofing felt
could have been removed in subsequent re-roofing campaigns.
6. Continuity Between Plywood Layers Where Cores Were Taken.
Coring
As previously mentioned, the coring taken in bays 3 and 6 proved that all three layers of plywood are
in close contact in those areas. However, both samples were taken less than two feet above the sill
where the curvature of the roof is not especially pronounced. It’s possible that if cores were taken
higher up on the thin-shell assembly, where plywood is undergoing more bending, some separation
might have occurred between the three layers of plywood.
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7.1.2 Findings Related to Changes in Geometry
The following findings related to changes in geometry were discovered using a variety of NDE
methods, though primarily through physical measurement with a total station.
1. Flattening of Thin-Shell Geometry, Particularly in Bays 5, 7, and 9.
Physical Measurement (Total Station)
The data collected from the total station shows that several circumferential sections of the thin-shell
assembly have deformed, categorized by flattening of the overall geometry. Several cross-sections are
shown against an idealized curve represented by a dashed red line (Figure 40). Bays 5 through 9 have
flattened considerably (up to approximately five inches), as shown when comparing the existing
measurements against the idealized. Granted, however, the total station measurements were taken
with approximately 6.5 to 8.5 inches of snow load (from the sill to the peak of the roof, respectively),
which would result in greater deflection. Total station measurements should be taken again according
to the same parameters without snow load in order to understand steady-state conditions and how
the geometry changes according to the applied load. Additionally, the idealized radius should be
confirmed.
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Figure 40. Rib Cross-section diagrams showing existing measurements of the thin-shell against an idealized curve.
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2. North End of Roof Hinging at Braced Connection Points.
Visual Observation, Physical Measurement (Total Station)
The total station data shows that the shape of deformation of the northernmost bay (bay 1) along the
first rib correlates with the location of the bracing that is supporting the shell (Figure 41). The shell is
hinging in three locations, where each of the three braces are connected.

Figure 41. Transverse cross-section of Bay 1, along the northern most rib showing hinge points
where bracing connects to the thin-shell.
3. Possible Cavity in West Side Wall Near Third Rib from the South.
Infrared Thermography, Sounding
The IR image, mentioned previously, reveals an area on the west wall just south of the embedded
reinforcing registering a lower surface temperature. It’s possible that this difference in temperature
corresponds with a cavity space that has developed within the wall surrounding the embedded metal.
Additionally, a hollow acoustical response was produced on the plywood above the location of the
reinforcing material. This could indicate that the plywood layers have separated due to the
deformation of the wall. A similar dull sound was observed on the plywood above the east still in the
same area as the reinforcing material (Figure 42 and 43).
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Figure 42. Infrared image of the west side wall on the bottom superimposed with the sounding
gradient on the top, showing possible correlation between the cavity space within the masonry wall
and the hollow sound in the plywood area above.

Figure 43. Mirrored infrared image of the west side wall on the bottom superimposed with the
sounding gradient of the east wall plywood on the top, showing possible correlation between the
cavity space within the side wall and hollow sound in the plywood above.
4. Several Forms of Material Deformation Evidenced Among Multiple Wood Elements Along
the East Side Wall Sill Connection.
Visual Observation, Physical Measurement (Manual Measurement)
Three forms of deformation are occurring among various components of the sill connection above
the east masonry wall: plywood is bowing at the center of several bays (2 through 5), the sill beam
has formed vertical cracks, oriented in line with the anchor bolts, and wooden plugs covering the
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anchor bolts are ejecting from the sill beam. The prevailing winds, originating from the northwest,
are also likely causing plywood above the east sill to bow in center of bays 2 through 5. Movement in
the geometry of the thin-shell has caused the vertical cracking in the east sill beam where it is
anchored to the side wall. Several of the plugs covering the anchors are ejecting due to the
deformation in the thin-shell transferring to the sill beam (Figure 44). However, it is possible, yet
unlikely (based on George Nakashima’s attention to detail) that the plugs were never originally flush
with the horizontal surface of the sill beam. The original orientation of these plugs is unknown.
Considering the cracking occurring at the sill beam, it would not be surprising that compression
forces within the beam might be causing the plugs to eject.

Figure 44. Vertical crack in sill beam, aligned with the orientation of anchors connecting the beam
to the masonry side wall.
5. Possible Movement in East Side Wall Beginning on the North End and Terminating Near
the Sixth Rib from the North (Approximately the First 20 Feet from the North End).
Physical Measurement (Total Station)
Based on total station data taken at the base of the east and west side walls, it appears that the east
wall could have moved outward, toward the east. Looking at the plan view of the Pool House, the
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east wall is not completely parallel with the west wall. However, it is possible that inherent sources of
error in the data collection method could have caused this deformation in the data points. It’s
possible that the total station might have been focused on a material, like accumulated snow for
instance, in front of the wall, instead of having the ocular focused on the wall itself. This finding,
however, does correlate to other findings presented herein where wind loads appear to be the cause
of displacements on the east side of the building.
7.1.3 Findings Related to Material Vulnerability
The following findings are based on work completed using several NDE techniques focused
on the material vulnerabilities of the structure.
1. The Plywood Most Susceptible to Moisture-Related Damage Is Found on the North End,
Particularly on the West Side.
Visual Examination, Moisture Content Readings, Sounding
Wind-driven rain from the northwest, as well as the pattern of moisture flow from the roof toward
the north end drip edge, has resulted in significantly high moisture content levels in the plywood, as
high as 39% on the northeast corner of Layer 1 plywood and 28% on the northwest corner of Layer
1 plywood. While the maximum individual moisture content reading was on plywood Layer 1 of the
northeast edge of the thin-shell, generally moisture content levels are higher across a larger area on
the northwest end (Figure 45).
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–
Figure 45. Comparison of moister content levels between the east and west plywood. East plywood generally shows higher moisture content levels over a larger area to the north.
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2. Plywood Moisture Levels Increase Significantly Near the Location of the Embedded
Metal Support in the Side Walls.
Moisture Content Readings
A pattern of relatively higher moisture content levels occurs in the plywood above the area where
metal reinforcing appears to be embedded in the side walls. The moisture content increase is
approximately 4-5% greater than the immediate surrounding areas (Figure 46).

98

Figure 46. Moisture gradient of plywood above east and west walls, showing higher moisture content levels (outlined in blue) oriented approximately where the embedded metal is located.
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3. Decay is Occurring on the North End Plywood in Layer 3.
Visual Observation
The copper flashing covering the plywood edge on the north side of the thin-shell has separated
from the building, permitting visual inspection of the plywood termination. However, it was difficult
to thoroughly inspect plywood Layer 3 in some areas. Based on this inspection, it appears that certain
areas of Layer 3 are losing section due to rot (Figure 47). This was the only observed area that
appears to be rotting.

Figure 47. Decay of plywood Layer 3 on north end of Pool House.
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4. Other than the Areas Previously Mentioned, Layer 1 Plywood has Relatively Low Moisture
Content Values.
Moisture Content Readings
Less than 1% of the tested plywood readings were above 15% moisture content. If wood is above
15% moisture content, insects will begin to feed on it; and between 20-30% moisture content, fungal
decay will commence. Between temperatures of 50°F and 100°F, fungal growth will be rapid.113
5. In the Areas Where Cores Were Taken, No Plywood Decay Is Evident.
Coring
Based on two probes that were completed on plywood near the east sill (bays 3 and 6), there appears
to be minimal-to-no loss in section in the areas tested (Figure 48). However, more cores would have
to be taken in order to firmly establish this finding. A plywood core taken on the north end of the
building, where moisture content levels are excessively high, would prove particularly useful. The
existence of glue between plywood Layers 2 and 3 was not readily evident. There was some minor
dark-colored residue noted between layers however.
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Samuel Y. Harris, Building Pathology: Deterioration, Diagnostics, and Intervention (New York, NY: J. Wiley, 2001).
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Figure 48. Fully intact core sample of plywood (Layers 1-3) showing no sign of decay.
7.2 Leading Threats to the Structural Capacity of the Pool House
As previously mentioned, an initial and thorough visual assessment determined that five major
Threats to the structural capacity of the Pool House exist:
1) Separation of plywood layers;
2) Loss of section in plywood;
3) Flattening of thin-shell geometry;
4) Rotation of side wall(s); and,
5) Movement or weakened connection at points of fixity.
The results of the findings delineated in section 7.1 were used to determine the likelihood of
each of these Threats. Table 8 was developed to correlate the findings to the possibility of each
Threat. If a finding indicates that one of the Threats is active in the Pool House, the finding was
assigned a score of 2. If the Threat could possibly exist (without firm evidence) or is a future
possibility, the finding was assigned a score of 1. If the visual test proves that the Threat is not
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occuring in the evaluated location, it was given a score of 0. If a finding is not relevant to a Threat,
then the cell is shown in gray.
The scores were tallied for each Threat. The Threats with the highest scores (shown in red)
are the most likely Threats to the structural capacity of the building. The Threats with the lowest
scores (shown in yellow) are either the least likely or backed by insufficient information.
In summary, the two most likely Threats to the capacity of the Pool House are 1) flattening
of the thin-shell geometry; and, 2) movement or weakened connection at points of fixity.
The moderately likely Threats to the Pool House are 1) loss of section in the plywood; and,
2) rotation of the side walls. It’s important to note whether movement, weakened connection, and
rotation of the side wall in turn, perpetuates flattening of the thin-shell geometry. Therefore, the
likelihood of flattening in the thin-shell will increase as the other two Threats increase. Consequently,
all three factors should be considered in concord.
The least likely Threat is separation of the plywood layers. However, the applied NDE
approaches did not provide many conclusive methods for assessing this Threat. Additional research
is necessary to assert that this is not an active Threat.
These combined results largely confirm the hypothesis made in section 4.3.2.1 that the
“Threats” with the greatest number of potential “Causes” are the most likely to occur. The Threats
of flattening roof geometry and movement or weakened connection at points of fixity have the
greatest number of potential Causes (Table 8), however the loss of plywood section Threat is more
likely according to the NDE finding than was initially hypothesized.
The most likely Threats to the Pool House can be ameliorated by the retention of the
original geometry of the Pool House to the greatest extent possible. Changes in the building
geometry, such as movement of the sill beam and rotation in the side walls, act as a reinforcing
feedback loop for flattening of the thin-shell. The more the sill beam moves laterally or the side wall
rotates, the more the shell will flatten. As the thin-shell flattens, it becomes less capable of
withstanding the membrane stresses within the assembly and supporting applied loads. Therefore, a
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researcher must determine the extent of displacement that has occurred for the thin-shell, the sill
beam, and the side walls.
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Table 8. Impact of Threats to the Structural Capacity of Nakashima’s Pool House.
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7.3 Recommendations for Future Research
Historic building investigations inherently involve a certain level of ambiguity due to a
variety of factors—and these are relevant in the case of the Nakashima Pool House. Neither the
original construction drawings nor specifications exist. The design evolution was not documented
over time. And the concealed elements are impossible to assess visually. According to Donald
Friedman, “What is particularly frustrating about ambiguity for building professionals is that the
information needed to have an easily solvable problem exists but cannot be determined for external
reasons, such as costs, limitations on areas of work, or time pressure.”114 One of the objectives of
this thesis is to propose an efficient methodological approach to NDE for conservation
professionals. The reality is that all professional projects have constraints. For this project, the
timeframe was the most limiting factor.
The following recommendations should aid future researcher of the Pool House:
1) Take additional moisture content readings on the plywood along the north end of the thinshell.
Moisture readings were only collected up to 24 inches above the sill beam on the Layer 1
plywood, due primarily to ergonomic reasons and time constraints. Generating enough force to
embed the pins to full depth using a pin-type moisture meter into plywood is a challenge
ergonomically if the reading locations are too high above grade. An additional site visit would have
yielded more readings. Collecting moisture content readings of the north end of Layer 1 from the
exterior would have eliminated some of the ergonomic issues encountered while testing the interior
along the north edge. Additional moisture content readings of this end location can help determine
the likelihood of deterioration mechanisms, like rot, that are initialized by high levels of available
moisture.

Friedman, “Ambiguity in Building Investigation: A Study of Sampling and Decision-Making with Field
Data,” 44.
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2) Take additional physical measurements of the building using a total station without an
applied snow load.
Snow often arrives at unexpected and inconvenient times, as was the case with three site
visits for this project. The total station measurements for this project were taken after snow events,
which affect the total station data output, especially the thin-shell measurements. The snow load
causes additional deflection in the thin-shell. Therefore, the steady-state geometry of the thin-shell,
without snow, is unknown.
The initial total station survey was completed using three instrument set-up locations (Figure
49). Measurements were made during the initial total station survey, but additional measurements of
the side walls should be taken to confirm any building deflections. The east wall measurements
should be taken in a grid pattern along the length and height of the wall in a documented and
repeatable manner. The possible effect of rotation was observed along the first twenty feet of the
wall, from the north. The west wall should be measured again, to quantify the effect of the observed
cavity in the wall, approximately five-to-seven feet from the south edge. Again, measurements can be
recorded in a grid pattern, in a repeatable manner.
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Figure 49. Total station instrument set-up locations.115
3) Monitor the east side wall to quantify rotation.
As mentioned, rotation of the east wall might have occurred, but the total station data does not
prove this with absolute certainty. In the future, to establish a rate of change, the east wall can be
monitored through additional total station measurements recorded along an established time interval,
as suggested in the previous recommendations.
4) Sample the original sill beam, to confirm the species identification.
The initial wood sample appears to be red oak, a species that does not perform well in exterior
environments. This finding should be confirmed through analysis of another sample under a

Ezra Stoller, Aerial Photograph of the Nakashima Woodworker Complex, N.D., N.D., George Nakashima
Woodworker Collection, The Architectural Archives, University of Pennsylvania.
108
115

microscope. The first sample was small and difficult to handle when the researcher tried to cut a
clean edge along the cross-section, and this may have affected the clarity of the image used to identify
the species.
5) Additional infrared images of the Pool House interior can confirm the initial findings.
Additional images, focused on the sills and side walls, would confirm several initial findings:
- The existence of metal reinforcing in the west wall, aligned below the third rib from the
south;
- Whether the east wall is similarly reinforced below the third rib from the south;
- Whether anchor bolts are missing on the south end of the west sill beam;
- Whether anchor bolts are also missing on the east sill beam; and,
- The location of anchors on the north end of both sill beams.
6) Take additional plywood cores along the north end of Layer 1.
Time was certainly a limiting factor in the initial core removal process. More time was needed to
analyze the moisture content data prior to selecting the core locations and for the core extraction
process. The researcher recommends beginning additional coring on the north end of the building in
order to determine the full extent of degradation in this area. Moisture content levels hover around
39% in certain areas along this edge. Additional cores taken circumferentially along the north edge
will identify any decay processes and how the extent of decay varies along the circumferential crosssection. This information should be correlated with the additional moisture content readings taken
circumferentially, as suggested previously. The amount of ambient moisture in the plywood could
then be correlated with the levels of deterioration.
7.4 The Applicability and Effectiveness of the Applied Non-Destructive Approaches
The synthesis of data collected using NDE methods provided significant information
regarding the construction and current condition of the Pool House. While each non-destructive
method contributed to the understanding of the building, some approaches were more informative
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and reliable than others. This section evaluates the applicability and effectiveness of each NDE
approach.
The findings listed in section 7.1 were based on the information provided through one or
more NDE approach. The findings fall within three categories: building composition, changes in
geometry, and material vulnerability. Beneath the title of each finding, the applicable NDE
approaches implemented to reach that conclusion are diagrammed in italics. Based on this analysis, a
breakdown of the applicability of each NDE approach within the three finding categories was
developed (Table 9). Visual examination contributed to the largest number of findings, followed by
physical measurement. Additionally, visual examination was the most consistently applicable NDE
approach among the three categories. This approach was used to develop three findings within
building composition and two findings in changes in geometry and material vulnerability. The least
applicable NDE approach to the findings was species identification, which only contributed to one
finding.
Table 9. Applicability of NDE Approach to Findings, Within Three Categories (Building
Composition, Changes in Geometry, and Material Vulnerability).
Finding Categories
NDE Method

Building
Composition

Changes in
Geometry

Material
Vulnerability

SUM

Visual
Examination

3

2

2

7

Moisture
Content
Reading

0

0

3

3

Physical
Measurement

1

4

0

5

Species ID

1

0

0

1

Sounding

0

1

1

2

Infrared
Thermography

3

1

0

4

Coring

2

0

1

3

110

Generally, each NDE approach includes some form of disadvantage or source of error. Two
NDE approaches are particularly ambiguous: infrared imaging and sounding. IRT was quite useful in
certain circumstances in order to understand concealed elements in the construction; however, it is
sometimes difficult to confirm the information gathered using this technique. Additionally, infrared
thermography inherently has many sources of error, including the use of incorrect constant values
(such as for emissivity, relative humidity, distance, surface temperature). The impact of the exterior
environment also plays a significant role in the accuracy of readings. Factors such as direct light and
heat on a building can change the results dramatically. Before work commences, researchers should
establish goals for using the tool on site and they should also be aware of the sources of error
previously listed.
Sounding can also be an ambiguous evaluation method because it does not provide
quantitative results. Documenting the results of sounding tests is not an exact science, so researchers
should establish the standard acoustical responses produced by the material in advance of evaluation.
The meaning of each acoustical response is not always clear and requires some expertise to interpret.
This evaluation method was the most difficult to correlate to the other findings.
To reiterate, five main factors threaten the structural capacity of the Pool House, including:
1) Separation of plywood layers;
2) Loss of section in plywood;
3) Flattening of roof geometry;
4) Rotation of side wall; and,
5) Movement or weakened connection at points of fixity.
Based on the finding presented in this thesis, it appears the most threatening concerns
currently are the flattening of roof geometry, movement or weakened connection at points of fixity,
and possibly rotation of the east side wall. This confirms the hypothesis made in section 4.3.2.1 that
the “Threats” with the greatest number of potential “Causes” are the most likely to occur. The
Threats of flattening roof geometry and movement or weakened connection at points of fixity had
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the greatest number of potential Causes, and rotation of side wall had the second greatest number of
potential Causes (Figure 50).
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Figure 50. Causes and Leading Indicators of Threats to the Structural Capacity of Nakashima’s Pool House.
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8.0 Conclusion
The twenty-one buildings on the George Nakashima Woodworker Complex represent most
extant examples of Nakashima’s architectural career and design. Several of these structures, including
the Pool House, employ avant-garde warped thin-shell enclosures that encapsulate a time when
advances in engineering principals and engineered materials were rapid and highly innovative. These
buildings display Nakashima’s unique approach to design, one that dovetailed his sense of spirituality
with a deep connection to his materials. He loved all types of wood—their color, shape, sheen, grain,
and, above all, their potential. He devoted his career to exploring the myriad ways wood could be
used, shaped, crafted, and even challenged. Michelangelo worked to reveal the forms hidden in
marble; Nakashima did the same with wood.
“How to acquire logs and what to do with them calls for creative skill. There is so much
that is wasted and unrealized,”116 Nakashima once lamented. Employing plywood in a thin-shell
system, he discovered, is an efficient way to impart structure while using minimal quantities of wood.
His thin-shell roofs are certainly a creative use of a mass-produced wood product. As one example of
Nakashima’s rare architectural work, the Pool House deserves care and devotion to its preservation
and conservation. Because few design documents remain (or ever existed), the Pool House merits
careful study and documentation. As it nears the end of its sixth decade, the Pool House’s plywood
thin-shell is showing signs of age. It must be protected. The structure’s most striking feature is that
thin-shell, which merits historic, engineering, and architectural significance.
The work completed for this thesis provides a baseline for the development of a
conservation management plan for the Pool House, which the researcher hopes will be formulated in
the near future. Much of this research and all the evaluation techniques used for this project will be
helpful in studying George Nakashima’s other thin-shell structures: the Main Lumber Storage
Building, the Chair Department, the Conoid Studio, the Pool Storage House, and the Arts Building.
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The tests, interviews with Mira Nakashima and engineer Matthys Levy, and the assessment findings
document the means of construction, which were previously unknown. These measures also identify
the most immediate and prominent threats to the building. This information should be used in the
future for guidance related to additional testing and evaluation regimes, as well as conservation
and/or structural treatment. The methodology set forth should serve as a means for efficient
assessment of all thin-shell building typologies, whether designed and constructed by Nakashima or
by other mid-century architects.
It is the author’s intent that all the research and evaluation focused on Nakashima’s Pool
House and the George Nakashima Woodworker Complex should serve to preserve the
designer/architect’s legacy, one in which, as he explained,
All species of trees have their usefulness: some for the beauty of their grain, some
for their strength, others for their durability and longevity and still others for various
and sundry reasons. Most offer their bodies to man, offer lumber for shelters, and
contribute to some of the noblest structures ever conceived.117
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Appendix A. Site Plan of the George Nakashima Woodworker Complex (Bargues Ballester, 2015).
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Appendix B. Sketches for the Pool House Provided by Mario Salvadori, Prepared by Matthys Levy,
with Weidlinger Associates.
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Appendix C. Photos of the Pool House during site visits showing ambient conditions.

November 16, 2017

November 18, 2017
126

December 1, 2017

January 26, 2018
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March 14, 2018

March 15, 2018
128

March 22, 2018
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Appendix D. Condition Glossary.

Biological Growth: Moss

Biological Growth: Algae
130

Biological Growth: Mold

Brown Rot: Plywood

131

Separation of Roof Assembly from Connection Points

Ultraviolet Degradation
132

Animal of Vermin Activity
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Appendix E. Pool House Conditions.
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Appendix F. Pool House Moisture Content Gradient.
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Appendix G. Circumferential Cross-Section Diagrams Showing Existing Measurements of the Thin-Shell Against an Idealized Radius

136

Appendix H. Pool House Sounding Gradient.
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Appendix I. Pool House Wood Sample Cross Section.

Plywood Sample – The presence of spiral thickening and resin canals indicates that the plywood is
douglas fir (Pseudotusga Menzeissi) – Lab analysis courtesy of Materials Conservation Co.

138

Sill Beam Sample – The presence of large rays and the lack of tyloses in the vessels indicates that the
beam is likely red oak (Quercus Rubra) – Lab analysis completed by Elizabeth Reynolds

139

Rib Sample – The presence of an abrupt earlywood to latewood transition, medium-sized tracheids,
reddish-brown heartwood, bands of darker reddish-brown areas, and lack of resin canals indicates
that the beam is likely western red cedar (Thuja Plicata) – Lab analysis completed by Elizabeth
Reynolds
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