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Franklin M. Sachs (FS6036) 
GREENBAUM, ROWE, SMITH & DAVIS LLP 
Metro Corporate Campus One 
P.O. Box 5600 
Woodbridge, New Jersey 07095. 
Telephone: (732) 549-5600 

UNITED STATES DISTRICT COURT 
SOUTHERN DISTRICT OF NEW YORK 

------------------------------------------------------------ x 

IN RE: SEPTEMBER 11 PROPERTY DAMAGE 21 MC 101 (AKH) 
AND BUSINESS LOSS LITIGATION 

AEGIS INSURANCE SERVICES, INC., et aI., 

Plaintiffs, 
-against-

7 WORLD TRADE CENTER COMPANY, L.P., 
et al., 

Defendants. 

I, Jose L. Torero, declare: 

x 

04 CV 7272 (AKH) 

SUPPLEMENTAL AND 
AMENDED DECLARATION OF 

JOSE L. TORERO 

1. I am the Director of the BRE Centre for Fire Safety Engineering at the University of 
Edinburgh. I was previously an Associate Professor, Fire Protection Engineering at the 
University of Maryland. I have authored 20 book chapters and more than 300 technical 
publications in a broad ,may of subjects associated with fire safety engineering. I was 
awarded the Arthur B. Guise Medal by the Society of Fire Protection Engineers in 2008 
in recognition of eminent achievement in advancing the Science of Fire Protection. I am 
Chair of the Fire & Safety Working Group at the Council on Tall Buildings and Urban 
Habitat and Vice Chair of the International Association for Fire Safety Science. My 
curriculum vitae is attached hereto as Exhibit A. 

2. I hold three academic degrees: (1) BEng. Pontificia Universidad Catolica del Peru 
(1989); (2) M.S. University of California at Berkeley (1991); and (3) PhD. University of 
California at Berkeley (1992). 

Case 11-4403, Document 75-1, 02/14/2012, 525348, Page34 of 58



THIS PAGE INTENTIONALLY LEFT BLANK

Case 11-4403, Document 75-1, 02/14/2012, 525348, Page35 of 58



JA-2867

3. In 2003 I was retained by counsel for plaintiffs in this litigation to serve as consulting fire 
protection engineer. [make this aftidavit based upon the work that 1 have done in 
studying the factors that contributed to the total collapse of 7 World Trade Center 
(WrC7). 

4. I have reviewed thousands of documents, drawings, and photographs, and actively 
pmticipated in and reviewed the computer modeling performed on behalf of the plaintiffs 
in this case. 

5. The opinions that follow are based on that review and activity, and are made to a 
reasonable degree of scientific probability. These opinions and the data and materials 
relied upon in forming these opinions are more fully set forth in my report dated February 
12, 2010, attached hereto as Exhibit B and made a part hereof. 

6. Based on my work to date, including computer modeling performed by me and my staff 
at the University of Edinburgh in which many columns were removed in the model to 
ascertain the effect on the structure of the building, it is my opinion that any structural 
dmnage caused by debris trom the collapse of WTCI or WTC2 played no pm1 in the 
collapse ofWTC7. 

7. Based on my work 10 date, including computer modeling performed by me and my staff 
at the University of Edinburgh, it is my opinion that a diesel fuel fire occurred on 
September 11, 2001 on the fifth floor of WTC7 in the area of the transfer trusses. Such 
fires. fueled by between 7,350 mId 9,300 gallons of diesel fuel from a leak in the 
Salomon Brothers' Standby Generator System, would have been of such high 
temperatures and lasted for such duration that they would have compromised the strength 
of the transfer trusses, caused their failure, mld ultimately caused the failures of Columns 
79 andlor 80 leading to a global collapse of WTC7. 

8. Specifically, a diesel fuel fire in the fifth floor mechmlical rool11 would heat: (1) the 
members of Truss 2 that are fully immersed in the mechanical room, including Columns 
77, 80, and the eastern diagonal of Truss 2; and (2) the members of Truss 1 immersed in 
the north wall of the mechanical room, though to a somewhat lesser degree. 

9. The diesel fuel fire would have generated sufficiently high structural temperatures in the 
members afTruss 2 to cause them to lose strength and fail. 

10. This failure of the eastern side of Truss 2 would have caused load redistribution towards 
Truss I and Column 79, which would overload these members. The east diagonal of 
Truss 1, which had the lowest factor of safety, would have likely failed first and resulted 
in the subsequent failure ofColull1ll 79. This was manifested viSibly as the sinking of the 
East Penthouse. 

2 
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11. The combined effect oflhe failure oflhe eastern side ofTru" 2, Column 79 and the east 
diagonal of Truss 1, would have resulted in significant load transfer to Columns 73 and 
74, as weI! as the core. This was manifested visibly as tlle "kink", As Columns 73 and 
74 were not immersed in the mechanical room, and therefore not significantly heated, a 
delay was observed between the sinking ofthc penthouse and the subsequent "kink", 

12. As described in the Second Declaration ofOuy Nordenson, loss of the eastern region of 
the building'S interior created a large area of laterally unbraced perimeter frame and 
activated the fracturing of the floor slabs at the western trench headers leading to global 
co!\apse. 

I declare under penalty of perjury that the foregoing statements made by me are true, I 
am aware that ifany of the foregoing statements made by me are wilJfully faIse,l may be subject 
to punishment. 

JOSE L. TORERO 

DATED: Aprill, 2010 

3 
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Jose 1. Torero, FRSE 
BRE Trust/RAEng Professor of Fire Safety Engineering 
Director. BRE Centre for Fire Safety Engineering 
Head, Institute for Infrastructure & En .... ironment 
TIle University of Edinburgh 

Education & Professional Accreditation 
Chartered EDgineor, Engineering Council Division, UK 
Ph.D. University of California, Berkeley 
M.s.. University of California, Berkeley 
B.s.. Pontifici. Univer.idad Catolic. del Peru 

Academic Contributions 

School of Engineering and Electronics 
King's Buildings 

Edinburgh, EH8 9PP 
United Kingdom 

e-mail: j.torero@ed.ac.uk 
Tel: +44131650 5723 

Fax:+441316506781 

(2002) 
(1992) 
(1991) 
(1988) , 

Authorship of a book in computational methods for fire safety engineering, more than 20 book chapters and 
more than 400 technical publicalions in a broad array of subjects associated to fIre safety engineering. 

Awards 
Elected fellow of the Royal Society of Edinburgh and awarded the Arthur B. Guise Medal by the Society of 
Fire Protection Engineers (USA) in 2008, both in recognition of eminent achievement in advancing the 
Science of Fire Protection. Appointed to • Research Professorsbip by the Royal Academy of Engineering in 
2004 which is the highest external appointment made by this institution. Receiveddiverse scientific awards 
sucb as the NASA-Certiflcate of Recognition for Outstanding Contributions to Space Sbuttle Mission and 
the Faculty Achievement Award, from the Office of the President of the University of Maryland. 
Recognised for service to tbe profession with honorary membership to the Salamander Fire Protection 
Engineering Honour Society and with the Faculty Service Award, A. J. Clark School of Engineering 
(University of Maryland). Acknowledged ror oral communication with the William M. Carey Award for the 
Best Paper Presented at the Fire Suppression and Detection Research Applicetion Symposium (200 I) and 
for written communication with the Hany C. Bigglestone Award for tIte Best Paper Pnblished in Fire 
Technology in 2(102 and 2005, tbe Bodycote Warrington Fire Research Prize and the FM Global Best Paper 
Award both in 2007. He was awarded the Lord Ezra Award (2009) for innovation in Combustion 
Engineering by the Combustion Engineering Association, UK. In 2009 he also received the Best' Knowledge 
Transfer Pnr1nership Award of Scotland from the Scottisb Executive. Teaching contributions have been· 
recognised with the Lilly-Center for Teaching Excellence Fellowship, the Outstanding Mentor of the Year 
Award, the E. Robert Kent Outstanding Teaching Award for Junior Faculty and the Outstanding Teacher 
Award all at the University of Maryland. Prof. Torero's work bringing technology to the Fire Service was· 
the subject of the April, 2007 BBC Horizon show: "Skyscraper Fir. Fighters" that has been shown in more 
than 30 countries. 

Academic Experience 
Upon completion of doctoral sludies and a brief Post Doctoral appointment at NASA Lewis Resaarch 
Centre (1992), joined the Laboratoire de Chhnie at Physique de la Combustion (poitiers, France) as a 
European Space Agency Post Doctoral researcher (1993) rollowed by an appointment as a CNRS Research 
Scientist at the Laboratoire de Combustion et Detonlque (poitiers, France) WltU 1995. Directed research 
programmes in spacecraft frre safety, polyurethane foam fires, compartment fires and tunnel fIre spread and 
smoke control. Placed experhnents in 3 Space Shuttle Missions and two sounding rockets. 

Joined the Department of Fire Protection Engineering at the University of Maryland (1995-200 I) where held 
the titles of Assistant end Associate Professor aad remains as Adjunct Profassor. Served also as Affiliate 
Associate Professor in the Department of Aerospace Engineering. Taught all general aad specialty classes in 
Fire Protection Engineering, continued research In spacecraft fire safety and compartment frre. and extended 
experience to the areas of materia] flammabiUty, fire suppression, smoke detection and oil spill control. 
Developed state of the art laboratory facilities aad test methods and managed a research group that exceeded 
twenty people, Research foods in excess of$4 million where raised ill this period. 

Appointed Reader in Fire Dynamics (200]) and later BRE Trust! MEng Professor of Fire Safety 
Engineering and Director of the BRE Centre for Fire Safety Engineering at tbe University of Edinburgh 
(2004). Ralsed industrial funds for the endowment of two Professorial Chairs, the organization of the BRE 
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Centre for Fire Safety Engineering and state of the art laboratory facilities. Managed researeh funds in 
excess of £6 million obtained from government, research councils and industry. Developed a new 
undergraduate curriculum in Structural Fire Safety Engineering and transfonned a reduced group of one 
permanent staff and one student into a research group of more than 45 members with 9 permanent academic 
staff. Developed research work in the areas of tunnel fire safety I structuraJ behaviour in fire, material 
flammability, forest fires t post fire remediation and sensor driven emergency response. Appointed Head of 
the Institute for Infrastructure and Environment in 2008 (Department Chair). The Institute ccunts with 45 
stafT members (22 Academic) and more than 100 PhD students with an overall yearly research budget of 
more than £3 million. 

Appointed to the Advisory Boards of WPI and Glasgow Caledonian University and Adjonct Professor at the 
University of Cantabria~ Spain. Held short time appointments as Visiting professor at the University of 
Texas at Austin, the University of California San Diego, the University of Bremen (ZARM), Germany, the 
Catholic University of Santiago, Chile, the Instituto Nacional de Tecnic. Aeroesp.cial (lNTA), Spain and 
the Universities of Poitio .. , Pm:is VI, Bourges. ENSTIB, Ecole de Mines de Saint Etienne, Ecole 
Poly technique and Aix-Marseillc in France. 

Supervised more than 30 M.Sc., 5 completed Ph.D. and 8 current Ph.D. stadents. Developed numerous shoo 
courses taught around the world to professionals in fJre investigation, fire safety engineering design., 
building control and the fire service. 

Professional Involvement & Affiliations 
Active membership in The institution of Fire Engineers (!FE), American Society of Mechanical Engineers 
(ASME), American lnstitute of Aeronautics and Astronautics (AIAA), Combustion Institute, International 
Association for Fire Safety Science (IAFSS), Society of Fire Protection Engineers (SFPE) and the National 
Fire Protection Association (NFPA). 

Asseciate Editor of Combu,tion Science and Technology and member of the Editorial Boards of Fire 
Technology Journal. Fire Safety Journal, Fire Science and Technology and Progress in Energy and 
Combustion Science. Colloquium Chair for the 3rf" and 31" Combustion Symposium and member of the 
Program Committee for the S'" and 9'" International Symposium on Fire Safety Science. Advisor to the 
National Association for State Fire Marshal, (USA), the Scottish Chief Fire Officers Forum, the Office of 
the Deputy Prime Minister and Vlce-Cbair of the International Association for Fire Safety Science (lAFSS). 
Member oftbe Forum ofCblef Fire Officers of Scotland (SDAF) and of the CFOA Training Needs Analysis 
Gateway Review Group and cOMChair of1he Fire safety Working Group of the Intemational Committee on 
Tall Boildings and Urban Habitat (CmUH). Member of the Society of Fire Protection Engineers, 
International Standards Development Committee, Underwriters Laboratory STP .. 162 Foams Fire 
Suppression Systems Committee, the American Institute of Aeronautics and Astronautics (AIAA) Micro­
Gravity and Space Processes Technical Committee, the Committee afthe British Section of the Combustion 
Institute and the American Society of Mechanical Engineers, K-I J Committee on Fire and Combustion. 

Experience as a Consultant 
Member of the Board of Directors of LPP Combnstion, LLC (USA), Technic.l Director for the Building 
Research Establishment (UK) and for I-Rlsk (Germany), served as consultant to the Vice-President of Peru 
(peru), ESSAC (Peru), DICTUC SA (Chile), IRSN, JNERlS and La Police Scientifique de Lyon (France), 
DVS Rlsk Services GmbH (Oennany), Lurgi Metallurgie GmbH (Oennany), Rushbrook Consultants (UK), 
Ove Arup & Parlners (UK), Powerwall (UK), Jacobs Engineering (UK) and Jacobs Babtie (USA), Exponent 
Inc. (USA), Combustion 3dence and Engineering (USA), NRC (USA), Packer Engineering (USA), Rolf 
Jensen and Associates, Inc. (USA), Whirlpool Corporation (USA), and to the World Ban1e 

Conducted work on prescriptive and performance based design, forensic fife investigation and product 
development. Conducted detailed structural response to flre, fJre resistance evaluation, material selection, 
Ufe safety analysis, smoke evacuation, detection and alarm design as well as standard and advanced fire 
suppression systems. Developed projects on transportation centres, hangars, trains and aircraft, industrial 
facilities, tuunels, high rise buildings, public assembly facilities and bistoric buildings. Used different codes 
and standards as well as a comprehensive array of analytical and numerical tools. Conducted third party 
reviews and supported Ine service and building control in the approval process. 
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Participated in landmark projects like the NASA Space Shuule Hangars in Florida, dIe 80 storey Heron 
Tower in London, the Clyde and Dartford Tunnel flCe safety design, the investigations of the WTC 1,2 and 
7 collapses, the Madrid Windsor Tower Fire, the Texas City and Buncefield Explosions as well as the Y cua 
Bolanos supennarket fire. Currently involved in the safety analysis of several operating nuclear power 
plants and the decommissioning of others. 
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Appendix 

Lecture Invitatiolls 
Invl1ed COIiference Lectures 
I. J. L. Torero, "Laminar Diffusion Flames Established over a Flat Plate Burner under Mi¢ro~Gravity 

Conditions," International Workshop on Shorl Term F,;xperiments under Strongly Reduced Gravity 
COIldItiQns. Bremen. Germany, July 199~. 

2. J. L. Torero. "Diffusion Flames in Micro~Gravity." Meeting of tire ESA Ph;ysical Sciences Working 
Group, Berlin, GennanYt ApriJ, 1995. 

3. J. L. Torero. "Numeticol SimuJation of Flat Plnte Ethane-Air Diffusion Flames and Experimental 
Validatlon at Different Gravity Levels," [1" European Symposium on Gravity Depench.nt Phenomena in 
Physical Seiences. Berlin, May 1995. 

4. J. L. Torero. uThe Emmons Problem: Experimental Results and Progress Leading to a MiniTexus 
Experiment." ESA-Sounding Rocket Experiments Workshop, ESTEC, Noordwijk, The Netherlands. 
September 1998. 

S. J. L. Torero, "Material Flammability and Fire Safety/' Society of Fire Pro~ctiOl'l Engineers, Chesapeake 
Chapter, Maryland, September, 1998. 

6. J. L. Torero, "La formation de I'Jngenieur rncendje~Programmes Deve10ppes a\tx Etats Unis et dans 
d' AUtr¢s Pays," SFPE Chapilre Francaise, Les SaJons. du Grand Louvre, October 1998. 

7. J. L.-Torcro, 4lEducaci6n en lngenieria de Protecci6n Contra Inccndios:' Primer Foro Regional NFPA, 
Lima '99, Lima. Peru, October, 1999. 

8. J.L. 'forero, "ChaUenges and Needs in Fire Proteotion Engineering Research and Education," European 
Seminar on Environmental Risks, Niort, France, OctQber 2000. (Keynote) 

9. J.L. Torero, "Cooperation and Student Exchange Between the University of Maryland aJX1 French 
Higher Education Institutions," G/obal E3 Annual Meeting, Lake George, New York, June 2001. 
(Keynote) 

10. J.Lt Torero~ "The Mass Transfer Number as a CrIterion for Spacecraft Material Flammability." 
Workshop on Research Needs in Fire Sc(ety for the Human Exploration and Utillzatfon o/Space, NASA 
Glenn Research Center~ Cleveland, Ohio. June 2001. 

11. 1.1 .. Torero. "TIle Role ofHre Science in Fire Investigation,lt Fire Sa/ely and Rescue Asia Conference. 
Singapore, November, 200), (KeyniJIe) 

12. ToreJ.'O> J. L,~ J. O. Quintiere and T. Steinhaus, "Fire Safety in High-rise Buildings: LesfJons Learned 
from the WTC," 5"1 ~ Jahres[achtagung der Vereingungzur Forderrung des Det1tschen Brandschtdzez e. 
1':, Dresden, Germany, 2002. (Keyn.1I!) 

13. J.L. Torero, "Fire and the Envlrorunent," International Workshop on Environmental Risk Assessment, 
Dam",eu" Syria, October, 2002. (Keynote) 

14. IL. Torero, UScaling of'MICro-gravity Combustion Systems, Implications to Spacecraft Fire Safety" 
European Workshop on Micro-gravity Combustion, Poitiers, France, October 2002. (Keynote) 

l5. J.1. Torero, "Desarrollo de una Reglamentooion Adecuada en Materia de Seguridad Contra Incendios}' 
Conference on Fire Safety organized by the Vice-Presfdent oflhe Republtc. Lima, Peru, November 2002, 
(Keynote; 

J 6. It. Torerot "Conclusiones para una Reglamentaclon Adecuada en Materia de Seguridad Contra 
Inccndios," C011forence on Fire &tfNy organized by the Vice-President of the Republic, Lima, Peru. 
November 2002. 

17. J.L. Torero, "Fire Safety Science in Support ofPerfonnance Based Design: Innovation or Just Filling the 
Gaps?:' The Graduate lecturej The Institution of Fire Engineers. Preston, Lancashire, April 2003. 
(Keynole) 

18. J.L. Torero. I'Fire Modeling and Fire Performance," The Rmbash lecture and ECD Conference, 
Mini,lIy oWefeoce. Whit.holl, London, uK, June 2003. 

19. J.L. TOr0(O, "La Experiencia del World Trade Center," Seminario Dondc Hubo Fuego, Que Hacemc3 
con las Cenizas, Santiago. Chile, June 2003. (Kf!J'nole) 
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20. J.L. Torero. "L t Approche des Risques en Europe et aux Etats~Unis." Colioque res rfsque.s lndustriels & 
Technologiques. Enjeux interntl et EjJetj Ex/trnes. Bow-ga. France. October 2003. (Keynote) 

21. n. Torero and D.O. Drysdale, "Ignition and Flame Spread Studies as they Relate to Material 
Flammability," JOint Meeting of/he Fire Engineering Research Network (FERN) and the Fire Chernfstry 
Nerwork (FCHEM), March. 2004. 

22. J.L. Torero, "FireGrld: Data Base Needs," Dlgllal LIbrary Workshop, National Institute of Standards and 
Technology (NIST), Maryland, USA, April 2004. 

23. J.L. Torero, l'Structures in Fire; An Overview of the BoundaIy Condition,1t Fire And Structures; The 
ImplicatiortS qf the World Trade Cenler DisQ$ier Corferencc, lbe Royal Society of Edinburgh, 
Edinburgh, April, 2004. 

24. ].L. Torero, "The Use and Misuse of Fire Modelling" Society of Fire Protection Engineers, California 
Chapter Spring Meeting, Luncheon Speaker, May, 2004. 

25, lL. Torero, "The Risk Imposed by Fire to Buildings and 110W to Address it," NATO .. Russia Workshop <m 
the Protection ofCivillnjrastructure from Acts ofTen-orilJm. Russian Academy ofScle!'1C¢S. May 2004. 

26. j.L. Torero, and T. Steinhaus, "Applications of Computa' Modelling to Fire Safety Design," 53" 
Jahresjach!agung der Verelngung ZUI' F()rder",mg des Deutschen Brandscfmlzez s. v', Bssen, Gennany, 
J,me,2004. (K'i!'nnle) 

27. J. L. Torero. "Lecciones Aprendidas Durante e1 Colapso de [as Torres Gemelas en N.Y'1''' Primer 
CongreJI) Nac{oool de Seguridad Contra Incendlos, NFPA 2004, Mexico City, November, 2004. 
(Key/Wte) 

28. J,J.,.lorero, "lntroduccron at Disefio &sado en e1 Desempefto de la Ingenieda Contra lneendios," Primer 
Congreso Naclonal de Segurldad Contra Incendios. NFPA lOM p Mexico City, November. 2004. 

2?, J.L.Torero. "L'evolution dn metier Preventeur - Fire Risk Manager" Safon POLLUTEC, Lyon. France, 
November 2004. (K"Ynote) 

30. J,L. Torero, "What is Fh'e Engineering? Where has it come from and where is itgolng?' Developing the 
Role of Fire Engineering. Cavendish Conference Centre. London~ New Civil Engineering, April 200S. 

31. 1.L. Tol"Cl'O, "Structural Fire Engineering and Conjugate Heat Transfer,ll Fire Bridges, Belfus4 Northern 
Ireland, May 2005. 

32: I.L. Torero, "How can Fire Mod¢-ls Support Fire Reconstruction?" The Rasbash Lecture and ECD 
Cortference, Ministry of Defense, Whitehall, London, UK, JllJ1e 2005. 

33, B. Lane~ IL. Torero> A. Usmani. S. Lamont, A. Jowsey. O. Flint, ~'Structural Fire Response and 
Collapse Analysis of WTC I & 2," Technical Conference on the Federal Building and Fire Sqfe(y 
Investigation ()f the World Trade Center (WTC) DisQ$f.er, National Institute of Standards and 
Technology, Gaithersbur& Maryland. September, 2005. 

34. J.L. Torero. "Forensic Fire Investigationt Fire Risk Management Networking Meeting. rOSH, 
Bdinburgh, September 2005. 

35. J,L. Torero, "Fire-Arguably the Most Destructive Risk a Business Faces~Do We Understand this Risk? 
Are We Protected Adequately'" AEOLUS, Edinburgh. October, 2005. 

36. J,L. Torero, "Heat and Mass Transfer in Fires: Scaling Laws and their Application" Ire" Journees 
Tnternalionales de Thermique, Tangiers, Morocco, November 2005. (Keynote) 

37, J,L. Torero, .. Structures and Fire - Modern Techniques in Building Design~" Institution of Engineers of 
Brazil, Sao Paulo, Brazil, November 2005. (KeJlIlote) 

38. J.L. Torero. "Smoke and Fire Detection," Meeting o/the GDR Feux, ENSMA, Poitiers, January, 2006. 

39. J.L. Torero "La Seguridad Contra lncendios en las Edificaciones: <.ResponsabiUdad de lngenieros 0 de· 
Arquitectos? international Conference to Celebrate the jUfl Anniversary o/the Polytechnic University oJ 
Puerto Rioo, Overcoming Fire: Architecture and Engineering Solutions, Puerto Rico, February 2006. 
(Keynote) 

40. J.L. Torero "The NIST Report: What are the Future Design Implication for High Rise Buildings," 
DesIgning for Fires in the UK Can we learn from the NlST Report?, Institution of Civil Engineers, 
London, March 2006. 
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41. J.L. Torero "High Power Computing 3t:Jluttons fur Fire/I National Science Foundation, NSF Worbhap 
on CYher-ba8ed Combustion Science. Washington D.C., USA. Aprl12006. 

42. J.L. Torero "Questions LiCes a In Formation ct a l'Entraincment des Personncs A vent, Pendant ct Aprcs 
13 Crise/' SlOP Few;, Marseille, May 2006. 

43. J.L. Torero, "PQst~Flashover Numerical Modelling,» FDS Global Seminar, Ove Arup and Partners. 
London, May 2006, 

44. lL. Torero, "Metodos de Protecci6n Pasiva, AmUisis Crltico y Tendencias," Seminar/o de Innovac16n en 
eI Dlselio y Prot.ccMn de &lrucMas conlra Inc.ndlos, Santiago de Chile, July, 2006, (Keynotfl/ 

45. J.L. Torero, "Emergency Response for Fires: Sensorst Fire Fighters or Both,» Rayal Ac~demy of 
Engineering Research Fornm, September 2006. 

46. J.L, Torero, "Te Risk Imposed by Fire to Tall Bundings~ What is the State of the Art?." internafional 
Conforence on Fire Sqfe'Y In Tall Buildings, Santander, Ocwber 2006, (Keynote) 

47. J.L. Torero, "Sensor Driven Emergency Response for Fires, FireGrid," Distinguish Lecture Series in 
Mechanical Engineering, University of Texas at AUf/in, October 2006. 

48 .. l.L. Torero, "Fire Safety Engineering: Science or Regulation?" /RSN Conference on Fire Research and 
Applications. Lyon, France, December 2006. (KeyJtote) 

49. J. L. Torero. '~Industrial Needs, New Regu1ation, Existing Knowledge and Available Training in 
Structural Fire Safety Engineering: Harmony or Chaos?" fSlructE-Seminars, Royal Society of 
Edinburgh, Edinburgh, January 2007. 

SO. J.L. Torero~ "Fire dynamics and Building Design," Western Society of Engineers Annual Meetfng. 
Chicago, Illinois, USA, May 2007. (Keynote) 

51. J.L. Torero, 'fThe Challenge oflnterpreting: Material Flammability Tests," J llh European meeting on Fire 
Rcta\'danl Polymers, Bolton, UK, July 2007, (Keynote) 

52. J-L. Torero, "How Does Academic Research Benefits Stakeholders in the Fn-e Engineering Disciplines," 
Institution of Fire EngIneers Annual General Meeting. Ex-tending the Boundaries of Fire Engineering, 
Cambridge,luly 2007, 

5.3. J.L. Torero, 4'Emergency Response PostMTerronst Induced Fire: nle Need for Physically based Support 
Tools," NATO Advanced Research Workshop, Urban Structures Resilience under Multi~Hazard Threats: 
Lessons of9l11 and Research Issues for Future Work, Moscow, July 2007. 

54. J.L. Torero~ "Comportamiento Frente at Fuego de Materiales y Elementos de la Construcci6n;' 2@ 
Encuentro de la Asodacron Latino-Americana de Laboratorios de Ensayos de Fuego," Buenos Aires, 
Argentina, August 2007, (Keynote) 

55. J.L. Torero, "Heat and Mass Transfer in Fires: Scaling Laws and their AppJication,n }(/h UK National 
Heat Transfer Co11ference1 Edinburgh, September 2007. 

56. J.L, Torero) "Fire Prevention and Fire S1.1ppression: What Makes Fire Different in Spacecraft, .. 
Association of Space Explorers - ~ ASE Planetary Congress. XX Congresst Edinburgh. UK. 
Sop_ber 2007, 

57. J.L. Torero, C'lngenieria de Protecci6n Contra Incendios: Orden 0 Coos," Segundo COllgreso NFPA 
RepUblica Dominicano. Santo Domingo, Dominican Republic, Scpwmber ZOO? (Keynote) 

58. JL. Torero, "Structural Fire Engineering: A New Design Paradigm," SFPE Professional Development 
Conference and Exposition, Las Vegas, Nevada, USA, October 2007. (Kf1)'HOte) 

59, J. L. Torero, "RQle of Research In Supporting Developments in Fire Safety and Property protection," 
BRE Conference on Fire Safety, November. Garston, 2007. (Keynote) 

60. J L. Torero, ''Fundamentos de 1ngenierfa de ProtecciOn Contm Incendios," Instituto Nacional de Defensa 
Civil, February, Lima, Peru, 2008. 

61. J.L. Torero, "The Dalmal1lock Fire Tests: New Findings in High Rise Fire Safety:) Chicago Commission 
on High Rise Buildings) DiMer Speakerf March 2008. 

62. J.L. Torero, "Accioncs a tom&" por Ja cmpresa para prevenir riesgos y au papel en Ja socicdad para 
prevenci6n,n Prevenci6n y Atenci6n de Desastres en la Empresa Privada, camara de Cornercio Peruano 
BriUinica. Lima, Pen'l,. Augus.t 2008. 
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63. J.L. Torero, "Estrategias 'I Conceptos de Protecc!6n Contra lncendios: InstaJaclones Contemporooeas y 
Futuras.'" 2:oid Latin American Conference on Fire Protection Engineering. Lima. PeI'l4 August 2008. 

64. J. L. Torcro~ "lngenicrfa de Protecci6n Contra Inc:endios: Responsabilidad de fngenieros 0 de 
Arquitectos," BUenos Air~s lnternational Security Exhibition & Conference, BISSe, August 2008. 

65. J. L. Torero, "The Concepyllo de Pr6dlos Altos (Ammha-ceus):O Comporlrunento de Estruluras "" 
Fogo:l J 0'" Seminario '1'ecnologla de Estructuras: proyecto y producci6n COD foro en Ja tacionalizaoi6n 
y caUdad" SindusCon SP. Hotel Grand HyaH, Sao Paulo, Brozil, August 2008. 

66. J. L. Torero, "Fire Protc<Jtion Engineering: Quo Vaelis?" Arthur B. Guise Medal Lecture, Society of Fire 
Protection Engin~ers, Annual Meeting. Cbarlot1e. North carolin~ October 2008. (Keynote) 

67. J. L. Torero. "Fire Investigation Beyond Cause and Origin." Chief Fire Officers Association - Soot1and, 
Conference on Forensic Fire Engineering, Glasgow, November 200'8. 

68. J. L. Torero, "High Stakes and High Rise fire Safety: Building Design and Fire Liability; Defence 
Research In.'rtilute, File and Casualty Seminar, Mamott Chicago Downtown, Chicago, minois. USA, 
Noycmber 2008. 

Invited Talks 

L J. L. Torero, «The Bffe.ct of Buoyancy on the Geometry of Laminar DUfusion Flames Established Over a 
Flat Plato Burner," Borwn Bag: Seminar Series, Department of Mechanical Engineering. The University 
ojTexas al AtlStir/~ Texas, U.s.A., February, 1995. 

2. J. L. Torero, "Buoyancy Effects on Smoldering of Polyurethane Foam," BFRL Lecture Series, National 
Institute of Standards Bnd Technology. Gaithersburg, Maryland, U.S,A. December, 1995. 

3. J. L. Torero, ItThe Role of Micr()..4Jravtty Experiments on Spacecraft Fire Safetyt Serie Annual de 
Conferencias, Escuela Ttcllica Soperior de Ingenieros Aeronautioos. Maddd, Spain, January. 1998. 

4. 1. L. Torero, Material Flammability Studies /01' Micro~Gravity Environments, BFRL Lecture Series, 
Netional Institute ofStalldards and Technology. Gaithersbur~ Maryland, U.S.A .. October 1998. 

5. J. L. Torero~ '~eguridad Contra-Incendlos en Naves EspaciaJes - Combustion en Micro~Gravedad." 
Serie de Conferencias Distinguidas de Ia Escuela de Ingenieros, POY/llftcia Universldad Calolica de 
Chile, Santiago, ChUe. November 1998. 

6. J. L. Torero, "Combustion et Securite d'lncendie,!' Seminaire du LCD. Ecole National Superiewe t:k 
Mecanique de d'Aerotechnique, Poitiers, France, February, 1999. 

7. J. L. Torero~ ,eEnergy Release Rate: Detennination and Application,j, Danish Technical University, 
March, 2000t 

S. J.L. Torero. "Flammability Criteria Relovant to Materiai Selection for Spaceoraft Applications" 
Department of Mechanical 6Ild Aerospace Engineering Combustion Seminar Series, Princeton 
University, April, 2000. 

9. J.L. Torero, "Ignition Signatures of a Smolder Reaction in Polyurethane Foam." LUSn Marseille, 
France, July 2000. 

10. J.L. Torero, "Fire Protection Engineering: Current Accomplishments and Challenges," Ecole National 
Superieure des Mines de Saint~Etienne. Saint~Etjenne, November, 2000. 

J 1. I.L. Torero, '~aterial Flammability, The Screening of Complex :Materials for Complex Applications: 
The International Space Station," Di.stinguished Lecture Series in Thermofluid MechanIcs, Department 
of Mechanical Engineering, Purdue Unjve~ity. W~t-Lafayettc, Indiana, March z001. 

12. J.L. Torero, "Material Flammability Assessment for the International Space Station." Union Col1eg~ 
Schenectady, NeW York, Apri~ ZOOl. 

13. J.L. Torero. "El World Trade Center: Algunas Preguntas," Serie de Conferencias Distinguidas de la 
Escuela de lngenieros, Pontlflcia Unlvenldad Catollca de Chile, April 2002. 

14. 1.L. Torero, ''FIre Safety Engineering after September 11'1l, 2001," Herriot~Watt University, Edinburgh, 
November 2002. 

15. J.L. Torero, uA Case for the Use of the Mass Transfer Number as a Flammability Criterion," Factory 
Mutual Global, Mas,achuseHs, USA. June 2003. 
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16. J.I.... Torero, "The Role of Fire Safety Engineering in Fire ReoonstruGtion: A Case Study - WTC 1&2," 
Department of Physics Distinguished Lecture Serie", University of Bergen, Norway, September 2003. 

17. J.L. Torcro, "The Usc of Fire Safety Engineering in the WTC Investigation," Stord-Haugcsund College, 
Norway, September 2003. 

18. J. L. Torero, "Speeialit.ed Studies: in Fire Safety Engineering," Packer Engineering, Chicago, March 
2004. 

19. J.l. 10rcro, uFire Safety Engineering Analysis of the WTC ColJapse," SFPE Norwegian Chapter, Stord­
Haugesund College, Norway, MlU'Ch Z004. 

20. IL. Torero. "The Use of the Mass Transfer Number as a Flammability Criterion for Micro..Qravity 
Environments," Lecture Series of the MeohanicaJ and Aerospace Engineering Department, University of 
California, San Diego. May, 2004. 

21. J.L. Torero~ '1ngenieria de Proreccion Contra. Incendios Despues del lJ de Septiembre del 2001," 
Pontiflcia Unlvmsldad Catolica de Chile, Septembre 2004. 

22 . .T.L. Torero, "o:>mportamiento al Fuego de Estructuras en Madera," Pontlficia Universidad Catollca de 
Chile, June ZOOS. 

23. J.L. Torero, 'tTecnicas Modemas de Inge:nieria de Proteccion Contra Inccndios." Pontificia Universidad 
Catolica del Peru, November 2005. 

24. J.L. Torero, "Fire Safety Engineering in Modern Cities - Design, Prevention and Response," Joint 
Meeting of the Fire Brigades, Sao Paulo. Brazil, November 2005. 

25. J.L. Torero. "Fire end Combustlon/, Pont!flcla Unlversidad Catolica. Rio de Janeiro, BrazU, No,'ember 
2005. 

26 • .T.L. Torerol ''FDS: The Good, the Bad and the Ugly," L ·Institut de Radioprotection et Sl1rete Nucleaire. 
Cadaraehe, Ft'Mtx; February 2006. 

27. J.L. Torero. {<Smoke Properties Affecting Firo Detection," L'Institut de Radioprotection at SOret6 
Nueleaire. Cadaraehe, France, February 2006. 

28. J.L. Torero, "Fire problems for whieh we can not solve the Math$," School of Mathematics Colloquium 
Series, May 2006. 

29. J. L. Torero. "Emergency Response AssIsted by Datat Heriot Watt University. November 2006. 

30. J.L. Torero) "Sensor Driven Emergency Response: FireGRlD/1' University of Ghent, March 2007. 

31. J. L. Torero~ <'Modelling of Cone Calorimeter Behaviour," Predicting the Fire behaviour of Nano­
Composites, Bolton, UK. July 2007. 

32. J.L. Torero. "Fire Investigation Beyond NFPA 921," Packer Engineering Inc .• Naperville, Illinois. USA. 
July 2007. 

33. J.L. Torero, "Ingenieri. de Proteccron Contra ineenclio. Mlis AIIiI de IllS Prueb.., E'tandar y I. 
Regulaci6n," 2·" Encuentro de Ja Asocla,cion Latino...Americana de Laboratorios de Ensayos de Fuego." 
Buenos Aires, Argentina, August 2007. 

34. J.t. Torero, "Amilisis de la Protecci6n Contra Incendios de uo TUneJ: EI Caso del Tfmel de Dartford," 
21111 Encuentro de fa Asociaci6n Latino-Am¢rlcana. de Laboratorios de Ensayos de Fuego," Buenos Aires. 
ArgentiM, August 2007. 

35. I.L. TorerQ, "Modem Methods ill Fire and Explosion Investigation," Pressure Release, Fires and 
Explosions, Thermofluid Modelling and Simulation, IMechE, London October 2001. 

36. J.L. Torero, "Materiales de Const:rucci6n y Ja Proteccion Industrial:) rl) Seminarlo de Ingenieria de 
Ptotecci6n Contralncendios, Santiago, Chile. October 2007 . 

.37. 1. L. Torero, "Fire Research at the Universil;y of Edinburgh, An Overview," Seminar on tlIe Japanese 
Center of Excellence for Fire Safety Science and Developing a Global Fire Research Network, Kingston 
University, London~ UK, ~mber 2007. 

38. I.L. Torero, "Modem Methods in Fire and Explosions Investigation," Fire Service Fire Investigation 
Forum, Edinburgh, January 2008. 

39. 1. L. Torero, "Slstemas de Alarma y Deteccl6n de lncendios en Tenninales A.ereos/' Seminario de 
Medio Amhiente y Salud OcupacionaI. Lima Airport Partners. June, 2008. 
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40. J. L. Torero, "Sistemas do Control y ExtintioJl de Incendios en Aeronaves Comemiales." Seminario de 
Medio Ambicnte y Salud Ocupacional, Lima Airport Partners, June, 2008. 

41. J. L. Torero. ~Scguridad contra inccndios en las cdificacioncs modernas.'~ Univcrsidad Peroana de 
Ciencias Aplicooas, June 2008. 

42. J.L. Torero, "Conceptos de Protecci6n Contra Incendio en T6neles e Instalaciones Subtemneas/' 2n4 
Latin American Conference on Fire Protection Engineering, Lima, Peru, August 2008. 

43. 1.L. Torero, "Comportamiento de las Estructuras durante un Incendio," 2nd Latin American Conference 
on Fire Prote(:tion Engineering. Lima, Peru, August 2008. 

44. J.L. Torero, "INDECI: Exigencies e Implemcntacion de la Protecci6n Contra Incendios," 2nd Latin 
American Conference on Fire Protection Engineering, Lima, Peru, August 2008. 

45. J. L. Torero, "Edificios Compiejo3, Metodo Nonnativo 0 Disefio a base de Desempefto," Buenos Aires 
International Security Exhibition & Conference, BISEC, August 2008. 

46. J. L. Torero, "WTC Have Lessons Been Leamt?'IJnstitution ofQvil Engineers. Graduates and Students 
Committee. The University of Edinburgh. October 2008. 
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Publications 

Books 
1. Aivear~ D. Capote. I.A., M. Lazaro, Abreu. O.V.~ Rein. O. and Torero. J.L. "Modelado y Simulaci6n 

Computacional en Ia Edificaci6n," Diaz de Santos Eds., pp. 336, 2007. 

Chapters In Books 
1. H. Y. Wang, J.L. Torero, L. Bonneau and P. Joulain, I'Numericai Simulation of Ethane~Air Diffusion 

Flames Established over a Plat Plate Burner: Comparison with Different Gravity Experiments,» 
Transport Phenomena in Combustion, S.H. Chan Editor, 2. Taylor and Francis Publishers. 1141-1152, 
1996, 

2. J. L. Torero, H. Y. Wang, P. lou lain and J. M. Most "Flat Plate Diffusion Flames: Numerical Simulation 
and Experimental Vatldation for Different Gravity },evels," ucture Noles In Physics, Ratke, L. Walter. 
H. and Feuerbacher, Eds., Springer-Verlag, 4&1, 401·408, 1996.(lnviled & Refereed) 

3, J. T'ien. H-Y, Shih, CoB, Jiang. H.D, Ross, F.l. Miller, A.C, Pemandez-PeIJo.I,L, Torero and D, C, 
Walther, 'IMechanisms of Flame Spread and Smolder Wave propagation,'! Fire in Free Fall; Micro~ 
Gravhy Combustlon, H. Ross, EdItor, Academic Press Cbapter 5, pp.299-418, 2001. 

4. J~. Torero, "The Risk Imposed by Fire to Buildings and how to Address it,." The Protection of Civil 
Infrastructure from Act" of Terrorism. NATO Advanced Science Institute series~ Kluwer Academic 

. Publishers. Froloy and Becker Eels. Pp. 37-56, 2006. 

5. C. Lautenberger, 1.L. Torero and A.C. Fernandez ... Pello.. "Considemtions tor Material Flammability," 
Chapter 2, FlammabJlity Testing of Materials in Building, Construction, TransporT and Mining Sectors, 
Apte Editor, Chapter 1. 1~21, 2006. 

6. A. Jowsey, S. Welch and J.L Torero, "Heat and Mass Transfer for Modeling of Structures in Fire," 
Transport Phenemena in Fire, B, Sunde. and M. Faghri EdItors, WIT Press, UK. Chapter 4. 2007. 

7. 1.L, Torero and R. Carvel, ''The Dalmamock Fire Tests: Prefa~'! The Dalmamock Fire Tests. Rein, 
Empis & carvel Eds., 2-6, 2007. 

8. S. Welch. A.S. Usmani, R. Upadhyay, D. Berry, S. Potter, 1.L. Torero. ~'Introduction to FireGJid," The 
Dalmamock Fire Tests, Rein, Empis: & Carvel Eds., 7-30, 2007. 

9. C. Abecassis Empis, A. Cowlard, S. Welch and J.L. Torero, I'Test One: The Uncontrolled Fire," The 
Dalmamock Fire Tests, Rein, Empis & Carvel Eds' f 64--82, 2007. 

10. A. Cowlatd. T. Steinhaus, C. Abecassis Empis and J.L. Torero, "Test Two: The Controlled Fire," The 
Dabnamock Fire Tests. Rein. Empis & Carvel Eds., 83~96, 2007. 

11. A. Jowsey, J.L. Torero and B. Lane, "Hea1 Transfer to the Structure During the Fire," The Dalmatnock 
Fire Tests, Rein, Empis & Carvel Eds., 139·148,2007. 

12. G. Rein, S.L. Torero, W. Jahu l J. Stern~Gottfried~ N.L. Ryder, S. Desanghere, M Lazaro, F. Mowrer, A. 
CoJes~ D. JOyetlX, D. Alvear, J.A. Capote, A. Jowsey. P. Reszka, teA Priori Mode1ling of Fire Test One," 
The DlIlmarnock Fire Tests, Rein, Empis & Cm.1 Ed", 173-195,2007. 

13. W. Jahn. G. Rein and J. L. Torero, "A Posteriori Modelling of Fire Test Onc.'t The Dahnamook Fire 
Tests, Rein, Empis & Carvel Eds., 196-114,2007, 

14. J.L.Torero. '~FIamjng Jgnition of Solids Fuels," SFPE Handbook of Fire Protection Engineering, 4tb 

Edition, Chapter 2·1 1, pp. 2·260-2-277, 2008. 

15. Jowsey, A., Torero, J.L., Usmani, A. S., Lane, B. and Lamont, S., "Structural fire Design of Tall 
Buildings in Fire," Fire Safety in High Rise Buildings, VDM Publishing, 2009. 

16. Capote, lA., Alvear, 0" La7..arO, M.~ Espin~ P., Fletcher, I., Welch, S. and Torero, J.L.. "Analysis of 
Thcnnal Fields Generated by natural Fires on the structural elements of TaU Buildingst" Fire S<,ifety in 
High Rise Buildings, YOM Publishing, 2009. 

17. Amundarain, A., Torero, J.L., Usmaru, A.S., Al·RemaJ. A.M •• "'Light Steel Framing in Fire: Challenges 
for a New Technology,I' Flt'e Sqfety In High Rise Buildings, VDM Publishing, 2009. 

J8. Usmani, A,S'7F1int, G., Jowsey~A .• Roben) C. and Torem, J.L., "Collapse ScenariosofWTC 1 & 2 with 
Extension to Generic Tan Building,," Fire Sqfety in High Rise BuUdings. VDM Publishing. 2009. 
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19. J.L. Torero, "The Risk Imposed by Fire to High Rise Buildings, Introduction,fI Fire Sqfery in High Rise 
Bulidings, VOM Publishing, 2009. 

20. J.L. Torero and O. ReIn, "Physical parameters affecting Fire Growth," Fire Relardancy of Polymeric 
Materials, Taylor and Francis, Wilke & Morg.m Editors, Chapter 3, pp. 43-74, 2010. 

21. S. Welch, lL. Torero and S. Paul. "Modelling of Fire Orowth and Toxic Oa'l FOllllatioo," Fire Toxicity, 
Hull and Steck Edirors, (in Preas), 2010. 

Articles in Refereed Jour":als 
1. J~ L. Torero. M. Kitano and A. C. Femande7..-PelIo, "Opposed Flow Smoldering of Polyurethane Foam," 

CombusJion Science and Technology, 91 (1-3). 95-111, 1993. 

2. J. L. Torero! A. C. Fernandez-Pello and D. Urban "Experimental Observations of the Effect of gravity 
Changes on Smoldering Combustion, "AIAA Journal, 31 (5), 991-996, 1994. 

3. J.L. Torero, L.Bonneau. 1.M.Most and PJoulain "The Effect of Gravity on a Laminar Dlffusion Flame 
e,tabli,he<l over a Horizontal Flat Plate," Proceedings of the COmbust/Oil institute, Z5, 1701-1709, 1994. 

4. J. L. Torerol A.C.Ftmandez .. Peilo and M.Kitano "Downward Smolder of Polyurethane Foam/' Fourth 
International Symposium on Fire Sqfety Science, 409·420, 1994. 

S. X. Zhou, J. L. Torero, J. C. Goudeau and B. Bregeon "On the Ignition and Propagation of a Reaction 
Front Through a Porous FueJ: Application to Mixtures Characteristic of Urban Waste," Combustion 
Science and Teclmoiagy, 110-111 (1.6), 123-1.46, 1995. 

6. J. L. Torero and A. C. Fernandez-Pello "Natural Convection Smolder of Polyurethane Foam. Upward 
Propagation," Fire SqfetyJournal, 24 (1). 35-52, 1995. 

7. L. Audouin. G. Kolb, J. L. Torero and 1. M. Most "Average Centerline Temperatures of a Buoyant Pool 
Fire Obtained by Image Processing of Video Recordings," Fire Sqfel)!Journal, 24 (2), 16H81, 1995. 

8. J. L. Torero, L. Bonneau, 1. M. Most and P. Joulain "On the Gtometry of Laminar Diffusion Flames 
Established over aFJat Plate Burner," Advances In Space Research, 16 (7), 149 .. 152. 1995. 

9. L. Aud0l1In~ O. Kolb, J.L. Torero and IM. Most "Response to the Letter by D.Milov Commenting the 
Paper Entitled: uAveragc Centerline Temperatures of a Buoyant Pool Fire Obtained by Image Processing 
of Video Recordings>? (F.S.J.. 24, 2, 1995)t Fire Safoty Jov,rnal, 14 (4), 361-363, 1995. 

10. D. P. Stocker, S. L. Oloon, D. Urban, J.L. Torero, D. Walther and A.C. Fernandez·Pello,·Small Scale 
Smoldering Combustion ExperJments in Microgravity," Proceedings of the Combustion Institute, 26, 
1361-1368,1996. 

11. N. Wu, M. Baker. O. Kolb and 1. L. Torero "Ignition, Flame Spread and Mass Burning Characteristics 
of Liquid Fuels on a Water Bed," SpUI S~lence and Teelmology Bullelln, 3 (4), 209'213, 1996. 

12. J. L. TorerO' and A. C. Femundcz-PeJJo '~Forward Smoldering of Polyurethane Foam in a Forced Air 
Flow," Combustion and Flame, 106 (1-2), 89-109,1996. 

13. L. Brahmi, T. V;etoris. P. JouJain and S. L. Torero, <lExperimental Study on the Stability of a Diffusion 
Flame F...stablished in a Laminar Boundary Layer," Microgravity Abstracts, 5. 8()"87, 1998. (lnJapanese) 

14. L. Brahmi f T. Vietoris, J. 1_ Torero and P. Joulain, "Determination par camera Jnftmouge des 
distributions de Temperature sur PEnveJoppe d'une Flamme de Diffu:si(JD Etablie sur un Bruleur Poreux 
Plan en Microgravite," Enthropie, 215, 69~73, 1998. (in French) 

15. N. Wu, O. Kolb and J. L. Torero, "Piloted Ignition ofa Sliok of Oil ons Water Subleyer: The Effect of 
Weathering," Proceedings of the Combustion Inslltute, 27, 2783~2790, 1998. 

16. T. Vietoris, 1, L. Torero and P. Jouiain, "Experimental Characterization of aLaminar Diffusion Flame in 
Mjcro-Omvjly.l~ Journal de Chfmie Physique, 96.1022--1030,1999. 

J7. J. P. Garo, J. P. Vanle!ol\ S. Oandhi afld J. L. T(lrelO "Determination oftbe Thennal Efficiency Pre­
bojlover Burning of a Slick of Oil on Water," Spill Science and Techllology Bulletin, 5 (2), 141-151, 
1999. 

18. L. Brahmi, T. Vietoris, 1. L. Torero and P. Jouiain, "Estimation of Boundary Layer Diffusion Flame 
Temperatures by Means of an Infra .. Red Camera under Micro-Gravity Conditloos," Measurement 
Science and Tecilnology, 10, &59-865, 1999. 
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19. R. T. Long. J. L. Torero, J. O. Quintiere and A. C. F¢mandez-Pel1o~ "Scale and Transport Con$idcrations 
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Summary

Based on the results of my study, it is my opinion that a diesel fuel fire in the 
Mechanical Room would lead to the following collapse sequence:i

� The diesel fuel fire, having originated in the north-east quadrant of the 5th floor, 
spread to the Mechanical Room and heated the east side of Trusses 1 and 2 and 
the structural elements that join them. Such north-east quadrant fire also heated 
Column 79.  

� If the epicentre of the fire was in the Mechanical Room, the east side of Truss 2, 
subjected to greater heating, would lose strength gradually redistributing the load 
mainly towards Truss 1 and Column 79.  

� In this scenario, load redistributed from the east side of Truss 2 would result in 
the eventual failure of Column 79 followed by the failure of the east diagonal of 
Truss 1, manifested visibly as the sinking of the East Penthouse. 

� If the epicentre of the fire was in the vicinity of Column 79, such column, subject 
to greater heating, would lose strength gradually redistributing the load mainly 
towards the east side of Trusses 1 and 2, also weakened by the heating.

� In that scenario, load redistributed from failing Column 79 would result in the 
overloading of weakened Trusses 1 and 2, especially their eastern columns and 
diagonals, causing their eventual failure. Again, manifested visibly as the sinking 
of the East Penthouse. 

� The effect of the failure of the east side of Truss 2, Column 79 and the east 
diagonal of Truss 1 resulted in significant load transfer to Columns 73 and 74 as 
well as the core. Their failure is manifested visibly as the “kink.” 

� As described in [the GNA Global Collapse Report], this loss of the eastern 
region of the building’s interior created a large area of laterally unbraced 
perimeter frame and activated the disintegration of the floor slabs at the western 
trench headers leading to the global collapse of WTC-7. 

i This opinion, and all opinions stated in this report are expressed to a reasonable degree 
of scientific probability.
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1. The Mechanical Room 

The mechanical room was a two storey compartment located in the 5th and 6th floors of 
the World Trade Center Building as shown on the schematic in Figure 1 (blue area). 
This compartment was connected to a plenum on the East side and to a staircase on the 
West side. 

Several important structural elements resided within the compartment. Details of the 5th

and 6th Floor structural drawings (Figure 2(a) and Figure 2(b)) show that Columns 77, 
80 and E4 were immersed within this room. These columns are marked in red.  

The three columns immersed within the Mechanical Room were part of two major 
transfer trusses described in Figure 3 and Figure 4. The other three columns associated 
to those trusses (73, 74 and E3) were outside the mechanical room. These columns are 
shown in green in Figure 2. 

As shown in Figure 3, the columns were linked by horizontal and diagonal structural 
elements, some of which were fully immersed in the Mechanical Room, some of which 
were partially immersed, and some of which remained outside the Mechanical Room.  
Figure 4 indicates in red the region that was within the Mechanical Room and in green 
those zones outside the Mechanical Room. 

Truss 1 was adjacent to the north boundary wall of the Mechanical Room, partially 
immersed in a concrete block wall. It seems likely then that the concrete block wall 
would have been built up around the diagonal with the blocks omitted where the truss 
diagonal was located. There was also a 5/8” gypsum board on the outside of the wall 
which would have run continuously past the brace location. 

A fire within the Mechanical Room heated Columns 77 and 80 and the non-vertical 
elements of Truss 2 which are shown red in Figure 4(a). The element E4 of Truss 1 was 
fully heated and all the non-vertical elements shown red in Figure 4(b)) partially heated 
due to the protection and heat sink provided by the north wall. This will be discussed in 
more detail later in the report.  

JA-2900
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2. Sequence of Events & Methodology 

Examination of video footage of the collapse of WTC-7 has highlighted two 
distinctive events that characterised the collapse [7].  The first of these events was the 
fall of the East Penthouse into the building. The second was the appearance of a visual 
pattern running in the north-south direction to the east of the centre of the building. 
This pattern has been described by some as a “kink.” The kink observed during the 
collapse is aligned with the mid-line of Truss 1 and west side of Trusses 2. The East 
Penthouse is principally supported by long span beams that run between Columns 79 
and 80. Column 80 runs the entire height of the building and is supported at its base 
by Truss 2. These major structural elements and locations of the kink and penthouses 
are shown in Figure 5. 

The coincidence of the location of Trusses 1 & 2 with both of the principal 
characteristics of the collapse sequence suggests that they played a crucial role in the 
collapse mechanism. This analysis will thus focus on the impact that a fire in the 
Mechanical Room had on the trusses and the resulting collapse of WTC-7.  

The analysis was conducted by means of the following methodology: 

� This analysis first characterized the potential fires within the mechanical room. 
using available experimental data, analytical expressions and a commonly 
accepted Computational Fluid Dynamics (CFD) tool developed by NIST 
called the Fire Dynamics Simulator (FDS). A range of potential fires was 
established and the thermal load imposed by the fires was applied to the 
structural elements.  

� The thermal loading was applied in two stages, one without thermal insulation 
(fire proofing) and one with the as-built thermal insulation (7/8th of an inch per 
UL X772 requirements) to establish the delay induced by the fire proofing.

� The time evolution of the temperature for the structural elements was then 
calculated using a heat transfer analysis.

� The time evolution of the structural element temperatures was then introduced 
into a commercial structural Finite Element Model (FEM) called ABAQUS. 

� A detailed analysis of the impact of loss of specific structural elements was 
conducted demonstrating that debris induced damage did not have an impact 
on the global structural behaviour. Thus, the models were built ignoring any 
structural damage associated to debris.  

� Several models have been built to understand the behaviour of Truss 1 and 
Truss 2. The models include (a) a local model comprising the structural 
elements in the immediate vicinity of the trusses, (b) a two floor model that 
includes all structural elements in floors 5 and 6 and (c) a 15 floor model that 
includes all structural elements from floors 4 to 19. 

� A series of studies using ABAQUS have been conducted to establish the 
behaviour of the structure when individual elements fail. Such systematic 
weakening of individual elements is referred to as “elimination analysis” 
throughout this report.

� Failure was induced by heating the structural elements until they entirely lost 
their strength. Heating rates were consistent with those imposed by a fire and 

JA-2905
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allowed a slow transfer of load from the failing structural element. This 
enabled identification of patterns that serve to validate conclusions and to 
discard certain potential scenarios as inapplicable.

� For all models global behaviour was emphasized, thus connection detail was 
omitted and all connections were assumed to be rigid, thus with unlimited 
strength. This assumption is valid throughout most of the heating period and 
only fails when the building is approaching failure. When steel members such 
as those in this structure are heated they expand and press against the 
structural members that restrain them. An expanded member is in compression 
which is not a critical condition for the connections. Throughout this period 
the heated structural element loses strength and loads get redistributed to other 
structural elements at a rate consistent with the heating rates. Thus no sudden 
load transfer is expected. Only when the steel member fails and starts to sag, 
unable to maintain the weight of the load it is supporting, does the connection 
become subjected to tension and in danger of failing. It is at this point that the 
assumption is no longer applicable. However, at this stage, all main 
characteristics of the building behaviour set forth in this report have already 
occurred and been identified. Thus it is deemed that this assumption does not 
affect the conclusions reached in this report.  More details on this assumption 
are presented in Appendix1. 
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3. Potential Fires 

The mechanical room was modelled in FDS. The main parameters controlling the 
temperatures of the compartment are the Heat Release Rate (HHR)ii and the heat 
losses through the compartment walls. The heat losses are a property of the material 
that was specified as concrete for all walls. The HRR is defined by Equation 1 if all 
the fuel produced is consumed. 

HRRPUAxAHRR � ii

Equation 1 

The HRRPUA is the Heat Release Rate Per Unit Areaiii and A is the burning fuel 
area. If there is not enough air to burn all the fuel, combustion is incomplete and the 
HRR is defined by Equation 2:

22 coo HxmHRR ���
Equation 2 

where is the oxygen consumed by the combustion reaction and a strong 

function of the available ventilation and 
2om�

2coH� is the heat of combustion per kilogram 

of oxygen consumed, which is generally assumed as a constant value of 13.1 
MJ/kgO2. Given the HRRPUA, the burning fuel area (A), and the ventilation 
(openings or forced ventilation flow), FDS will calculate the distribution of 
temperatures within the compartment. Thus the three variables that need to be 
specified are ventilation, A and HRRPUA. Given that the exact values for each of 
these variables are unknown, the parameters were varied and the models then 
compared to establish the potential range of the fires. A total of 22 models were run 
varying the ventilation, HRRPUA and fuel area (A). The simulations were run until 
steady-state conditions were attained.  The models showed the results were much less 
sensitivity to HRRPUA and burning area than to ventilation, so eight final ventilation 
conditions were conducted covering a wide range of air flows. 

The mechanical room dimensions were approximated to 29.5m in length, 13.5m in 
breadth and 9.35m in height, in order to fit a regular grid iv. The background grid used 
to divide the compartment into cells of equal calculation properties is based on a 
0.25m mesh in all plane directions, only locally refined to 0.125m round the truss 
columns. A sensitivity analysis of the grid cell size was conducted showing the 
appropriateness of the chosen configuration. 

ii  The Heat Release Rate refers to the amount of energy produced by the fire every second. 
iii The Heat Release Rate per Unit Area refers to the amount of energy produced by the fire every 

second by each square metre of burning fuel. 
iv Drawing S5 – Fifth Floor Framing Plan, Structural and Architectural Blueprints of World Trade 

Centre 7, N.Y. (1985), Drawing S5A – Fifth Floor Diaphragm Framing Plan, Structural and 
Architectural Blueprints of World Trade Centre 7, N.Y. (1985), Drawing S6 – Sixth Floor Framing 
Plan, Structural and Architectural Blueprints of World Trade Centre 7, N.Y. (1985) 
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Kerosene was used to model the fuel as it exhibits very similar properties to diesel and 
to remain within the parameters embedded in the model database. Its properties were 
taken from the FDS database and the defined HRRPUA was 750kW/m2. Fuel has 
been supplied in the input file to ensure the fires burnt for long enough to produce 
steady-state conditions. It is the time it takes to reach steady-state that is relevant to 
these calculations. Steady state was attained in all cases between 300-600 seconds. 

The models vented the room into the plenum and for model purposes the east-facing 
wall was open to the plenum, leaving only a 2.0 m hanger for smoke accumulation. 
The percentage of ventilation allowed was varied in the models by closing this face 
from the hanger down. One model also considered one of the back doors as open. The 
door dimensions were estimated as 2.5m x 2.5m and the results showed very little 
effect of this opening. 

The geometry of the mechanical room was slightly adjusted to make it perfectly 
rectangular as the fire model requires a perfectly rectilinear grid. This would have a 
negligible effect on the modelled fires.  

Only vertical truss members were modelled (again due to compliance issues with the 
models grid system) but this does not influence the information needed for analysis as 
temperatures for the diagonal members can be extrapolated and their inclusion in the 
model would have had negligible effect on the gas-phase temperatures generated. 

Figure 6 shows the gas temperatures at each thermocouple location over time for 
Column 80. Thermocouples were placed adjacent to columns thus each column 
produced a different plot. The plots indicate that the gas temperatures rapidly reach a 
steady state value. Thus a constant gas temperature can be applied at each position for 
each column. Only one representative scenario is presented here, but similar data was 
obtained for all cases studied. 

JA-2909
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Figure 6 - Evolution in time of gas temperatures at various heights adjacent to 
Column 80. The height is measured from the floor of the room and indicated in the 
legend. Steady state was achieved after 400 seconds. 

The temperatures fluctuate considerably, mostly due to the calculation methods 
embedded in the FDS program, however a general trend was obvious and the time for 
each column gas-phase temperatures to reach steady-state was identified. The values 
were then averaged to show a representative value of temperatures over this steady-
state period. Figure 7 shows the temperature variation adjacent to Column 80 for 
steady-state conditions (irrespective of time). Similar plots were obtained for all other 
immersed columns. 
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Figure 7 - An example plot of the thermocouple (gas-phase) temperature variation 
with height for Column 80 under steady-state conditions. 
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For verification of the FDS modelling the FDS temperature results were averaged and 
compared to the classic experimental temperature distributions produced by Thomas 
and Heselden [2]. Thomas and Heselden define an average compartment temperature 
as a function of an “opening factor.” The opening factor is dependent on the 
ventilation parameters of a compartment and Thomas’ experimental data correlated 
this factor to average temperatures achieved in a post-flashover fire. In this case, 
comparison is made with Thomas curves, as opposed to Pettersson et al [3] or 
Magnusson [4] and Thelandersson [5] curves for example, because the latter models 
represent post-flashover fires that become fuel-limited and decay without reaching 
steady-state burning conditions. So the fires in Thomas’ experiment were most similar 
to the prolonged post-flashover fires thought to have occurred in WTC 7. The opening 
factor for each compartment was defined as: 

)( vv

T

HA
AFactorOpening
�

�

Equation 3 

where  is the total internal surface area of the compartment excluding the opening, 
 is the area of the opening and  is the opening height.

TA
vA vH

For comparison, the opening factors of each of the models in the mechanical room 
were calculated and the average room temperature estimated and presented in Figure 
8. The results generally under-predict Thomas’ data which is expected given the 
geometry of the compartment. Thus, even the most severe temperatures calculated by 
the model are likely to be lower than reality. Thus for the purpose of the heat transfer 
calculations the fire model results leading to the highest temperature were used. 
Compared to Thomas’ experimental data this would have still remained as a 
conservative temperature estimation. 

JA-2912

Case 11-4403, Document 75-2, 02/14/2012, 525348, Page23 of 58



0

20
0

40
0

60
0

80
0

10
00

12
00

0
5

10
15

20
25

30
35

40
45

50

O
pe

ni
ng

 F
ac

to
rs

(m
-1

/2
)

Average Room Temperature (ºC)

W
ith

ou
t P

lu
m

e:
 1

00
%

 H
R

R
, 1

00
%

 F
ue

l,
10

0%
 v

en
til

at
io

n
W

ith
ou

t P
lu

m
e:

 5
0%

 H
R

R
, 1

00
%

 F
ue

l,
10

0%
 v

en
til

at
io

n
W

ith
ou

t P
lu

m
e:

 3
7.

5%
 H

R
R

, 1
00

%
 F

ue
l,

10
0%

 v
en

til
at

io
n

W
ith

ou
t P

lu
m

e:
 2

5%
 H

R
R

, 1
00

%
 F

ue
l,

10
0%

 v
en

til
at

io
n

W
ith

ou
t P

lu
m

e:
 5

0%
 H

R
R

, 7
5%

 F
ue

l,
10

0%
 v

en
til

at
io

n
W

ith
ou

t P
lu

m
e:

 5
0%

 H
R

R
, 5

0%
 F

ue
l,

10
0%

 v
en

til
at

io
n

In
cl

ud
in

g 
P

lu
m

e:
 1

00
%

 H
R

R
, 1

00
%

Fu
el

, 1
00

%
 v

en
til

at
io

n
In

cl
ud

in
g 

P
lu

m
e:

 5
0%

 H
R

R
, 1

00
%

 F
ue

l,
10

0%
 v

en
til

at
io

n
In

cl
ud

in
g 

P
lu

m
e:

 3
7.

5%
 H

R
R

, 1
00

%
Fu

el
, 1

00
%

 v
en

til
at

io
n

In
cl

ud
in

g 
P

lu
m

e:
 2

5%
 H

R
R

, 1
00

%
 F

ue
l,

10
0%

 v
en

til
at

io
n

In
cl

ud
in

g 
P

lu
m

e:
 5

0%
 H

R
R

, 7
5%

 F
ue

l,
10

0%
 v

en
til

at
io

n
In

cl
ud

in
g 

P
lu

m
e:

 5
0%

 H
R

R
, 5

0%
 F

ue
l,

10
0%

 v
en

til
at

io
n

S
ta

nd
ar

d 
Th

om
as

 C
ur

ve

W
ith

ou
t P

lu
m

e:
 5

0%
 H

R
R

, 1
00

%
 F

ue
l,

50
%

 v
en

til
at

io
n

W
ith

ou
t P

lu
m

e:
 5

0%
 H

R
R

, 1
00

%
 F

ue
l,

10
0%

 v
en

til
at

io
n 

an
d 

op
en

 b
ac

k 
do

or
In

cl
ud

in
g 

P
lu

m
e:

 5
0%

 H
R

R
, 1

00
%

 F
ue

l,
50

%
 v

en
til

at
io

n
In

cl
ud

in
g 

P
lu

m
e:

 5
0%

 H
R

R
, 1

00
%

 F
ue

l,
10

0%
 v

en
til

at
io

n 
an

d 
op

en
 b

ac
k 

do
or

Fi
gu

re
 8

 -
 M

ec
ha

ni
ca

l R
oo

m
 a

ve
ra

ge
 te

m
pe

ra
tu

re
s 

an
d 

op
en

in
g 

fa
ct

or
s 

co
m

pa
re

d 
to

 th
e 

st
an

da
rd

 T
ho

m
as

 C
ur

ve
 fo

r 
po

st
-fl

as
ho

ve
r 

fir
es

 in
 

st
ea

dy
-s

ta
te

 c
on

di
tio

ns
. T

he
 %

 o
f t

he
 H

RR
 in

di
ca

te
s 

pe
rc

en
ta

ge
 o

f K
er

os
en

e,
 th

e 
%

 F
ue

l i
nd

ic
at

es
 p

er
ce

nt
ag

e 
of

 fl
oo

r 
ar

ea
 c

ov
er

ed
 b

y 
fu

el
, %

 
ve

nt
ila

tio
n 

in
cl

ud
es

 p
er

ce
nt

ag
e 

of
 E

as
t w

al
l o

pe
n 

an
d 

W
ith

/W
ith

ou
t P

lu
m

e 
co

rr
es

po
nd

 to
 c

om
pu

ta
tio

na
l d

om
ai

n 
th

at
 in

cl
ud

es
 v

en
tin

g 
to

 th
e 

ou
ts

id
e 

an
d 

re
st

ri
ct

ed
 v

en
tin

g 
re

sp
ec

tiv
el

y.
 

JA-2913

~ I • • o 

Case 11-4403, Document 75-2, 02/14/2012, 525348, Page24 of 58



18

4. Heat Transfer Calculations 

For the Mechanical Room Fires a large temperature gradient between the top and the 
bottom room was evident (Figure 7). This is mainly due to temperature increase at the 
top caused by a hot smoke layer. This gas-phase temperature gradient will have a 
significant effect on the distribution of the column temperatures. To determine the 
column solid-phase temperatures a Fin Heat Transfer model was used. For this 
particular case the following energy conservation equation was used. 

0)( 02

2

���
�
�

� TThP
x
TkA

Equation 4 

Where, k is the thermal conductivity, A the cross sectional area of the structural 
element, h a total heat transfer coefficient, P the exposed perimeter of the structural 
element, T0 the gas phase temperature and T the average temperature of the structural 
element. The properties used were 

Steel thermal conductivity,  = 14.5W/mK k
Steel convective heat transfer coefficient, h  = 45 W/m2K

The dimensions were directly obtained from the design drawings for each individual 
structural element. 

It was found that the resultant column temperatures were constantly within one or two 
degrees of the gas-phase temperatures, under steady-state conditions, a difference 
which is negligible relative to the overall temperatures. This shows that for these 
columns conduction does not affect the temperature distribution. Most likely only 
very localised conductive heat transfer occurs, if any at all. The column geometry and 
dimensions render its surface area very large comparative to its cross-sectional area 
( P >> A ), so heat transfer is more prominent in the form of convective and radiative 
heat exchange between the column and the gas-phase surroundings. Hence it can be 
assumed that at steady-state the column solid-phase temperatures are the same as the 
gas-phase temperatures. 

During the fire growth period, heat produced is also affecting the column 
temperatures. Even though the column temperatures under steady-state conditions are 
similar to those of the fire gas-phase temperatures surrounding it, the column has a 
delayed response and takes longer to reach steady-state temperature. To find out the 
time lag of the column temperatures in reaching steady-state, the column temperatures 
were modelled, ignoring conduction and re-radiation effects. The average fire 
temperature applied was approximated from the mid-height thermocouple 
temperature-time variation from the worst-case scenario thermocouple output. The 
column temperatures were modelled using the following energy balance for 
increments of column with equal cross-sectional area: 

JA-2914
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xTThPx
t

T
CA sg

s
p ����
�
�

)(	

Equation 5 

where  is the gas-phase temperature and  is the steel column solid-phase 
temperature.  

gT sT

The initial temperature of the steel column is assumed to be at ambient temperature, 
such that  = 20ºC (293K) for t  = 0sec. Again, the same column properties were 
used as for the Fin model, together with the following data: 

0,sT

Steel thermal capacity at constant pressure,  = 475J/kgK pC
Steel density, 	  = 7850kg/m3

To simplify the modelling of each of the columns’ temperature-time response, a linear 
approximation of the temperature growth period was taken. The variation of the 
column temperatures under steady-state had already been modelled as functions 
of , so to allow for application of the column temperature regression equation 
over the whole height of the columns, the following linear regression was taken for 
the column temperature transition periods: 

)( 2xf

amb
g

amb
T Tt

t
TxfT �




�

�




�

� �
�

%90,

2 ))((

Equation 6 

where  was taken as the separate functions defining the temperature variation 
of each column, the ambient temperature,  was taken as 20ºC (293K) for initial
conditions before the fire,  is the time for the columns to reach the assumed 
steady-state temperatures, and  t is the variable time over which the temperature is 
transient in each column. 

)( 2xf

ambT

%90,gt

The temperatures of each column as a function of column height (x) from the floor 
upwards and as a function of time (t), can be summarised as follows, where TT is 
transient temperature and TC is constant temperature over time, but varying with 
height:

JA-2915
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e conditions. So towards the later stages of the 
heating, the values can be compared.

COLUMN E4 

{ TT = ( ( 3.5x2 – 26.6x + 708.3) / 9270) *t + 293                   for  0 < t < 9270 sec 

TC =  3.5x2 – 26.6x + 1001.3                                               for  t > 9270 sec 

COLUMN 77 

{ TT = ( ( - 4.2x2 + 93.2x + 481.8) / 9510) *t + 293               for  0 < t < 9510 sec 

TC =  - 4.2x2 + 93.2x + 774.8                                              for  t > 9510 sec 

COLUMN 80 

{ TT = ( ( - 2.7x2 + 15.8x + 1029.3) / 9770) *t + 293               for  0 < t < 9770 sec 

TC =  - 2.7x2 + 15.8x + 1322.3                                             for  t > 9770 sec 

The variation in the temperature distribution between the three columns is small 
enough that it can be considered appropriate to average out these distributions and 
produce only one set of temperature-time equations to represent the whole room. In 
any case, a standard deviation error bar has been added to the transient temperature 
equation to allow for slight variations. This represents the compartment as linearly 
stratified, at least in the local area around the columns. This means the temperature of 
the truss members spanning between these columns are also governed by the same 
general equation derived, with the distance along the member x referenced vertically 
from the floor in perpendicular height. 

The temperatures down each column were averaged and again producing a 
best-fit line for the distribution, a transient regression was recalculated. The general 
temperature-governing equation for the structural members in the mechanical room is: 

)( 2xf

GENERAL COLUMN TEMPERATURE 

{ TT = ( ( - 1.1x2 + 27.5x + 739.8) / 9583) *t + 293 ± 200        for  0 < t < 9583 
sec 

TC =  - 1.1x2 + 27.5x + 1032.8                                             for  t > 9583 sec 

Temperature-time curves were plotted for the top, middle and bottom of the columns 
to show the variation of temperature across column height. A standard temperature-
time curve of T = To + 345 log(0.133t + 1) according to ASTM E119. Although the 
standard design curve represents gas-phase temperatures as opposed to the column 
solid-phase temperatures, it is still useful for comparison as the column temperatures 
attain the gas-phase under steady-stat
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Figure 9 - Graph of the temperature-time variation of the columns in the mechanical 
room under modelling results corresponding to the worst-case scenario fire, with a 
standard design fire curve for reference. 

Figure 10 - Temperature evolution for the bare (up) and insulated (p) structural 
elements as a function of height. The three values correspond to three typical heights 
1.2 m, 4.9 and 8.6 m.
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The simplifications presented in this section are necessary because of the nature of the 
Finite Element Model that requires the definition of the temperature at each node for 
each time step. Simple functions like the ones presented above allow introducing this 
data in an efficient manner without changing the methodology, reliability, or the 
ultimate outcome of the analysis. 

Fire proofing tends to have only a minor effect on the temperature rise for very large 
structural elements like the truss components under discussion here. Thus the effect of 
thermal insulation was introduced on the basis of a simple lumped capacitance 
analysis as indicated in the SFPE handbook for Fire Protection Engineering [6]. The 
results are shown in Figure 10 and indicate a time delay no greater than 20% when the 
temperature is below 800K. Larger errors can be attained for higher temperatures but 
given the characteristics of failure it was not necessary to refine this calculation and 
failure times will be estimated using the non-insulated scenario assuming a potential 
error of 20% associated to the insulation. 

A common rule of thumb is that structural steel will typically lose a significant 
proportion of its load bearing capacity by the point at which it reaches 550 - 600˚C
(823 – 873K). Nevertheless, the loss of strength occurs in a progressive manner as the 
structure heats up. Thus loads redistribute continuously during the heating process. 
Upon reaching 550 - 600˚C (823 – 873K) you would expect the member(s) affected to 
have lost most of their strength and to be unable to continue to support the loads they 
did previously, and for the load to be almost fully redistributed by the structure to 
other members. This additional loading in the affected members would most likely 
result in them becoming overloaded and yielding, again implying a further load 
redistribution. If this sequence continues, the number of remaining supporting 
members continues to decrease and eventually a global collapse will occur.  It is a 
sequence such as this that the elimination analysis described in the following section 
demonstrates. Thus through the application of the thermal loading described in Figure 
10 in turn to each of the structural elements of interest, it was possible to establish 
which of them were most critical to the global structural stability, to which other 
structural elements loads redistributed upon their loss of strength or failure and what 
visible deformations resulted from the loss of strength of a specific structural element. 
By comparison with the videos and photographs it was possible to establish the most 
likely collapse scenario by discarding those which did not match the visual evidence 
of the collapse of WTC-7.   

JA-2918
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5. Elimination Analysis and Scenario Matching 

A complex building collapse scenario like the one addressed here includes a large 
number of potential failure events. Thus, it is more relevant to address the 
reconstruction of the events via an elimination analysis than to try to establish the 
exact sequence of events. The elimination analysis tests a series of hypotheses and 
eliminates the ones which could not lead to the observed sequence of events. Those 
remaining are then tested to establish if the different observations could be reproduced 
given that scenario analyzed. While much more laborious, this process is more robust 
than a single reconstruction of the events because it analyzes and discards all other 
potential options that do not match the observed scenario. Furthermore, it identifies 
not one sequence of events but all plausible sequences. 

Through the elimination analysis a series of different scenarios were concluded to not 
produce the observed sequence or the nature of events. Failure of several structural 
elements was analyzed showing that deformations and sequencing were not consistent 
with what could be observed through diverse images and video footagei. The 
scenarios eliminated will not be discussed here and instead focus will be given to 
those leading to events that could be correlated with the evidence. 

The main scenarios that resulted in behaviour that could be directly associated to the 
visual evidence are mainly linked to the failure of Truss 1 (Columns E3, E4, 73, 76), 
Truss 2 (Columns 74, 77 and 80) and Column 79. The following sections will provide 
a summary that explains the most plausible sequence of events. 

In the event of a fire in the mechanical room, Columns 77, 80 and the elements that 
link them have the largest potential exposure to heat. The effect of the failure of these 
elements is discussed in-depth below.

5.1. Elimination of Columns 77 and 80 (East (exposed) part of 
Truss 2) 

The strength of each individual element was reduced by increasing its temperature to 
establish the nature of the deformations and the load redistribution paths. The section 
of Truss 2 heated was defined according to the explanation provided in Section 1 and 
Figure 4. When Columns 77 and 80 were heated, it was observed that the largest 
region of vertical descent was below the symmetry plane of the penthouse. This can 
be seen in Figure 11, where the blue region shows the area of maximum vertical 
descent.

In a similar manner, the reduction of strength of Column 79 resulted in vertical 
deformations aligned with the symmetry plane but placed north of the deformations 
observed when heating Columns 77 and 80. Figure 12 shows in blue the area of 
maximum vertical descent. 

i Expert Report by Frederick W. Mowrer, Ph.D., Exhibit B: GNA Photographic Analysis Report 
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(a)

(b)

Figure 11 - Deformations generated by the reduction of strength of Columns 77 and 
80.
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(a)

(b)

Figure 12 - Deformations generated by the reduction of strength of Columns 79.
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The above images confirm that weakening of either Column 79 or of Columns 77 and 
80 result in deformations that are consistent with the observed first event preceding 
the collapse of WTC-7. The deflection patterns coincide with the footprint of the East 
Penthouse but not with the line of the kink. A fire in the mechanical room would lead 
to the loss of strength of the most exposed structural elements and the deformations 
observed would manifest themselves with the sinking of the East penthouse.

The model allows for the examination of the redistribution of force within the framing 
system to demonstrate the effect that a loss of strength would have on other elements 
of the framing system. This enables a better understanding of how the loads 
originating from the weakening of a structural element are transferred towards other 
structural elements. 

Figure 13(b) below shows the axial forces induced in different columns when 
Columns 77 and 80 lose strength. The time indicated is an artificial time 
corresponding to the numerical loading of the structure. From 0 to 1 the dead loads of 
the structure are applied and compressive load is seen to increase as this happens. At 
time=1, Columns 77 and 80 start heating up and thus losing their strength. By time = 
2, Columns 77 and 80 have no strength left, thus the axial load that they are carrying 
is almost zero (Figure 13(b)). As indicated in Figure 13(a) the loads redistribute 
mainly towards Columns 76, 79 and 81. This is evidenced by a further increase in the 
axial load of these three structural elements (Figure 13(b)), with Column 79 being the 
highest loaded column. From the resulting load distribution following the loss of 
strength of Columns 77 and 80, there is in an increase in the axial load carried by 
Column 79 showing that the redistribution of load would place Column 79 at the limit 
of its load bearing capacity even before any weakening due to heating from other 
fires. It is important to reiterate that, as shown in Figure 13(b), load transfer occurs 
progressively as the temperature of the affected structural element increases and its 
strength decreases. 
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Figure 13 - The plot shows the resultant change in axial force in the six internal 
columns to the east of the core following the reduction of strength of Columns 77 and 
80 to the point of complete loss of structural integrity. 
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Figure 14 – The plot shows the increase in axial force in the two diagonal members 
of Truss 1.
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Blueprints ABAQUS
Expected Design FoS Model Output FoS TRUSS 

100%  99% 1b
100% 68% 1a

Table 1 – The table shows changes in Factor of Safety (“FoS”) associated to the 
diagonal members of Truss 1 based on the increases in axial forces shown above in 
Figure 14. The Design FoS is presented as a percentage of the expected forces in the 
members (outlined in the structural blueprints) when compared to the member 
capacity. The model output FoS is presented as a percentage of the Design FoS and is 
based on the forces produced in the members following heating.

Figure 14(b) shows the increase in axial force experienced by the diagonal members 
of Truss 1 as the load is redistributed following the “heating” of Columns 77 and 80. 
This has the effect of lowering the FoS of the members. The FoS of the eastern-most 
diagonal member (1(a)) is lowered to approximately 68% of its design value (Table 1) 
indicating that this member is approaching its limit of capacity.  It is important to note 
that in this analysis Truss 1 remains at ambient temperature. An increase in 
temperature will clearly further reduce the FoS. This will be discussed in the 
following section. 

The overall pattern that has been demonstrated is that a significant part of the load has 
been redistributed north along the line of the kink and north east towards Column 79 
pushing the structural members in these regions toward the limits of their respective 
load bearing capacities. The analysis of a Truss 2 failure above indicates that there 
would be a significantly increased loading on Truss 1. It also shows that Column 79 
would be loaded potentially right to the limit of its capacity.  

JA-2925
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Figure 15 – The image shows the deflection patterns resulting from the failure of 
Truss 1 due to imposed thermal loading. The epicentre of the deflection pattern is 
centred on the kink location and significantly, also extends to the core of the building. 
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5.2. Elimination of Truss 1 

For completeness in the elimination study, and in order to ascertain its structural 
importance, the same methodology was applied to Truss 1. While section 1 indicates 
that heating of Truss 1 would have not been as severe as heating of the East section of 
Truss 2 (Section 5.2), it is still of importance to establish the impact of reducing the 
strength of Truss 1. This analysis is not intended to define failure of Truss 1 as an 
initiating event but to enable the understanding of what visual evidence is associated 
to the failure of this Truss.

The weakening of Truss 1 due to thermal loading will result in vertical displacements 
as indicated in Figure 15. As would be expected, the epicentre of the displacement 
pattern lies directly over the kink (Figure 5). At the time the simulation finished, 
results indicated that loads were being redistributed to the core, to Columns 74, 77 
and 80 (above Truss 2) and Column 79.  

It is important to note that as Truss 1 weakened, load paths changed higher in the 
structure, redirecting load inward towards the core and Truss 2, and showing little to 
no load transfer towards the external structural elements. This suggests that load 
redistribution from Truss 1 will result in large global displacement of the core before 
there is any visible external evidence of what is happening with the structure.

The deformation and load redistribution patterns associated to the weakening of Truss 
1 indicate that the failure of Truss 1 would have severe implications for the structure. 
The deformations appear consistent with the formation of the kink and the final 
collapse sequence, nevertheless they do not show evidence consistent with the sinking 
of the East penthouse. Thus, failure of Truss 1 plays a significant role in the collapse 
of WTC-7 but cannot be the initiating event.

5.3.  Combined Elimination of Truss 1 and Truss 2 

An analysis of the effects of the failures of Trusses 1 and 2 was carried out. The 
displacement pattern produced followed even more closely that of the observed kink 
(Figure 16). Once again the failure progressed to the core indicating that this would 
have compromised the overall stability of the structure in a manner consistent with the 
kink and subsequent collapse.  Thus combined failure of both Trusses will result in 
the final event observed in video footage and photographs. 
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Figure 16 – Vertical displacement patterns caused by the heating to failure of Trusses 
1 and 2.  These patterns correspond almost exactly to the location of the kink and 
coincide strongly with the east end of the building’s core.
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5.4.  Diesel Fuel Fire in the Vicinity of Column 79 

The elimination analysis and Mechanical Room fire scenarios did not address the 
possibility of the collapse sequence being initiated by a diesel fuel fire within the 
North-East quadrant of WTC-7, outside the Mechanical Room. This section provides 
an assessment of the effect that a diesel fuel fire in the north-east quadrant of the 5th

floor, in the vicinity of Column 79 would have on the global collapse WTC-7.  

A preliminary CFD analysis of the area surrounding Column 79 on the 5th-6th floors 
was conducted to determine the possible exposure of this column to diesel fuel fire 
and enable a structural analysis to be conducted to determine the degree of potential 
damage to this column and resultant effect on the global structural behaviour. Given 
the quantities of diesel fuel known to be stored in this area, the large dimensions of 
the compartment, and the complexity of the air supply due to the fan and plenum 
systems in place there, it was deemed necessary to perform a detailed analysis of this 
space in order to assess the possible range of fire severity. A model was constructed 
using FDS with a grid size of 0.25m x 0.25m x 0.25m. External boundaries of the 
domain and the south west opening to rest of the 5th floor were described by free, 
open boundaries. The compartment was 4m high. A plan view of the model is 
depicted in Figure 17. 

Analysis of the output of these models allows the definition of the temperature fields 
given the variety of possible ventilation conditions. A virtual thermocouple tree was 
defined close to the north facing side of Column 79 in order to assess the evolution of 
the gas phase temperature. The results of the first aspect of the sensitivity study 
showed that the opening or closing of internal doors, fan cavities, and external 
windows had very little effect on the internal temperature range with respect to the 
temperature exposure of Column 79. A scenario of closing the doors to the north-west 
rooms, but leaving the windows, plenums and, in the case of 0 m/s fans, fan cavities 
all open was finally adopted. A fan speed sensitivity study was then conducted to 
establish the effect on the compartment temperatures and in particular on the gas 
phase around Column 79.  

The results indicated that the most severe temperature exposure of Column 79 is the 
scenario of natural convection, i.e. no forced ventilation from the fans. A linear 
approximation of the results of this worst condition scenario is presented in Figure 18. 
The linear approximation was conducted using the same methodology presented in 
Section 3. The conclusion of these CFD simulations is that the potential heat insult on 
Colum 79 is comparable to the heat insult calculated in Section 4 for the Mechanical 
Room. Therefore, the analysis of the behaviour of Column 79 was done using the 
same temperature evolution described in Section 4. 
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Figure 18 – Linear approximation of the evolution of gas phase temperatures in time 
at different heights around Column 79 at the 5th to 6th floor level. 

The 15 storey Finite Element Model (FEM) was run showing the force redistribution 
that would result from a loss of load bearing capacity due to heating of Column 79. 
Trusses 1 and 2 were left fully intact for these models to isolate the contribution of 
this column. The model heated Column 79 between floors 5 and 6. The largest 
deflections were centred, as would be expected, on the location of Column 79 beneath 
the East Penthouse (Figure 19). This indicates that failure of Colum 79 due to a fire in 
the north-east quadrant of the 5th floor provides an initial event (sinking of the 
penthouse) that is consistent with evidence. 

Weakening of Column 79 systematically transfers load through the heating period. 
Figure 20 indicates that the redistributed load is carried mainly by Columns 76 (above 
Truss 1) and 80 (Truss 2). The resulting increase in axial loading carried in the 
diagonal members of Truss 1 is shown in Figure 21. Figure 21 indicates that these 
diagonal members significantly increased their load as Column 79 weakened due to 
heat. A similar effect can be seen on the east diagonal of Truss 2. The analysis also 
shows that the nearby northern façade columns also carried an increased loading. 

In summary, this section of the analysis demonstrates that the loss of structural load 
bearing capacity in Column 79 at this level of the building would lead to an increased 
loading of Trusses 1 and 2 (eastern columns and diagonals) following redistribution. 
The deflection pattern suggests that the onset of failure would have been the fall of the 
East Penthouse, and that load transfer would induce failure of Trusses 1 and 2, leading 
to the generation of the “kink.” This load redistribution onto Trusses 1 and 2, 
combined with the likely loss of strength due to diesel fuel fires around Column 79 
will most likely lead to the failure of Trusses 1 and 2 and the global collapse in a 
manner similar to that described in the previous sections. The deformations associated 
to this mode of failure are also consistent with the visual evidence of the collapse of 
WTC-7.
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Figure 20 – The plot shows the increase in axial force in the internal columns to the 
east of the core following the redistribution of forces resulting from the imposed 
heated failure of Column 79 between floors 5 and 6. 
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Figure 21 – The plot shows the increase in axial force in the diagonal members of 
Truss 1, for gravity loading (0s – 1s) and then as a result of load redistribution 
following the heating of Column 79 at the 5th to 6th floor (1s – 2s). A similar plot was 
produced for the east side of Truss 2, where similar load increases were observed.

JA-2933

,----

, 
-,---- 1 

, ____ 1 

1 ,----

, 
, , 

, 
____ J 

___ L 

, 
----' 

, 
, 

- - __ I 
, 

___ L 

, 
- ~ 

, 

, ---- 1- - -- ,- - -­
, m-H:: ' I ~--- :----

: ~ __ -i--- ~----- 1 

- -r --- 1 1 1 -1----

--r---

--1-­
, 
, , 

--1--

--1-­
, 
, 
, 

---1--

, _ - - 1 1 -r--- 1 -r ---

-1- -­
, 
, 
, 

- -1--

, 

- - -1--

- r --

- r -­
, 

- r -­
, 

, 

-- 1- --

, 
, -,-

--1-­
, 
, 
, 

---1--

---1-
, 

r~~~J.~ .. --~ .. ------~"'~---_ .. ---, --,--
, 

-1- -­
, 

- -1- -­
, 
, 

- -1-­
, 

- - -1--

- - -1-­
, 
, 

, 

r---­
, 

,----

r---

- r --

- r -­
, 

-- r --

-- r ­
, 

, 

-- 1- -

-- 1- -­
, 

-r--­
, 
, 
, 
-r---

--r---

--1-­
, 
, 
, 

--1--

---1-
, 

, 

---1-

, 

---1-
, 

I ~_~I 

,- - -­
, 

-1- - --

- -1- --

- -1-­
, 
, 
, 

- -1--

, 

- -1-­
, 
, 

,---­
, 

r---

, 
r--­
, 

-r---

-r-­
, 

-r-­
, 
, 

, 

--1--

" , 

, -, 
, , - , 

Case 11-4403, Document 75-2, 02/14/2012, 525348, Page44 of 58



38

5.5. Summary of Elimination Analysis and Scenario Matching 

The individual analysis of the different structural elements exposed to a fire indicates 
the following sequence of events consistent with the visual evidence of WTC-7’s 
collapse: 

1. The diesel fuel fire, having originated in the north-east quadrant of the 5th

floor, spread to the Mechanical Room and (i) heated the members of Truss 
2 that were fully immersed in the room including Columns 77, 80 and the 
eastern diagonal and (ii) partially heated the members of Truss 1 immersed 
in the north wall of the Mechanical Room. Such north-east quadrant fires 
also heated Column 79.  

2. If the epicentre of the fire was in the Mechanical Room, as the structural 
temperatures of the Truss 2 members increased, Truss 2 lost strength and 
gradually redistributed loads towards Truss 1 and Column 79. 

3. In such scenario, the load redistribution towards Truss 1 and Column 79 
overloaded these members.  The east diagonal of Truss 1, which had the 
lowest factor of safety, likely failed first and resulted in the subsequent 
failure of Column 79.  This was manifested visibly as the sinking of the 
East Penthouse.

4. If the epicentre of the fire was in the vicinity of Column 79, such column, 
subject to greater heating, would lose strength gradually redistributing the 
load mainly towards the east side of Trusses 1 and 2, weakened by the 
heating.

5. In that scenario, load redistributed from failing Column 79 would result in 
the overloading of weakened Trusses 1 and 2, especially their eastern 
columns and diagonals, causing their eventual failure. Again, manifested 
visibly as the sinking of the East Penthouse. 

6. The failure of the east side of Truss 2, Column 79 and the east diagonal of 
Truss 1 resulted in significant load transfer to Columns 73 and 74 as well 
as the core.  This resulted in the observed “kink.”  Because Columns 73 
and 74 were not immersed in the Mechanical Room, they were not directly 
subject to heating. This explains the delay observed between the sinking of 
the penthouse and the “kink” created as a result of its failure. 

7. As described in [the GNA Global Collapse Report], loss of the eastern 
region of the building’s interior created a large area of laterally unbraced 
perimeter frame and activated the disintegration of the floor slabs at the 
western trench headers leading to the global collapse. 
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6. Application of the Fire 

After establishing the most likely mode of collapse from the elimination analysis 
described in Section 5, fire and heat transfer analyses described in Sections 3 and 4 
were applied to the 15 storey structural model. Three independent analyses were 
considered: (i) a scenario where all members of Trusses 1 and 2 are equally heated 
(worst case scenario), (ii) a scenario where only the East side of Trusses 1 & 2 are 
heated simultaneously; (iii) a scenario where Truss 2 heated up faster than Truss 1. 
The third scenario was not studied because it is not possible to determine the exact 
protection that the gypsum wall board and the bricks provided to Truss 1. 
Nevertheless, given the size of the truss and level of exposure it will be expected that 
the result will be of similar nature to that considered in scenario (ii). 

Figure 22 shows the results of the first scenario where the entire trusses were heated 
in a homogeneous manner. As it can be seen failure is observed to occur from north to 
south along the “kink” leading to global collapse.  Figure 23 shows the runaway 
deflections that indicate the onset of global collapse. It is important to note that two 
graphs are being presented, the results using an implicit solver and those for an 
explicit analysis. Implicit solvers require the achievement of equilibrium, thus cannot 
reproduce a runaway failure. An explicit solver reproduces the dynamic equations, 
thus does not need to achieve equilibrium and can consequently reproduce the 
runaway failure. It is important to compare the results for both, because the implicit 
results away from failure validate that the matching explicit solution is going in the 
right direction.

For this particular scenario, the sinking of the penthouse did not precede the formation 
of the “kink,” thus this level of heating was discarded because it did not match the 
evidence.
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Figure 22 - Vertical displacements leading to global collapse when Truss 1 and Truss 
2 were heated by the fires specified in Sections 3 and 4. 

Figure 23 - Comparison of Implicit and Explicit simulations showing runaway 
vertical deflections indicating the onset of global collapse. 

JA-2936

] 1./ ODD: ex, 1ITC7~lIr.r'l~ej2.od:II 

~':;~~~~.b~!:"t~ure ~~ ..... ail-'''f·'A! 
DeOlc.ed. 'UK: U Defac:.-;loa Sce.1e r.c.:o~ : 

WTC7 Modtll - Compari~n of Implicit and Explicit Simula~ions 

(l!l 

~-, " 
'I I' 

," ~. . 0 .. . . . , - ...... . 
" , , 

" I~ 
. , . . 

(l!l l 

I) . . . , 
(l!l . . 

• •• E..'\1 "dJ, &~J Y"'-' I' - , \v"\-cn' . . 
.II (l!l - . , 

.....a-In p! k.iJ. Sv)vt' l; - n.· .. fl; '~ . . , . 
fro 

1'1(M1 l(l!ln f,ll [1!) iil~10 '~l1l1(l 

SJmulotloo Time (.) 

Case 11-4403, Document 75-2, 02/14/2012, 525348, Page47 of 58



41

The second scenario studied heated the east section of Trusses 1 and 2. The deflection 
pattern produced (Figure 24) coincided with the footprint of the East Penthouse as 
well as the kink. This serves to validate this scenario as the most likely collapse 
sequence. In this analysis the elements were heated simultaneously, it was thus not 
possible to deduce if the exact time delay between the two characteristic failure events 
would be reproduced.

Figure 24 - Vertical deflections before runaway when the east side of Trusses 1 & 2 
were heated with the fire prescribed in Sections 3 & 4.

The fire scenarios provide a realistic heating rate for the structural elements (see 
Section 4). Thus it is possible to estimate the period of continuous heating required to 
reach the failures described in this section. While it is difficult to assess the exact 
times to failure, some estimates can be made by comparing the temperatures required 
to attain failure in the models and the prescribed heating curve shown in Figure 10. 
These estimates are based on punctual failures recorded from the finite element 
analysis. Table 2 reproduces a set of such failures providing estimates of the heating 
times required. The times presented include the correction for fireproofing as 
described in Section 4 (Figure 10). 
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Location on Element TRUSS 1 TRUSS 2 

TOP (ºC) 703.1 647.9 

TOP (K) 976.1 920.9 

BOTTOM (ºC) 590.0 540.4 

BOTTOM (K) 863.0 813.4 

Equivalent Time (sec) 7300 (2.0hr) 6687.5 (1.9hr)

Table 2 - Temperature of top and bottom nodes of structural models at failure and 
equivalent time of exposure to fire.
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7. Conclusions

The analysis set forth in this report leads to the conclusion that the global collapse of 
WTC-7 would occur due to a diesel fuel fire ignited in the mechanical room, in the 
north-east quadrant of the 5th/6th floors, which would compromise the strengths of 
Truss 1 and 2 leading to redistribution of loads and failure of such trusses and the 
columns surrounding them, causing the unbracing of the eastern region and westward 
spread of the collapse. An alternative mode of failure due to a fire outside the 
mechanical room in the vicinity of Column 79 would lead to the same global collapse 
scenario.
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Appendix 1 -Validation of the rigid connection assumption 

Throughout the modelling, beam-to-beam and beam-to-column connections were 
assumed to be rigid. That is to say that they possess unlimited strength and there is no 
joint rotation with respect to the connected members.  Although this does not 
precisely represent the actual connection strength/rotation, this assumption is 
nonetheless appropriate in this modelling as the primary aim is to establish overall 
structural behaviour and to map possible routes to failure.

In order to validate this assumption, the heated beam axial forces were examined. 
Figure 25 shows how axial forces in a beam will change through its lifecycle during a 
fire. The initial condition of a simple structure is shown in (a) before loading. When 
loading is applied, the beam is in bending (b) but as the beam heats it begins to 
expand (c) the axial forces become compressive. Finally, as heating progresses and 
catenary action is seen, there are large tensile axial forces in the beam and at this stage 
connection failure is likely to occur where the beam pulls away from the connection.  

Figure 25 - Beam axial forces (a) Initial condition (b) Loading (c) Thermal 
Expansion (d) Catenary Action

Condition (d)  is typically reached  late in the heating process. At this stage most of 
the loads from the weakened structural elements would have been already transferred 
and therefore the failure characteristics of the structure would have been defined.

As an example to illustrate this point, axial forces were monitored in Truss 2 at the 
ends of the major elements throughout the simulations to ensure that the infinite 
connection assumption would hold until after the building behaviour had been 
established, thus affirming that the findings were valid. The locations and numbering 
of the elements monitored are shown in Figure 26. 
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Figure 26 – The image shows the locations on Truss 2 where the section forces were 
monitored.

The results are shown in Figure 27. The axial loads are normalized to their design 
values (defined as the loading when cold). As it can be observed, those elements 
under tension undergo a reduction in load as the structural elements thermally expand 
(positive values), those members under compression (negative) remain under 
compression until approximately 700oC (973 K). This temperature is already above 
the typical failure temperatures described in the report. Even when they enter into 
tension, it will take a significant further increase in temperature before they reach 
their design values. 

JA-2944

/ 

Case 11-4403, Document 75-2, 02/14/2012, 525348, Page55 of 58



49

-150

-100

-50

0

50

100

150

0 100 200 300 400 500 600 700 800

Temperature (C)

Pe
rc

en
ta

ge
 o

f M
ax

 F
or

ce
 E

xp
er

ie
nc

ed
 (%

)

Location 1
Location 2
Location 3
Location 4
Location 5
Location 6
Location 7
Location 8
Location 9
Location 10

Figure 27 – Axial forces monitored at the different locations indicated in Figure 26. 
All forces have been normalized to be 100% at the maximum force experienced – It 
can be seen that with, the exception of locations 3 and 4, this is always the gravity 
loading when cold. Thus, failure of the connections is not expected through almost the 
entire heating period. Locations 3 and 4 experience initially very small loading 
(0.04kips).  As such, although the increase is important it remains significantly below 
capacity.
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Appendix 2 –CV Torero 

José L. Torero, FRSE 
BRE Trust/RAEng Professor of Fire Safety Engineering 
Director, BRE Centre for Fire Safety Engineering 
Head, Institute for Infrastructure & Environment 
The University of Edinburgh 

School of Engineering and Electronics 
King’s Buildings 

Edinburgh, EH8 9PP 
United Kingdom 

e-mail: j.torero@ed.ac.uk 
Tel: +44 131 650 5723 

Fax: + 44 131 650 6781
Education & Professional Accreditation 
 Chartered Engineer, Engineering Council Division, UK  (2002) 
 Ph.D. University of California, Berkeley    (1992) 
 M.Sc. University of California, Berkeley   (1991) 

B.Sc. Pontificia Universidad Catolica del Peru  (1988) 

Academic Contributions 
Authorship of a book in computational methods for fire safety engineering, more than 20 
book chapters and more than 400 technical publications in a broad array of subjects 
associated to fire safety engineering. 

Awards 
Elected fellow of the Royal Society of Edinburgh and awarded the Arthur B. Guise Medal 
by the Society of Fire Protection Engineers (USA) in 2008, both in recognition of eminent 
achievement in advancing the Science of Fire Protection. Appointed to a Research 
Professorship by the Royal Academy of Engineering in 2004 which is the highest external 
appointment made by this institution.  Received diverse scientific awards such as the 
NASA-Certificate of Recognition for Outstanding Contributions to Space Shuttle Mission 
and the Faculty Achievement Award, from the Office of the President of the University of 
Maryland. Recognised for service to the profession with honorary membership to the 
Salamander Fire Protection Engineering Honour Society and with the Faculty Service 
Award, A. J. Clark School of Engineering (University of Maryland). Acknowledged for 
oral communication with the William M. Carey Award for the Best Paper Presented at the 
Fire Suppression and Detection Research Application Symposium (2001) and for written 
communication with the Harry C. Bigglestone Award for the Best Paper Published in Fire 
Technology in 2002 and 2005, the Bodycote Warrington Fire Research Prize and the FM 
Global Best Paper Award both in 2007. He was awarded the Lord Ezra Award (2009) for 
innovation in Combustion Engineering by the Combustion Engineering Association, UK. 
In 2009 he also received the Best Knowledge Transfer Partnership Award of Scotland 
from the Scottish Executive. Teaching contributions have been recognised with the Lilly-
Center for Teaching Excellence Fellowship, the Outstanding Mentor of the Year Award, 
the E. Robert Kent Outstanding Teaching Award for Junior Faculty and the Outstanding 
Teacher Award all at the University of Maryland. Prof. Torero’s work bringing technology 
to the Fire Service was the subject of the April, 2007 BBC Horizon show: “Skyscraper 
Fire Fighters” that has been shown in more than 30 countries. 

Academic Experience 
Upon completion of doctoral studies and a brief Post Doctoral appointment at NASA 
Lewis Research Centre (1992), joined the Laboratoire de Chimie et Physique de la 
Combustion (Poitiers, France) as a European Space Agency Post Doctoral researcher 
(1993) followed by an appointment as a CNRS Research Scientist at the Laboratoire de 
Combustion et Detonique (Poitiers, France) until 1995. Directed research programmes in 
spacecraft fire safety, polyurethane foam fires, compartment fires and tunnel fire spread 
and smoke control. Placed experiments in 3 Space Shuttle Missions and two sounding 
rockets.
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Joined the Department of Fire Protection Engineering at the University of Maryland 
(1995-2001) where held the titles of Assistant and Associate Professor and remains as 
Adjunct Professor. Served also as Affiliate Associate Professor in the Department of 
Aerospace Engineering. Taught all general and specialty classes in Fire Protection 
Engineering, continued research in spacecraft fire safety and compartment fires and 
extended experience to the areas of material flammability, fire suppression, smoke 
detection and oil spill control. Developed state of the art laboratory facilities and test 
methods and managed a research group that exceeded twenty people. Research funds in 
excess of $4 million where raised in this period. 

Appointed Reader in Fire Dynamics (2001) and later BRE Trust/ RAEng Professor of Fire 
Safety Engineering and Director of the BRE Centre for Fire Safety Engineering at the 
University of Edinburgh (2004). Raised industrial funds for the endowment of two 
Professorial Chairs, the organization of the BRE Centre for Fire Safety Engineering and 
state of the art laboratory facilities. Managed research funds in excess of £6 million 
obtained from government, research councils and industry. Developed a new 
undergraduate curriculum in Structural Fire Safety Engineering and transformed a reduced 
group of one permanent staff and one student into a research group of more than 45 
members with 9 permanent academic staff. Developed research work in the areas of tunnel 
fire safety, structural behaviour in fire, material flammability, forest fires, post fire 
remediation and sensor driven emergency response. Appointed Head of the Institute for 
Infrastructure and Environment in 2008 (Department Chair). The Institute counts with 45 
staff members (22 Academic) and more than 100 PhD students with an overall yearly 
research budget of more than £3 million.  

Appointed to the Advisory Boards of WPI and Glasgow Caledonian University and 
Adjunct Professor at the University of Cantabria, Spain. Held short time appointments as 
Visiting professor at the University of Texas at Austin, the University of California San 
Diego, the University of Bremen (ZARM), Germany, the Catholic University of Santiago, 
Chile, the Instituto Nacional de Tecnica Aeroespacial (INTA), Spain and the Universities 
of Poitiers, Paris VI, Bourges, ENSTIB, Ecole de Mines de Saint Etienne, Ecole 
Polytechnique and Aix-Marseille in France. 

Supervised more than 30 M.Sc., 5 completed Ph.D. and 8 current Ph.D. students. 
Developed numerous short courses taught around the world to professionals in fire 
investigation, fire safety engineering design, building control and the fire service. 

Professional Involvement & Affiliations 
Active membership in The Institution of Fire Engineers (IFE), American Society of 
Mechanical Engineers (ASME), American Institute of Aeronautics and Astronautics 
(AIAA), Combustion Institute, International Association for Fire Safety Science (IAFSS), 
Society of Fire Protection Engineers (SFPE) and the National Fire Protection Association 
(NFPA).

Associate Editor of Combustion Science and Technology and member of the Editorial 
Boards of Fire Technology Journal, Fire Safety Journal, Fire Science and Technology and 
Progress in Energy and Combustion Science. Colloquium Chair for the 30th and 31st

Combustion Symposium and member of the Program Committee for the 8th and 9th

International Symposium on Fire Safety Science. Advisor to the National Association for 
State Fire Marshals (USA), the Scottish Chief Fire Officers Forum, the Office of the 
Deputy Prime Minister and Vice-Chair of the International Association for Fire Safety 
Science (IAFSS). Member of the Forum of Chief Fire Officers of Scotland (SDAF) and of 
the CFOA Training Needs Analysis Gateway Review Group and co-Chair of the Fire 
safety Working Group of the International Committee on Tall Buildings and Urban 
Habitat (CTBUH). Member of the Society of Fire Protection Engineers, International 
Standards Development Committee, Underwriters Laboratory STP-162  Foams Fire 
Suppression Systems Committee, the American Institute of Aeronautics and Astronautics 
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(AIAA) Micro-Gravity and Space Processes Technical Committee, the Committee of the 
British Section of the Combustion Institute and the American Society of Mechanical 
Engineers, K-11 Committee on Fire and Combustion. 

Experience as a Consultant 
Member of the Board of Directors of LPP Combustion, LLC (USA), Technical Director 
for the Building Research Establishment (UK) and for I-Risk (Germany), served as 
consultant to the Vice-President of Peru (Peru), ESSAC (Peru), DICTUC SA (Chile), 
IRSN, INERIS and La Police Scientifique de Lyon (France), DVS Risk Services GmbH 
(Germany), Lurgi Metallurgie GmbH (Germany), Rushbrook Consultants (UK), Ove Arup 
& Partners (UK), Powerwall (UK), Jacobs Engineering (UK) and Jacobs Babtie (USA), 
Exponent Inc. (USA), Combustion Science and Engineering (USA), NRC (USA), Packer 
Engineering (USA), Rolf Jensen and Associates, Inc. (USA), Whirlpool Corporation 
(USA), and to the World Bank.  

Conducted work on prescriptive and performance based design, forensic fire investigation 
and product development. Conducted detailed structural response to fire, fire resistance 
evaluation, material selection, life safety analysis, smoke evacuation, detection and alarm 
design as well as standard and advanced fire suppression systems. Developed projects on 
transportation centres, hangars, trains and aircraft, industrial facilities, tunnels, high rise 
buildings, public assembly facilities and historic buildings. Used different codes and 
standards as well as a comprehensive array of analytical and numerical tools. Conducted 
third party reviews and supported fire service and building control in the approval process.  

Participated in landmark projects like the NASA Space Shuttle Hangars in Florida, the 80 
storey Heron Tower in London, the Clyde and Dartford Tunnel fire safety design, the 
investigations of the WTC 1, 2 and 7 collapses, the Madrid Windsor Tower Fire, the Texas 
City and Buncefield Explosions as well as the Ycua Bolanos supermarket fire. Currently 
involved in the safety analysis of several operating nuclear power plants and the 
decommissioning of others. 
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Appendix 

Lecture Invitations

Invited Conference Lectures 
1. J. L. Torero, “Laminar Diffusion Flames Established over a Flat Plate Burner under 

Micro-Gravity Conditions,” International Workshop on Short Term Experiments 
under Strongly Reduced Gravity Conditions, Bremen, Germany, July 1994. 

2. J. L. Torero, “Diffusion Flames in Micro-Gravity,” Meeting of the ESA Physical 
Sciences Working Group, Berlin, Germany, April, 1995. 

3. J. L. Torero, “Numerical Simulation of Flat Plate Ethane-Air Diffusion Flames and 
Experimental Validation at Different Gravity Levels,” 9th European Symposium on 
Gravity Dependent Phenomena in Physical Sciences, Berlin, May 1995. 

4. J. L. Torero, “The Emmons Problem: Experimental Results and Progress Leading to 
a MiniTexus Experiment,” ESA-Sounding Rocket Experiments Workshop, ESTEC, 
Noordwijk, The Netherlands, September 1998. 

5. J. L. Torero, “Material Flammability and Fire Safety,” Society of Fire Protection 
Engineers, Chesapeake Chapter, Maryland, September, 1998. 

6. J. L. Torero, “La Formation de l’Ingenieur Incendie-Programmes Developpes aux 
Etats Unis et dans d’Autres Pays,” SFPE Chapitre Francaise, Les Salons du Grand 
Louvre, October 1998. 

7. J. L. Torero, “Educación en Ingeniería de Protección Contra Incendios,” Primer Foro 
Regional NFPA, Lima ’99, Lima, Peru, October, 1999. 

8. J.L. Torero, “Challenges and Needs in Fire Protection Engineering Research and 
Education,” European Seminar on Environmental Risks, Niort, France, October 
2000. (Keynote)

9. J.L. Torero, “Cooperation and Student Exchange Between the University of 
Maryland and French Higher Education Institutions,” Global E3 Annual Meeting,
Lake George, New York, June 2001. (Keynote)

10. J.L. Torero, “The Mass Transfer Number as a Criterion for Spacecraft Material 
Flammability,” Workshop on Research Needs in Fire Safety for the Human 
Exploration and Utilization of Space, NASA Glenn Research Center, Cleveland, 
Ohio, June 2001. 

11.  J.L. Torero, “The Role of Fire Science in Fire Investigation,” Fire Safety and Rescue 
Asia Conference, Singapore, November, 2001. (Keynote)

12. Torero, J. L., J. G. Quintiere and T. Steinhaus, “Fire Safety in High-rise Buildings: 
Lessons Learned from the WTC,” 51st Jahresfachtagung der Vereingung zur 
Forderrung des Deutschen Brandschutzez e. V., Dresden, Germany, 2002. (Keynote)

13. J.L. Torero, “Fire and the Environment,” International Workshop on Environmental 
Risk Assessment, Damascus, Syria, October, 2002. (Keynote)

14. J.L. Torero, “Scaling of Micro-gravity Combustion Systems, Implications to 
Spacecraft Fire Safety” European Workshop on Micro-gravity Combustion, Poitiers, 
France, October 2002. (Keynote)

15. J.L. Torero, “Desarrollo de una Reglamentacion Adecuada en Materia de Seguridad 
Contra Incendios,” Conference on Fire Safety organized by the Vice-President of the 
Republic, Lima, Peru, November 2002. (Keynote)

16. J.L. Torero, “Conclusiones para una Reglamentacion Adecuada en Materia de 
Seguridad Contra Incendios,” Conference on Fire Safety organized by the Vice-
President of the Republic, Lima, Peru, November 2002. 
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17. J.L. Torero, “Fire Safety Science in Support of Performance Based Design: 
Innovation or Just Filling the Gaps?,” The Graduate Lecture, The Institution of Fire 
Engineers, Preston, Lancashire, April 2003. (Keynote)

18. J.L. Torero, “Fire Modeling and Fire Performance,” The Rasbash Lecture and ECD 
Conference, Ministry of Defence, Whitehall, London, UK, June 2003. 

19. J.L. Torero, “La Experiencia del World Trade Center,” Seminario Donde Hubo 
Fuego, Que Hacemos con las Cenizas, Santiago, Chile, June 2003. (Keynote)

20. J.L. Torero, “L’Approche des Risques en Europe et aux Etats-Unis,”  Colloque Les 
risques Industriels & Technologiques, Enjeux Internes et Effets Externes, Bourges,
France, October 2003. (Keynote)

21. J.L. Torero and D.D. Drysdale, “Ignition and Flame Spread Studies as they Relate to 
Material Flammability,” Joint Meeting of the Fire Engineering Research Network 
(FERN) and the Fire Chemistry Network (FCHEM), March, 2004. 

22. J.L. Torero, “FireGrid: Data Base Needs,” Digital Library Workshop, National 
Institute of Standards and Technology (NIST), Maryland, USA, April 2004. 

23. J.L. Torero, “Structures in Fire: An Overview of the Boundary Condition,” Fire And 
Structures: The Implications of the World Trade Center Disaster Conference, The 
Royal Society of Edinburgh, Edinburgh, April, 2004. 

24. J.L. Torero, “The Use and Misuse of Fire Modelling” Society of Fire Protection 
Engineers, California Chapter Spring Meeting, Luncheon Speaker, May, 2004. 

25. J.L. Torero, “The Risk Imposed by Fire to Buildings and how to Address it,” NATO-
Russia Workshop on the Protection of Civil Infrastructure from Acts of Terrorism,
Russian Academy of Sciences, May 2004. 

26. J.L. Torero, and T. Steinhaus, “Applications of Computer Modelling to Fire Safety 
Design,” 53rd Jahresfachtagung der Vereingung zur Forderrung des Deutschen 
Brandschutzez e. V., Essen, Germany, June, 2004. (Keynote)

27. J. L. Torero, “Lecciones Aprendidas Durante el Colapso de las Torres Gemelas en 
N.Y.,” Primer Congreso Nacional de Seguridad Contra Incendios, NFPA 2004,
Mexico City, November, 2004. (Keynote)

28. J.L.Torero, “Introducción al Diseño Basado en el Desempeño de la Ingeniería Contra 
Incendios,” Primer Congreso Nacional de Seguridad Contra Incendios, NFPA 2004,
Mexico City, November, 2004. 

29. J.L.Torero, “L'évolution du métier Préventeur – Fire Risk Manager" Salon 
POLLUTEC, Lyon, France, November 2004. (Keynote)

30. J.L. Torero, “What is Fire Engineering? Where has it come from and where is it 
going?” Developing the Role of Fire Engineering, Cavendish Conference Centre, 
London, New Civil Engineering, April 2005. 

31. J.L. Torero, “Structural Fire Engineering and Conjugate Heat Transfer,” Fire
Bridges, Belfast, Northern Ireland, May 2005. 

32. J.L. Torero, “How can Fire Models Support Fire Reconstruction?” The Rasbash 
Lecture and ECD Conference, Ministry of Defense, Whitehall, London, UK, June 
2005. 

33. B. Lane, J.L. Torero, A. Usmani, S. Lamont, A. Jowsey, G. Flint, “Structural Fire 
Response and Collapse Analysis of WTC 1 & 2,” Technical Conference on the 
Federal Building and Fire Safety Investigation of the World Trade Center (WTC) 
Disaster, National Institute of Standards and Technology, Gaithersburg, Maryland, 
September, 2005. 

34. J.L. Torero, “Forensic Fire Investigation,” Fire Risk Management Networking 
Meeting, IOSH, Edinburgh, September 2005. 
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35. J.L. Torero, “Fire-Arguably the Most Destructive Risk a Business Faces-Do We 
Understand this Risk? Are We Protected Adequately?” AEOLUS, Edinburgh, 
October, 2005. 

36. J.L. Torero, “Heat and Mass Transfer in Fires: Scaling Laws and their Application” 
12emes, Journees Internationales de Thermique, Tangiers, Morocco, November 2005. 
(Keynote)

37. J.L. Torero, “Structures and Fire – Modern Techniques in Building Design,”
Institution of Engineers of Brazil, Sao Paulo, Brazil , November 2005. (Keynote)

38. J.L. Torero. “Smoke and Fire Detection,” Meeting of the GDR Feux, ENSMA, 
Poitiers, January, 2006. 

39. J.L. Torero “La Seguridad Contra Incendios en las Edificaciones: ¿Responsabilidad 
de Ingenieros o de Arquitectos? International Conference to Celebrate the 10th

Anniversary of the Polytechnic University of Puerto Rico, Overcoming Fire: 
Architecture and Engineering Solutions, Puerto Rico, February 2006. (Keynote)

40. J.L. Torero “The NIST Report: What are the Future Design Implication for High Rise 
Buildings,” Designing for Fires in the UK: Can we learn from the NIST Report?,
Institution of Civil Engineers,  London, March 2006. 

41. J.L. Torero “High Power Computing Solutions for Fire,” National Science 
Foundation, NSF Workshop on Cyber-based Combustion Science, Washington D.C., 
USA, April 2006. 

42. J.L. Torero “Questions Liées à la Formation et à l‘Entraînement des Personnes 
Avant, Pendant et Après la Crise,” Stop Feux, Marseille, May 2006. 

43. J.L. Torero, “Post-Flashover Numerical Modelling,” FDS Global Seminar, Ove Arup 
and Partners, London, May 2006. 

44. J.L. Torero, “Métodos de Protección Pasiva, Análisis Critico y Tendencias,” 
Seminario de Innovación en el Diseño y Protección de Estructuras contra Incendios,
Santiago de Chile, July, 2006. (Keynote)

45. J.L. Torero, “Emergency Response for Fires: Sensors, Fire Fighters or Both,” Royal 
Academy of Engineering Research Forum, September 2006. 

46. J.L. Torero, “Te Risk Imposed by Fire to Tall Buildings, What is the State of the 
Art?,” International Conference on Fire Safety in Tall Buildings, Santander, October 
2006. (Keynote)

47. J.L. Torero, “Sensor Driven Emergency Response for Fires, FireGrid,” Distinguish 
Lecture Series in Mechanical Engineering, University of Texas at Austin, October 
2006. 

48. J.L. Torero, “Fire Safety Engineering: Science or Regulation?” IRSN Conference on 
Fire Research and Applications, Lyon, France, December 2006. (Keynote)

49. J. L. Torero, “Industrial Needs, New Regulation, Existing Knowledge and Available 
Training in Structural Fire Safety Engineering: Harmony or Chaos?” IStructE-
Seminars, Royal Society of Edinburgh, Edinburgh, January 2007. 

50. J.L. Torero, “Fire dynamics and Building Design,” Western Society of Engineers 
Annual Meeting, Chicago, Illinois, USA, May 2007. (Keynote)

51. J.L. Torero, “The Challenge of Interpreting Material Flammability Tests,” 11th

European meeting on Fire Retardant Polymers, Bolton, UK, July 2007. (Keynote)

52. J.L. Torero, “How Does Academic Research Benefits Stakeholders in the Fire 
Engineering Disciplines,” Institution of Fire Engineers Annual General Meeting,
Extending the Boundaries of Fire Engineering, Cambridge, July 2007. 

53. J.L. Torero, “Emergency Response Post-Terrorist Induced Fire: The Need for 
Physically based Support Tools,” NATO Advanced Research Workshop, Urban 
Structures Resilience under Multi-Hazard Threats: Lessons of 9/11 and Research 
Issues for Future Work, Moscow, July 2007. 
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54. J.L. Torero, “Comportamiento Frente al Fuego de Materiales y Elementos de la 
Construcción,” 2do Encuentro de la Asociación Latino-Americana de Laboratorios de 
Ensayos de Fuego,” Buenos Aires, Argentina, August 2007. (Keynote)

55. J.L. Torero, “Heat and Mass Transfer in Fires: Scaling Laws and their Application,” 
10th  UK National Heat Transfer Conference, Edinburgh, September 2007. 

56. J.L. Torero, “Fire Prevention and Fire Suppression: What Makes Fire Different in 
Spacecraft,” Association of Space Explorers – The ASE Planetary Congress, XX 
Congress, Edinburgh, UK, September 2007. 

57. J.L. Torero, “Ingeniería de Protección Contra Incendios: Orden o Caos,” Segundo 
Congreso NFPA República Dominicana, Santo Domingo, Dominican Republic, September 
2007. (Keynote)

58. J.L. Torero, “Structural Fire Engineering: A New Design Paradigm,” SFPE 
Professional Development Conference and Exposition, Las Vegas, Nevada, USA, 
October 2007. (Keynote)

59. J. L. Torero, “Role of Research In Supporting Developments in Fire Safety and 
Property protection,” BRE Conference on Fire Safety, November, Garston, 2007. 
(Keynote)

60. J.L. Torero, “Fundamentos de Ingeniería de Protección Contra Incendios,” Instituto 
Nacional de Defensa Civil, February, Lima, Perú, 2008. 

61. J.L. Torero, “The Dalmarnock Fire Tests: New Findings in High Rise Fire Safety,” 
Chicago Commission on High Rise Buildings, Dinner Speaker, March 2008. 

62. J.L. Torero, “Acciones a tomar por la empresa para prevenir riesgos y su papel en la 
sociedad para prevención,” Prevención y Atención de Desastres en la Empresa 
Privada, Cámara de Comercio Peruano Británica, Lima, Perú, August 2008. 

63. J.L. Torero, “Estrategias y Conceptos de Protección Contra Incendios: Instalaciones 
Contemporáneas y Futuras,” 2nd Latin American Conference on Fire Protection 
Engineering, Lima, Peru, August 2008. 

64. J. L. Torero, “Ingeniería de Protección Contra Incendios: Responsabilidad de 
Ingenieros o de Arquitectos,” Buenos Aires International Security Exhibition & 
Conference, BISEC, August 2008. 

65. J. L. Torero, “The Concepção de Prédios Altos (Arranha-Céus):O Comportamento de 
Estruturas ao Fogo,”10º  Seminario “Tecnología de Estructuras: proyecto y 
producción con foco en la racionalización y calidad” SindusCon SP, Hotel Grand 
Hyatt, Sao Paulo, Brazil, August 2008. 

66. J. L. Torero, “Fire Protection Engineering: Quo Vadis?” Arthur B. Guise Medal 
Lecture, Society of Fire Protection Engineers, Annual Meeting, Charlotte, North 
Carolina, October 2008. (Keynote)

67. J. L. Torero, “Fire Investigation Beyond Cause and Origin,” Chief Fire Officers 
Association – Scotland, Conference on Forensic Fire Engineering, Glasgow, 
November 2008. 

68. J. L. Torero, “High Stakes and High Rise Fire Safety: Building Design and Fire 
Liability,” Defence Research Institute, Fire and Casualty Seminar, Marriott Chicago 
Downtown, Chicago, Illinois, USA, November 2008. 

Invited Talks 
1. J. L. Torero, “The Effect of Buoyancy on the Geometry of Laminar Diffusion Flames 

Established Over a Flat Plate Burner,” Borwn Bag Seminar Series, Department of 
Mechanical Engineering, The University of Texas at Austin, Texas, U.S.A., February, 
1995. 
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2. J. L. Torero, “Buoyancy Effects on Smoldering of Polyurethane Foam,” BFRL 
Lecture Series, National Institute of Standards and Technology, Gaithersburg, 
Maryland, U.S.A. December, 1995. 

3. J. L. Torero, “The Role of Micro-Gravity Experiments on Spacecraft Fire Safety,” 
Serie Annual de Conferencias, Escuela Tecnica Superior de Ingenieros Aeronauticos, 
Madrid, Spain, January, 1998. 

4. J. L. Torero, Material Flammability Studies for Micro-Gravity Environments, BFRL 
Lecture Series, National Institute of Standards and Technology, Gaithersburg, 
Maryland, U.S.A., October 1998. 

5. J. L. Torero, “Seguridad Contra-Incendios en Naves Espaciales - Combustion en 
Micro-Gravedad,” Serie de Conferencias Distinguidas de la Escuela de Ingenieros, 
Pontificia Universidad Catolica de Chile, Santiago, Chile, November 1998. 

6. J. L. Torero, “Combustion et Securite d’Incendie,” Seminaire du LCD, Ecole 
National Superieure de Mecanique de d’Aerotechnique, Poitiers, France, February, 
1999. 

7. J. L. Torero, “Energy Release Rate: Determination and Application,” Danish 
Technical University, March, 2000. 

8. J.L. Torero, “Flammability Criteria Relevant to Material Selection for Spacecraft 
Applications” Department of Mechanical and Aerospace Engineering Combustion 
Seminar Series, Princeton University, April, 2000. 

9. J.L. Torero, “Ignition Signatures of a Smolder Reaction in Polyurethane Foam,” 
IUSTI Marseille, France, July 2000. 

10. J.L. Torero, “Fire Protection Engineering: Current Accomplishments and 
Challenges,” Ecole National Superieure des Mines de Saint-Etienne, Saint-Etienne, 
November, 2000. 

11. J.L. Torero, “Material Flammability, The Screening of Complex Materials for 
Complex Applications: The International Space Station,” Distinguished Lecture 
Series in Thermofluid Mechanics, Department of Mechanical Engineering, Purdue 
University, West-Lafayette, Indiana, March 2001. 

12. J.L. Torero, “Material Flammability Assessment for the International Space Station,” 
Union College, Schenectady, New York, April, 2001. 

13. J.L. Torero, “El World Trade Center: Algunas Preguntas,” Serie de Conferencias 
Distinguidas de la Escuela de Ingenieros, Pontificia Universidad Catolica de Chile, 
April 2002. 

14. J.L. Torero, “Fire Safety Engineering after September 11th, 2001,” Herriot-Watt 
University, Edinburgh, November 2002. 

15. J.L. Torero, “A Case for the Use of the Mass Transfer Number as a Flammability 
Criterion,” Factory Mutual Global, Massachusetts, USA, June 2003. 

16. J.L. Torero, “The Role of Fire Safety Engineering in Fire Reconstruction: A Case 
Study – WTC 1&2,” Department of Physics Distinguished Lecture Series, University 
of Bergen, Norway, September 2003. 

17. J.L. Torero, “The Use of Fire Safety Engineering in the WTC Investigation,” Stord-
Haugesund College, Norway, September 2003. 

18. J. L. Torero, “Specialized Studies in Fire Safety Engineering,” Packer Engineering, 
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55. P. Cordeiro, G. Legros, P. Joulain and J.L. Torero, “Characterisation de la Structure 
des Flammes de Diffusion de Type Plaque Plane par Differents Methodes optiques 
(emission Visible et Radicalaire OH et CH, PIV),” Colloque Science de la Matiere et 
Microgravite, ESPCI, Paris, France, May 2001. 
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combustion regimes on the formation of NO in municipal waste incineration,” Joint 
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70. R. Carvel, D.D. Drysdale and J.,L. Torero, “Fire Behaviour of Composite Walls,” 4th

International Seminar on Fire and Explosion Hazards, Londonderry, September 2003. 

71. C. Lautenberger, A. Stevanovic, D. Rich, J. L. Torero , A.C. Fernandez-Pello, “An 
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on Fire Investigation Science and Technology (ISFI), Cincinnati Ohio, USA, July,  
2006.  

95. A. Amundarain, J. L. Torero, A. Usmani, A. M. Al-Remal, “Light Steel Framing: 
Improving the Human-Building Relationship,” GBEN 2006, Preston, UK, September 
2006. 
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Extension Activities and Professional Courses 
1. Fire Phenomena/Enclosure Fires – Bureau of Alcohol Tobacco and Firearms, 

Maryland Fire and Rescue Institute, University of Maryland, August 1998. 

2. Control de Riesgos de Incendio – Pontificia Universidad Catolica de Chile, Santiago, 
Chile, November 1998. 

3. Feu et Combustion – Ecole National Superieure de Mecanique et d’Aerothechnique 
(ENSMA), Universite de Poitiers, France, March 1999. 

4. Seminaire sur le Management des risques d’Incedie, Univeriste de Poitiers-Site de 
Niort, France, January, 2000. 

5. Fire Phenomena/Enclosure Fires – Bureau of Alcohol Tobacco and Firearms, 
Maryland Fire and Rescue Institute, University of Maryland, August 2000. 

6. Fire Safety – Masters of Science Loss Prevention and Risk Management, ENSI-
Bourges, Bourges, France, November 2000. 

7. Fire Safety – Masters of Science Loss Prevention and Risk Management, ENSI-
Bourges, Bourges, France, December 2001. 

8. Fire Safety Engineering – Ecole des Mines St. Etienne, St. Etienne, France, January, 
2002. 

9. Fire Science and Fire Investigation – The University of Edinburgh, April 2002. 

10. Performance Based Design of Fire Safety Systems – Pontificia Universidad Catolica 
de Chile, June 2002. 

11. Introduction to Fire Safety Engineering, – Ecole des Mines St. Etienne, St. Etienne, 
France, February, 2003. 

12. Fire Science and Fire Investigation – The University of Edinburgh, March 2003. 

13. Fire Dynamics and Fire Safety Engineering Design - The University of Edinburgh, 
March 2003. 

14. Ingenieria de Proteccion Contra el Fuego - Pontificia Universidad Catolica de Chile, 
June 2003. 

15. Fire Science and Fire Investigation – The University of Edinburgh, March 2004. 

16. Introduction to Fire Safety Engineering, – Ecole des Mines St. Etienne, St. Etienne, 
France, February, 2004. 

17. Concrete Structures in Fire – Pontificia Universidad Catolica de Chile, September, 
2004. 

18. Introduction to Fire Safety Engineering, – Ecole Polytechnique de Marseille, 
Marseille, France, September, 2004. 

19. Introduction to Fire Safety Engineering, – Ecole des Mines St. Etienne, St. Etienne, 
France, February, 2005. 

20. Timber Construction in Fire– Pontificia Universidad Catolica de Chile, June 2005. 

21. Primer Seminario de Ingenieria de Proteccion Contra Incendios – Pontificia 
Universidad Catolica del Peru, November 2005. 

22. Fire Dynamics and Fire Safety Engineering Design - The University of Edinburgh, 
April 2006. 

23. Fire Science and Fire Investigation – The University of Edinburgh, April 2006. 

24. Seminario de Innovación en el Diseño y Protección de Estructuras contra Incendios,
Santiago de Chile, July, 2006. 

25. Introduction to Fire Safety Engineering, Ecole Polytechnique de Marseille, 
November 2006. 

26. Fire Science and Fire Investigation – The University of Edinburgh, April 2007. 
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27. 7mo Seminario de Ingeniería de Protección Contra Incendios, Santiago, Chile 
October, 2007. 

28. The Dalmarnock Fire Test-1st FireSEAT, The University of Edinburgh, November 
2007. 

29. Fire Safety Engineering Series, ESSAC, Lima Peru, 2008. 
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Franklin M. Sachs (FS603 6) 
GREENBAUM, ROWE, SMITH & DAVIS LLP 
Metro Corporate Campus One 
P.O. Box 5600 
Woodbridge, New Jersey 07095 
Telephone: (732) 549-5600 

UNITED STATES DISTRICT COURT 
SOUTHERN DlSTlUCT OF NEW YORK 

--------------------------------------------------------- x 

IN RE: SEPTEMBER II PROPERTY DAMAGE 21 MC 101 (AKH) 
AND BUSINESS LOSS LITIGATION 

AEGIS INSURANCE SERVICES, INC., et ai., 

Plaintiffs, 
-against-

7 WORLD TRADE CENTER COMPANY, L.P., 
et aJ., 

Defendants. 
__ v_v _______ ... ___________________ _ ~ ____________________ ---- X 

I, Joseph P. Colaco, declare: 

04 CV 7272 (AKH) 

SUPPLEMENTAL AND 
AMENDED SECOND 

DECLARA TION OF JOSEPH P. 
COLACO 

J. I have been a practicing structural engineer for 44 years and am President of CBM 
Engineers Inc., Houston, TX My curriculum vitae is attached hereto as Exhibit A. 

2. A list of significant projects with which I had substantial design involvement are as 
follows: 
100 Story John Hancock Centre, Chicago 
75 Story J. P. Morgan Chase Tower, Houston 
64 Story Williams Tower, Houston 
60 Story Two Prudential Tower, Chicago 
46 Story 101 Park Avenue, New York 

3. I have been retained by counsel for PI.btiffs in this case to provide expert analysis 
with respect to the design/construction issues involved in the collapse of World Trade 
Center 7 (WTC7) on September 11, 2001. 
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4. I have reviewed thousands of documents, drawings, and photographs, and have 
actively participated in and reviewed computer modeling performed on behalf of the 
Plaintiffs in this case. 

5. The opinions expressed herein are based on information I have reviewed thus far, and 
are subject to amendment if additional materials become available. These opinions 
and the data and materials relied upon in forming these opinions are more fully set 
forth in my report dated February 15, 2010, attached hereto as Exhibit B and made a 
part hereof 

6. However, I can make the statements that follow to a reasonable degree of scientific 
probability. 

7. For the reasons set forth below, and in more detail in my forthcoming expert report, I 
have concluded that the design and construction of WTC7 deviated from the standard 
of good engineering practice of world class engineers who design these type buildings 
and that these deviations caused the global collapse ofWTC7. 

8. WTC7 was constructed upon a trapezoidal parcel ofland. 

9. The mirroring trapezoidal shaped WTC7 was constructed to make use of the entire 
parcel of land upon which it was constructed, creating structural design challenges, 
which included the use of several cantilevered girders on the north side of the 
building to span over the already existing Can Edison substation, and the placement 
of three two~story transfer trusses, to nane a few. 

10. The corresponding trapezoidal shaped building created angles between beams and 
girders and girders and columns, which required the construction of non-standard 
connections. This also necessitated the utilization of skewed connections to create the 
structural framing surrounding coilunns 79,80 and 81. 

11. Thc footprint of WTC7 was substantially larger than the Can Edison substation and 
substantially larger than the building that was contemplated when the substation was 
built ill 1969. 

12. This larger footprint, combined with other factors, resulted in column 
"discontinuities," meaning that the columns supporting WTC7 did not connect with 
the columns in the substation. Thus, various kinds of transfers were required to 
transfer the loads supported by the columns of WTC7 to the ground. In fact, most of 
,VTe 7 was supported by three transfer trusses at floors five to seven. 

13. The critical nature of the tronsfer trusses required that larger factors of safety be used 
in their construction. The transfer trusses at WTe7 had only a minimum factor of 
safety built in. 

2 
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14. Additionally, WTC7 was constructed with extra-large floor bays on the northeast 
side, which were made possible by constructing the building with few non-perimeter 
columns. As a result, columns 79, 80 and 81 had large tributary areas and carried 
enormous loads. 

15. The combination of extra large floor bays, transfer trusses, cantilevered girders and 
unique angles at which beams, girders and columns joined created a building that 
demanded greater attention to structural integrity, and the ability to resist a 
disproportionate collapse. No attention was paid to the overall structural integrity of 
this building. 

16. Faliure to design and construct a building such as WTC7 with sufficient structural 
integrity to resist a global collapse, was a deviation from the standard of good 
engineering practice in existence in the early 1980s. 

17. Failure to even consider structural integrity to resist a global collapse in such a 
building, as the structural engineer did in this case, is a deviation from the most basic 
engineering principles. 

18. Section C26-1 001.2 of the NYC Building Code required that columns be braced for 
2% of their total compressive design load, on each axis. The braoing of many of the 
columns in WTC7 did not meet that minimum NYC Building Code requirement. Had 
all the columns been braced in acoondancc with that minimum requirement, WTC7 
would not have collapsed on September ll, 2001. 

19. Upon occurrence of a localized failure, a building properly designed for resistance to 
disproportionate oollapse would have arrested that localized failure and prevented a 
global collapse. 

20. The global collapse of WTC7 occuned as a result of one or more of the following 
flaws: (I) failure to brace the columns in accordance with the NYCBC requirement 
that the bracing be able to support 2% of the vertical load carried by the column; (2) 
failure of the inadequately designed transfer trusses; (3) failure to take into account , 
the issues of structural integrity in any manner in the design/construction ofWTC7. 

21. Constructing the building with adequate structural integrity could have been achieved 
at a cost insignificant. in reJation to the total cost of constmction of the building. 
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r declare under penalty of perjury that the foregoing stalements made by me are true. 
r am aware that if any of the foregoing statements made by me are willfully false, I may be 
subject to punishment 

DATED: April 1,2010 
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EDUCATION 

REGISTRATIONS 
& IvIEMBERSHJPS 

EXPERIENCE 

12ll'lJ'TI 

JOSEPH P. COLACO 
President 

JOSEPH P. COLACOlPage I 

Ph.D.lCivii Engineering. University.of lilin.ois, 1965 
M.S.lCivil Engineering· University .of IlIin.ois, 1962 
B.S.lCivil Engineering. University .of Bombay, 1960 

Registered Professi.onal Engineer: 
Illinois, Georgia, Texas, Miss.ouri, Tennessee, C.olorado, California (Civil), 
California (Structural Authority), Florida, Mississippi, Massachusetts, 
Indiana, Louisiana, Maryland, Virginia, North Carolina, Minnesota. 
Washington, D.C., Utah 

Memberships: 
Fel1ow, Institute of Structural Engineers (United Kingdom), National 
Academy of Engineering, American Concrete Institute, American Society of 
Civil Engineers, American Institute of Steel Construction, Structural 
Engineers Association of Texas, Nati.onal Society of Professional Engineers, 
Texas Society of Professional Engineers 

1975lPresent: CBM Engineers, Inc. (formerly Colaco Engineers, Inc.): 
Partner in Charge, project sampling: 

Burj Duba! Peer ReviewNalue Engineering 
Hircon Tower, Dubai Marina 
Wachovia Corporate Headquarters 
Lake Robbins Bridge 
Gannett Headquarters 
Menaro Balo:ie 
Guoman Hotel/Office Building 
Norwest Bank 
NationsBank Plaza 
One Detroit Center 
Texas Commerce Tower 
Two Prudential Plaza 
RepublicBank Center 
AAMTower 
Williams Tower 
One Ninety One Peachtree 
Barnett Plaza 
Barnett Center 

Dubai, UAE 
Dubai, UAE 
Winston Salem, N. Carolina 
The Woodlands, Texas 
Mc Lean, Virginia 
Jalmrta, Indonesia 
Kuala Lumpur, Malaysia 
Minneapolis, Minnesota 
Atlanta, Georgia 
Detroit, Michigan 
Houston, Texas 
Chicago, minois 
Houston, Texas 
Dubai, UAE 
Houston, Texas 
Atlanta, Georgia 
Tampa, Florida 
Jacksonville, Florida 
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Plaza 7 
One Congress Plaza 
Greyhound Towe~ 
100 North Tampa 
Wortham Theater Center 
Four Leaf Towers 
Four Oaks Place 
Tocumen International Airport 
Texas Commerce Center 
Interfrrst Plaza 
101 California 
100 Spear 
33 New Montgomery 
Methodist Hospital, Dunn Tower 
Marquette General Hospital 
United Bank Center 
1600 Smith at Cullen Center 
Miami Center 

Minneapolis, Minnesota 
Austin, Texas 
Phoenix, Arizona 
Tampa, Florida 
Houston, Texas 
Houston, Texas 
Houston, Texas 
Republic of Panama 
Houston, Texas 
Honston, Texas 
San Francisco, California 
San Francisco, California 
San Francisco, California 
Houston, Texas 
Marquette, Michigan 
Denver, Colorado 
Houston, Texas 
Miami, Florida 

1969/1975: Ellisor Engineers, Inc., Houston, Texas 
Director of Design and Computer Operations, project sampling: 

Memorial Hospital Southwest 
Stephen F. Austin Coliseum 
Houston Central Library 
Pennzoil Place 
Dresser Tower 
One Allen Center 
10 1 Marietta 
Intercontinental Hotel 

Houston, Texas 
Nacogdoches, Texas 
Houston, Texas 
Houston, Texas 
Houston, Texas 
Houston, Texas 
Atlanta, Georgia 
Dubai, UAE. 

196511969: Skidmore, Owings & Merrill, Chicago, illinois 
Senior Strnctural Engineer and Participating Associate, project sampling: 

J ahn Hancock Center 
One Shell Plaza 
Twa Shell Plaza 
The Spectrum Sports Arena 
500 N. Michigan Avenue 
Chicago Transit Authority 
14 stations pedestrian and 
hus bridges 

Chicago, Dlinais 
Houston, Texas 
Houston, Texas 
Philadelphia, Pennsylvania 
Chicago, Illinois 
Chicago, Illinois 

1960/1961: Shalimar Tar Products, Ltd., Bombay, India 

Prestressed Concrete Experience 
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RESEARCH Solar Energy 
Lunar Colony 

COMMTITEE WORK Board of Directors of Wind Engineers Research Council (WERC), 1990 -
1993 

ACADEMIC 

AWARDS 

ASCE: Committee on Composite Construction, Chailman 1991 - 1994 

ASCE: Committee on Wind Effects 

ASCE: Task Committee on Structural Damping Systems 

ACI: Committee on Mat Fonndation, Committee 336 

CONSTRUCTION INDUSTRY COUNCIL OF HOUSTON: Committee on 
Proposed Changes to the Houston Building Code; Member 

Former Member of Advisory Conncil, Rice School of Architecture, Rice 
University 

Former Board Member, Rice Design Alliance (1983 - 1989) 

Former Member of AdVisory Conncil, George R. Brown School of 
Engineering, Rice University, 1986 to 1998 

1970fPresent: University of Houston, Houston, Texas; lecturerfprofessor in 
the College of Architecture 

1976f1997: Rice University, Houston, Texas; lecturer of Architecture ou part­
time basis 

1968f1969: llIinois Institute of Technology, Chlcago.llIinois; lecturer 

1966fI968: University oflllinois. Chicago Circle Campus; lecturer 

1961f1965: University oflllinois, Urbana, TIlinois; research assistant 

Texas Section. American Society of Civil Engineers Award, 1968 

Engineering News Record Award, "Men Who Made Marks in 1973" 

American Institute of Steel Construction - Special Citation Award, 1973 
Honor Member of Chi Epsilon, University ofDlinois Chapter, 1979 

Fellow. American Concrete Institute. October. 1982 

Annual Award for Outstanding Professional, 1982. presented by the India 
Cultnre Center, Houston, Texas, March, 1983 
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JURIES 

PUBUCATIONS, 
REPORTS & 
LECTURES 

Maurice VanBuren Award for Outstanding Structural Engineering in a 
Completed Concrete Building project, ACI, March 23, 1983; Los Angeles 

Pellow, lnstitute of Structural Engineers, United Kingdom, 1994 

Member, National Academy of Engineering, 1994 

Distinguished Alumnus, Civil Engineering, University of minois 

Distingnished Alumnus, College of Engineering, University of Illinois 

Associated General Contractor's - 1993 Building Design Awards 

lnternational Association of Foundation Drilling, 1991- Outstanding Drilled 
Foundation Award 

American Society of Civil Engineers, 1991 - 1993 - Society Awards for Most 
Meritorious Papers 

American Institute of Steel Construction - 1990 Architectural Awards of 
Excellence 

Cornell University - Senior Engineering Project, 1990 

General Motors - Manufacturing Plant for the 21st Century - ACSA, June 
1987 

Varions juries in connection with teaching work at the University of Hanston 
and Rice University 

"Prediction of Steel Force Distribution in Reinforced Concrete Members 
from Bond/Slip Characteristics," PhD Dissertation, University of TIlinois, 
1965. 

"Behavior of Splices in Beam-Column Connections," Structural Division, 
American Society of Chil Engineers (ASCE), October 1967. 

"Computer Design of 1OO-Story John Hancock Center," Structural Division, 
ASCE, December 1966. 

"Analysis and Design of7l5' High One Shell Plaza in Houston," Texas 
Section, ASCE, April 1968. 

"End Moments for Floor Beams Framing into Spandrels," American Concrete 
Institute (ACI) Journal, January 1971. 

"Analysis of Transfer Girder Systems," ACI Journal, 1971 . 

07f18lrJ2 
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"A Stub-Girder System for Steel Floors in High-Rise Buildings," American 
Institute of Steel Construction (AISC), July 1972. 

"Large Scale Concentration and Conversion of Solar Energy," by A. F. 
Hildebrant, G. M. Haas - Department of Physics, University of Houston; and 
by W. R. Jenkins, J. P. Colaco, College of Architecture, University of 
Houston, April 1972. 

"Pennzoil Place - A New Slant in Structural Systems," by P. V. Banavalkar 
and J. P. Colaco; presented to ASCE-IABSE Regional Conference on Tall 
Buildings, Bangkok, Thailand, January, 1974 (published in the proceedings). 

"rhe Preliminary Selection of Stiffness in Unsymmetrical Tall Concrete 
Buildings," by P. V. Banavalkar and J. P. Colaco; presented to National 
Structural Engineering Meeting, ASCE, Cincinnati, Ohio April 1974. 

"Innovative Concepts in Steel," presented to Florida Section ASCE, Tampa, 
Florida November 1974. 

"Partial Tube Concept for Mid-Rise Structures," Engineering Journal, AlSC, 
Vol. II, No.4, 1974. 

"The World: The Limit of our Resources;" Seminar, The University of 
Houston, December 5 and 6, 1973; Guest Speaker. 

"The Haunched-Girder Concept for High-Rise Office Buildings in Reinforced 
Concrete," presented to the ACI Conference, Washington, D.C., November 5, 
1979 (published in proceedings). 

"Recent Uses of the Stub-Girder System," by P. V. Banavalkar and J. P. 
Colaco; presented to the AlSC meeting, Chicago, May 10, 1979. 

"Concrete Shear Walls and Spandrel Beam Moment Frames Brace New York 
Office Tower," by Jay Ames, Joseph P. Colaco, Eli Dnbinsky, Concrete 
International, June 1981. 

Theme speaker at the Universidad Nacional Autonoma de Mexico Edificios 
Altos Conference, Mexico City February 12, 1982. 

Participant in the World Tan Buildings Conference, Chicago, minois, 
October 8, 1982, representing Committee 21C. 

"Structural Systems Selections in High-Rise Buildings," presented to ASCE 
meeting in New Orleans, Louisiana, October 27, 1982. 

'Structural Systems Selections in High-Rise Buildings," presented to the 
Structural Engineering Conference, Lawrence, Kansas, March 29, 1983. 
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"Structural Systems Selections in High-Rise Buildings," presented to Western 
States Council Round-up, Structural Engineers Association of Arizona, 
Pboenix, Arizona, Apdll5, 1983. 

"Structural Engineedng Creativity in Tall Buildings Design," presented to 
AISC Seminar, Dallas, Texas, April 20, 1983. 

"Quality Assurance in the Construction Industry-Structural Engineer's 
Viewpoint," National Conference on Quality Assurance in tbe Building 
Community; presented in Dallas, July 19, 1983. 

Served as presiding moderator over Session ST-3: Buildings; Higb-Rise 
Structures; at the ASCE Structures Congress, Houston, Texas, October 17, 
1983. 

"What We Have learned from Texas Commerce Tower - Design," presented 
to ACI Concrete Conference on the State-of-the-Art, Denver December, 1983. 

"What the Steel Designer Expects from the Fabricator," presented to AISC 
Operating Personnel meeting, Houston, May 24, 1984. 

"Structural Performance of High-Rise Buildings in Houston During Alicia," 
and "Proposed Revision to the Houston Building Code for Wind Loads and 
Missile Impact," presented to ASCE Specialty Conference on Hurdcane 
Alicia: One Year Later; held in Galveston, Texas, August 16 and 17, 1984. 

"The Evolution of the Design of Tall Composite Buildings," presented to the 
Structural Engineers Association of Texas, Dallas, November 29, 1984. 

"Innovative Concrete Structares," presented to ACI, Washington State 
Chapter, Seattle January 15, 1985. 

"75-Story Texas Commerce Tower - Houston: The Use of High-Strength 
Concrete," published in Symposium Volume SP-87, American Concrete 
Institute, 1985 

"Aesthetics of High-Rise Building Structures," presented to ASCE Meeting, 
Denver, Colorado, May 2, 1985 (published in proceedings). 

"Hybrid Composite Buildings" and "Stub-Girders, Design and Application," 
presented to New York Section Spring Seminar, April 23, 1985. 

Presented "Selection of Structural Systems in High-Rise Buildings" to AISC 
Minnesota Dakotas Meeting, September 20, 1985, in Minneapolis. 

Participant in program "Preliminary Structural Design Techniques" developed 
at the College of Engineering, University of Wisconsin-Madison; topic was 

07118/02 
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"Preliminary Design of Low-Rise Office-Type Structures,' November 13, 
1985. 

Speaker at the 3rd International Conference on Tall Buildings/Skyscraper 
Expo '86 in Chicago, January 8, 1986; topic, "The Mile-High Dream". 

"The Mile High Dream," Civil Engineering. April, 1986, page 76. 

Presented "Recent Developments in the Stub-Girder System" to AlSC Rocky 
Mountain Meeting, April 18, 1986. 

Presented "Selection of Stmctural Systems in High-Rise Buildings" to ASCE 
Kansas City Section, May 15, 1986. 

Presented "The Appropriateness of Steel vs. Concrete in High-Rise Buildings" 
to Structures Congress on September 17, 1986 in New Orleans, Louisiana. 

"Haunched-Girder & Shear Wall Frames 42-Story Barnett Plaza in Tampa," 
Concrete International, November 1986, Vol. 8, No. 11, Page 35. 

"Preliminary Design of Low Rise Bulldings," Building Structural Design 
Handbook, edited by Richard N. White and Charles O. Salmon, John Wiley & 
Sons, 1987; Chapter 10. 

"Structural Concepts for Ultra-Tall Concrete Buildings," lABSE Symposium 
Report, Paris-Versailles. 1987. 

Presented "Caveats in AS8.1-82 Provisions," to Session No.2 of the 
Symposium on High Winds and Building Codes, NSFfWERC, Kansas City, 
Missouri, November 2, 1987 (published in proceedings). 

"Tapered Drop Panel System," by Joseph P. Colaco and Javed B. Malik, 
Concrete International, September, 1988. Vol. 10, No.9. 

Presented paper, "Design Aspects of High-Strength Concrete" to CBB 26th 
Plenary Session, Dubrnvnik. Yugoslavia. September 21.1988; published in 
Bulletin D'Information, No. 193, December 1989. 

P1esentation of lecture, "Lateral Load Resisting Systems for Tall Concrete 
Buildings" as a part of Multi-Story Building Session at ACI National 
Concrete Engineering Conference, Chicago, Dlinois, September 19, 1989. 

Presented lecture "Barnett Plaza, Jacksonville," to ACI Chapter meeting, 
Jacksonville, Florida, October 19.1989. 

"Criss Cross Composit""Super Column Frames for 57-story NationsBank 
Plaza," Structural Steel Conference, by Joseph P. Colaco, P. V. Banavalkar, J. 
Malik, and A. Wahidi, Tokyo, Japan, October, 1992. 
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"Steel and Steel Composite Structures for High-Rise Buildings." Lehrstuhl 
and Institute fUr Massivbau, Aachen, Gennany, Match 31, 1994. 

"Joint Design in Composite ColumnslSteel Beam Structures" at Structures 
Congress. Irvine, California, April. 1993. 

Lecture at International Workshop on "High Rise Buildings" at Delft 
University, the Netherlands, June, 1993. 

"One Ninety One Peachtree and NationsBank - Composite Additions to the 
Atlanta Skyline" by P. V. Banavalkat and J. P. Colaco at the Structures 
Congress, Atlanta, Georgia, April, 1994. 

"Two Prudential Formuia - AE + LSH + CBM" by J.P. Colaco and A. 
Wahidi, Structural Design Codes and Special Building Project, Council of 
Tall Buildings and Urbllll Habitat 1997. 

Practitioner Seminat Selies, Korean Institute of Construction Technology, 
Seoul, Korea, April 22 & 23, 1998 

Keynote Lecture at The 6th ASCCS International Conference, presented 
"Composite and Hybrid Construction in North America", Los Angeles, 
California. March 22, 2000. 

The Concrete Industry's Strategic Development Council. "Concrete 
Technology Needs - The Architects & Engineers Speak", Houston, Texas, 
May 10, 2000. 

"Complete Retrofit of a 47 -story Steel Building for Wind Loads", by Joseph 
P. Colaeo, Wally Ford, & Gene Robertson, Council of Tall Buildings & 
Urban Habitat ReviewIVolume 1 No.1: pp. 30-37. May 2000. 

"Design Office vs. Composite Construction". by Joseph P. Colaco & Ivan 
Viest, United Engineering Foundation, Inc., Composite Construction IV 
Conference, Banff, Alberta Canada, June 2, 2000. 

"Concrete Buildings-A Mile High", by Joseph P. Colaco, 4th International 
Conference IFHS-International Federation of High-Rise Structures, Madrid, 
Spain, November 8, 2000. 

Hi-Rise Composite Buildings by Joseph P. Colaco, Civil Engineering 
Department, University of Houston, J anuaty 31, 2001. 

"Composite Buildings Systems", by Joseph P. Colaco, Civil Engineering 
Depattment, Texas A &M University, February 14.2001. 
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"Natural Disasters - Rebuilding of Infrastructnre", American Society of 
Indian Engineers - March 30, 2001. 

"Latest Trends in Tall Composite & Concrete Buildings", University of 
Houston, Civil Engineering Dept, April 23,2001. 

"Composite Buildings & a Mile-High Building Design", University of 
Houston, Architectural Dept, April 23. 2001. 

"Tall Building Design Developments". Houston HAER 
(Historic American Eugineering Record) Exhibit Opeuing & Design 
Developments, July 12. 2001. 

"Selection of Structural Systems in Tall Buildings." American Institute of 
Architects. Houston - Continuing Education Program September 12. 2001. 

"Safety Issues Related to Tall Buildings", The UH Forum: bnagining the 
World Beyond September 1l*, November 6, 2001. 

"Automated Steel Construction", AISCINIST Workshop, June 6-7, 2002. 

"Prevention of Progressive Collapse", Multi-hazard Mitigation COlmcil 
National Workshop, July 10-12, 2002. 

"Affordable, Safe Housing Based on Expanded Polystyrene (EPS) Foam and 
A Cementitious Coating, October 8, 2003 

"Design and Construction of an Innovative Panel System for Affordable, Safe, 
Energy Efficient Houging" The Academy of Medicine. Engineering and 
Science of Texas Conference, Houston, Texas, January 5-6, 2006. 

"Structural Systems for Tall Apartment Towers". CTBUH 7th World 
Congress, October 18, 2005. 

Contributed chapter entitled "Design of Tall Building" for book titled "Tall 
Buildings: Design Advances for Construction" edited by Dr. John Bull to be 
published by Civil-Coup Ltd using their imprint Saxe-Coburg Pnblications in 
the year 2006, 

"Tall Residential Towers in Dubai - New Structural Systems" 4th 

International Specialty Conference on The Conceptual Approach to Structural 
Design, June 27 - 29,2007 Venice, Italy Conference Speaker 

"Innovative Concrete Concepts for Design and Construction of Buildings" -
RAC07 - Recent Advances in Concrete Technology, September 19-21, 2007 
Conference Speaker 
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CBM Engineers, Inc. 
World Tnde Center 7: .Joseph Cull:ll:o E,;pcrt Repurt 
Draft 
February 15.2010 
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1. Introduction 

On Septt:mbt:r 11. 2001. World Trdde Ceiller 7 (WTC 7) collapsed from fires at 

5:2 1 PM, seven hours aOer ti"1e co llarse of World Trade Center Rllildings 1 and 2 

at 9:59 and IO:28AM, respectively. Debris from the collapse of WTC I fell on 

the southwest comer and the south far;ade of WTC 7. \VTC 7 was not hit by an 

airplane, was not doused with thousands of gallons of highly flammable jet fue l, 

and sustained only minimal local structural damage from the fa11ing debris from 

WTC I and 2. Fi res were ignited inside the southwestern quadrant of WTe 7 

from the debris from WTC I. These tires resulted in the collapse of WTC 7. 

WTe 7 becamc the first high risc steel building to eyer suffer a global collapse 

from an office contents fire. In conjunction with GNA. a study was conducted to 

detemlil1e why thi s building became the firsl high rise steel building to ever suffer 

a global collapse from fire and whether this building could and should have been 

designed and conslructed so as to ha\e a\oided this unique status. 

As a resull of this study. I have concluded that the design and 

construction of WTC 7 deviated from the standard of good engineering 

practice of world class engineers who design these type buildings and that 

these de"iations were sufficiently serious to hu"e caused tbe global 

collapse of WTC 7.1 

I This opinion and all other opinions slaled in th is repon arc expressed to 8 reasonable degree of scientific 
probability. 

2 
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2. Qual ifi cation 

A. Education 

Dr. Joseph Colaco received his B.E. Civil. University of Bombay in 1960, 

M.S. (1962) and Ilh.D. (1965) in structural engineering from the 

University of Illinois. 

R. Expericm::t= 

1965-1969 
1969-1975 
1975 - present 

C. Notable Projects 

Skidmore, Owings and Merrill. Chicago 
Ellisor Engineers. Iiouston 
CHM Engineers. Houston 

(i) 100 story John Hancock Centre. Chicago. 

On this project designed in 1965 1966. Ur. eolaco was 

responsible for the computer analysis of the exterior 

diagonal I) braeed frame. Significant infonnation: 

• Factof of safety fOf exterior colulIllis was 2.3. 

• Double diagonal redundant system was used on the 

exterior diagonally braced frame 

• A special disproportionate collapse analysis .... 'as done 

due to the on-gomg bombings of RO I C buildings in 

the USA during the Vietnam Wnr. 

3 
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Oi) 75 Story 1. P. Morgan Chase (Texas Commerce) Tower. 

Houston 

Dr. Colaca was in chargt: of tht: conct:ptual slructUrdl design. 

This is the t<lllest cumpositt: sirm:ture in the USA and W<lS 

designed in 197&. The exterior columns and spandrels are 

composite and there is a composite shear wall in !.he core. 

The interior columns and floors are steel framed. 

• All noor beams and girders are composite. 

(iii) 64 StOI')' Williams (fransco) Tower. Ilouston 

Dr. Colaco was in charge of the conceptual structural design. 

This is a 64 story all sleel tower that was designed in 1980. 

The slIuctural system is a perimeter tube \\ilh column:-. at 15' 

on center. Interior grdvity columns. floor hearns. metal deck 

and lightweight concrete slab complete the assembly. 

(iv) 60 Story Two Prudential Tower. Chicago. 

This building was designed in 1987 and is one of the lallest 

(1000') all concrete build ings III the USA. Dr. Colaco was in 

charge of the conceptual design. Outrigger beams were 

placed at thc 381h floor connecting the core shear walls to the 

exterior columns. 

(v) 4G Stol)' 101 Park Avenue. NY 

This building designed in 1980, is an office building which 

started as an all steel bui ld ing. It was changed to all concrete 

structure for economical reasons. Dr. Colaco was in charge 

of the conceptual design . 

4 
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(vi) 42 Story Commerce Square. Philadelphia 

This is a building designed in 1985. It has core bracing in 

two directions and an exterior \\elded frame. The noor 

framing was composite beams and girders. metal deck and 

composite slab. Dr. Colaco was in overall charge for the 

office. 

D, Publications. Lectures, Committees and Teaching 

COMMITTEE WORK 

Board of Directors of Wind Engineers Research Counci l (WERC). 1990 - 1993 

AseE: Committee on Composite Construct ion. Chairman 1991 - 1994 

ASCE: Commitlec on Wind Effects 

ASCE: Task Committee on Structural Damping Systems 

ACI: Committee on Mat Foundation, Committee 336 

(,ONSTRUCTlO~ INDUSTRY COllNCII. OF HOUSTON: Commince on 
Proposed Changes to the Iiouston Building Code: Membcr 

ACADEMIC 

Fonner Mcmber of Advisory Council. Rice School of Architecture. Ricc 
University 

Fomlcr Board Member. Rice Design Alliance (1983 - 1989) 

Fonner Member of Advisory Council. George R. BrO\\11 School of Engineering. 
Rice University. 1986 to 1998 

1970fPresent: Uni versity of Houston. Houston. Texas: lecturer/professor in the 
College of ArchiteClLLTC 

197611997: Rjce Univers ity, Houston. rexas: lecturer of ,\rchitecture on part-lime 
basis 

5 
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1968/1969: Ill inois Institute of Technology. Chicago. Illinois: lecturer 

1966/1968: University of Ill inois, Chicago Circle Campus; lecturer 

196211965: University of Illi nois. Urbana. Illinois: research assistant 

AWARDS 

Texas Section, American Society of Civi l Engineers Award. 1968 

Engineering News Record Award. nMen Who Made Marks in 1973" 

American Institute of Steel Construction - Special Citation Award, 1973 
Honor Member o f Chi Epsilon, LJnin~rsity nfm inois Chapter. 1979 

I·ellow. American Concrete Institute, October. 1982 

Annual Award for Outstanding Professional. 1982. presented by the India Culture 
Center. Houston. Texas, March. 1983 

Maurice Vall Rurell "\\\ard for Out ~!a llding Structural Engineering 111 a 
Completed Concrete Building project. ACI. March 23 . 1983 : Los Angeles 

Fellow, Institute of Structural Engineers, United Kingdom. 1994 

Member. National Academy o f Engineering. 1994 

o i~t i nguishcd Alumn us. Civil Engineeri ng. Un i\ crsity of Illinois 

Distinguished Alunmus. College of Engineering. University o f Illinois 

PUBLICATIONS. REPORTS & LECTUReS 

··Prediction o f Steel Force Distri bution in Reinforced Conc rete Members from 
BumllSlip Characleri~tics." PhD Dissertation. Cnivt:fs it)' of Ill inois. 1965 

RBehavior of Splices in Beam-Col umn Connecti ons." Structural Division . 
American Society of Civil Engineers (ASCE), October 1967. 

ftComputer Design or lOO-Story John Hancock Center." Structural Division, 
r\$CE. December 1966. 

"Analysis and Design of 715' High One Shell Plaza in Houston," Texas Section. 
ASCE. April 1968. 

G 
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"End Moments for Floor Beams Framing into Spandrels," American Concrete 
Institute (A O ) Journal, January 197 1. 

"Analysis of Transfer Girder Systems," ACI Jo urnal, 1971 . 

"A Stu h-Girder System kU Steel Floors in Hi g~I-Ri se Ruild i l1 gs , ~ American 
Institute o f Steel Construction (AISC), July 1972. 

"Large Scale Concentration and Conversion of Solar Energy," by A. F. 
Hildebrant. G. M. Haas - Department of Physics. University of Houston: and by 
W. R. Jenkins, J. P. Ca inca. College o f Architecture. Universi ty of Houston. April 
1972. 

"Pennzoil Place· A Nc\\ Slant in Structural Systems." by P. V. Oanuvalkar and J. 
P. Colaco; presented to ASCE-IA BSE Regional Conference on rall Buildings. 
Bangkok. Thai land. January. 1974 (published in the proceedings). 

"The Preliminary Selection of Stiffness in Unsymmetrical Tall Concrete 
Buildings." b) P. V. 8unuvalkar and J. P. eolaco; presented to Nationa l Structural 
Engineering Meeting. ASCE, Cincinnati , Ohio April 1974. 

nl nnovative Concepts in Steel. ft presented to Florida Sect ion ASCE. Tampa. 
Florida November 1974. 

"Partia l T ube Concept for Mid-Rise Structures." Engineeri ng Journal. AISC. Vol. 
II. No . 4. 1974. 

-TIle World : The Limit of our Resources:" Seminar. TIle University of Houston. 
December 5 and 6. 1973; Guest Speaker. 

~The Haunchetl-Oirder CUIlCt!pl rur Hi gh-Rise omce Buildings in Reinforced 
Concrete." presented to the ACt Conference. Washington. D.C., l\ovember 5. 
1979 (published in proceedings). 

"Recenl Uses of the Stub-Girder S)stem." by P. V. Banavalkar and J. P. Colaco: 
presented to the AISC meeting. Chicago. May 10. 1979. 

"Concrete Shear Walls and Spandrel Beam Momenl Frames Brnce New York 
Office Tower." by Jay Ames. Joseph P. Co laco. Eli Dubinsky. Concrete 
International. June 1981. 

TIleme speaker at the Univers idad Nacional Autonoma de Mex ico Edifieios Altos 
Conference. Mexico City February 12. 1982 . 

Panicipanl in the World Tall Buildings Conference. Chicago, Ill inoi s. October 8. 
1982. representing Committee 21e. 

7 
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"Structural Systems Selections in lIigh-Rise Buildings." presented to ASCE 
meeting in New Orleans, Louisiana, October 27. 1982. 

"Structural Systems Selections in High-Rise Buildings." presented to the 
Structural Engineering Conference, Lawrence. Kansns. March 29. 1983. 

"Strm:turdl Systems Selections in High-Rise Buildings," presented to Western 
States Council Round-up. Structural Engineers Association of Arizona. Phoenix. 
Arizona, April 15.1983. 

"Structural Engineering Creativi ty in Tall Ruildings r1t:sign," presented 10 AISC 
Seminar. Dallas. Texas. April 20. 1983. 

"Quality Assurance in the Construction Industry-Structural Engineer's 
Viewpoint." National Conference on Quality Assurance in the Building 
Community; presented in Dallas. July 19. 1983. 

Sef"\ed as presiding moderalOr over Session ST-3: Bui ldi ngs: High-Rist: 
Structures: at the ASCE Structures Congress. Iiouston. Texas. October 17. 1983. 

"What We Ha\'c Learned from Texas Commerce Tower - Design," presented to 
ACI Concrete Conference on the Slale-of-thc-An. Demer December. 1983. 

"What the Steel Designer Expects fTom the Fabricator," presented to AISC 
Operating Personnel meet ing, Houston. May 24, 1934. 

"Structural Pcr/onnance of High-Rise Buildings in Houston During Alicia," and 
"Proposed Revis ion to the Houston Bui lding Code for Wind Loads and Missile 
Impact." presented 10 ASCF. Speciah) Conference on Hurricane Alicia: One Yea r 
Later: held in Galveston. Texas. August 16 and 17. 1984. 

"The Evolution of the Design of Tall Composite Buildings," presented to the 
Structural Engineers Association of Texas. Dallas. November 29. 1984. 

"Innovati ve Concrete Structures," presented to ACt Washington State Chapter. 
Sealtle January 15. 19R5. 

"75-Story Texas Commerce Tower - Iiouston: The Use of High-Strength 
Concrete," published in Symposium Volume SP-87. American Concrete Institute. 
1985 

"Aesthetics of High-R ise Building Structures." presented to ASCE Meeting. 
f1enve r. Colorado, May 2, 19R5 (puhlisllt:d in proceedings). 

8 
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"Hybrid Composite Buildings" and ~SlUb-Girders. Design and Application." 
presented to New York Section Spring Seminar. April 23. 1985. 

Presented "Selection of Structural Systems in High-Ri se Buildings" to AISC 
Minnesota Dakotas Meeting, September 20, 1985, in Minneapolis. 

Participant in program "Preliminary Structural Design .) echniques" developed at 
the College of Engineering. University of Wisconsin-Mad ison; topic was 
"Preliminary Design ofLuw-Rise Office-Type Structures," Nuvember 13, 1985. 

Speaker at the 3rd lntemational Conference on Tall BuildingS/Skyscraper Expo , 
86 in Chicago, January 8, 1986; topic, "The Mile-High Dream" 

"The Mile High Dream." Civil Engineering, April. 1986. page 76. 

Pn:sented "Recent De\elopments in the Stub-Girder System" to AISC Rocky 
Mountain Meeting. April 18. 1986. 

Presellled ~Sele(:tion of Smll;turdl S)'stcm~ In High-Rise Buildings" to ASeE 
Kansas City Section. May IS. 1986. 

Presented "The Appropriateness of Steel vs. Concrelc in High-Rise Buildings" to 
Structures Congress on September 17. 1986 in New Orleans. Louisiana. 

"Haunched-Girder & Shear \Vall Frames 42-Story Barnett Plaza In Tampa," 
Concrele Inlcmatinnal . November 1986, Vol. 8. No.1 I. Page 35. 

"Preliminary lJesign o f Low Rise Buildings." Huilding Structural lJesign 
Handbook, edited by Richard N. White and Charles G. Salmon. John Wiley & 
Sons. 1987; Chapter 10. 

"Structural Concepts for Ultra-Tall Concrete Buildings." JABSE Symposium 
Report. Paris-Vt:rsililles, 1<)87. 

Presented "Caveats in ASS.I-S2 Provisions." to Session No.2 of the Symposium 
on High Winds and Building Codes. :."JSF/WERC, Kansas City, Missouri. 
November 2. 1987 (published in proceedi ngs). 

~Tapered Drop Panel S)stem.~ by Joseph P. Colaco and Javed B. Malik. Concrete 
lntcmational. Septembt:r. 1988. Vol. 10. NO.9. 

Presented paper, "Design Aspects of High-Strength Concrete" to CEB 26th 
Plenary Session , Dubrovnik. Yugoslavia, September 21. 1988: published in 
Dulletin D'lnfom1ation. No. 193. December 1989. 

9 
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Presentation of lecture. "Lateral Load Resisting Systems for Tall Concrete 
Buildings" as a pan of Multi·SlOry Building Session at AC I National Concrete 
Engineering Conference. Chicago. Il linois. September 19. 1989. 

Presented lecture "Barnell Plaza. Jacksonville." to ACI Chapte r meeting, 
Jacksunville, Fl orida . October 19, 19R9. 

"Criss Cross Composite·S uper Column Frames for 57·story NationsBank PI3Z3." 
StruclUral Steel Conference, by Joseph P. Colaco. P. V. Banavalk ar, J. Malik. and 
A. Wahidi. Tokyo, Japan. October. 1992. 

"Steel and Steel Composite Structures for High·R1se Buildings," Lehrstuhl and 
Institute f"llr Massivbau. Aachen, Germany. March 31 , 1994. 

"Joint Design in Composite Columns/Steel Beam Structures" at Structures 
Congress. hvine, Cali rornia, Apri l. 1993, 

Lecturc at International Workshop on "High Rise Buildings" at Delft Univcrsity. 
the Netherlands. June. 1993. 

"One Ninety One Peachtree and NationsBank - Composite Additions to the 
Atlanta Skyline" by P. V. Banavalkar and J. P. Colaeo at the Structures Congress. 
Atlanta, Georgia. April. 1994. 

"Two Prudential Formula - AE + LSH + C8 M" by J. P. Colaco and A. Wahidi. 
Structural Design Codes and Special Building Project. Council of Tall Buildi ngs 
and Urban Habitat 1997. 

Practitioner Seminar Series. Korean Institute or Construction i"cchno logy. Seoul, 
Korea. April 22 & 23.1998 

Keynote Lecture at The 6th ASCCS internat ional Conference. presentcd 
"Composite and Hybrid Construction in North America". Los Angeles. 
California. March 22. 2000, 

The Concrete Industry's Strategic Development Counci l, "Concrete '1 echnology 
Needs - The Architects & Engineers Speak" , Houston, Texas. May 10, 2000. 

"Complete Retrofit of a 47-5(01)" Steel Building for Wind Loads", br Joseph p, 
Colaco, Wally Ford. & Gene Robertson, Council of Tall Bui ldings & Urban 
Habitat Re\'ie\\/Volurnt! I No . I: pp 30·37, May 2000. 

"Uesign Offiee vs, Composite Construction"_ by Joseph P. Colaco & Ivan Viest 
United Engineeri ng Foundation. Inc., Composite Construction IV Conference. 
Banff, A lberta Canada, June 2, 2000. 
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"Con(:retc Duildings-A Mile High". by Joseph P. Colaeo. 4'h Imcmational 
Conference lFHS-lntemational Federation of High-Rise Structures. Madrid. 
Spain. November 8, 2000. 

lIi · Rise Composite Buildings by Joseph P. Colaeo. Civil Engineering 
Department. University of Houston, January 31,200 I. 

"Composite Buildings S)stems", by Joseph I). Colaco. Civi l En~ir~ring 

Department, Texas A & M University, February 14.2001. 

"NalUrdl Disasters - Rebuilding of InfraslruclU re", American Society of Indian 
Engineers - March 30. 200 I. 

"Latest Trends in Tall Composite & Concrete Buildings--. University of Houston. 
Civil Engint:t:ring Dt:pl., April 23. 2001. 

"Composite Buildings & a Mile-High Bui lding Design", University of Houston. 
ArchiteclUral Dept.. April 23 , 2001. 

"Tall Building Design Developments", Houston HAER 
(Historic American Engineering Record) Ex hibit Openi ng & Design 
Dcvdupments. July 12, 200 I. 

"Se lection of Structural Systems in Tall Buil di ngs:' American Institute of 
Arch itects. Houston - Continui ng Education Program September 12. 2001. 

"Safety Issues Relatcd to Tall Bu ildings" , The UH Forum: Imagining the World 
Beyond September 11*, November 6, 200 I. 

"Automated Stcel Construct ion". AISCINIST Workshop. June 6-7. 2002. 

" Prevention of Progressive Coll apse", Multi ·hazard Mitigation Council National 
Workshop, July 10-12.2002. 

"Affordable, Safe Housing Based on Expanded Polystyrene (EPS) Foam and A 
Cement it ious Coating, October 8. 2003 

The Structural Engineers Association of Texas. 'I echnical Lecture ''The History 
and Future o r Tall Bui ldings by Joseph Colaco. PhD" P.E:·, September 2004 

"Design and Construction of an Innovative Panel System for AfTordable. Safe, 
Energy Efficient Housing" The Academy of Medici ne, Engineering and Science 
of Texas Conference. Houston, Texas. January 5·6. 2006. 

"Structural Systems for I"all Apartment rowers" . C l HUH i h World Congress. 
October 18.2005. 

II 
11 812Q'i07 

Case 11-4403, Document 75-3, 02/14/2012, 525348, Page55 of 58



JA-3003

Contributed chapter entitled "D~i gn of Tall Building" for book titled "Tal l 
Buildings: Design Advances for Construction" edited by Dr. John Bull to be 
published by Civi l-Coup Ltd using their imprint Sa"(e-Coburg Publications in the 
)'ear 2006. 

"Tall Residential Towers in Dubai - New Structural Systems" 4th International 
Specialty Conference on The Conceptual Approach to Structural Design, June 27 
- 29, 2007 Venice. haly Conference Speaker 

"Innovative Concrete Concepts for Design and Construction o f Buildings" 
RAC07 - Recent Advances in Concrete Technology, September 19-21. 2007 
Confercnce Speaker"Tall Concrete Apartmcnt Buildings and Composite Office 
Buildings" April 25 - 26. 2008 

"Tall Cuncrete Apartment Buildings and Composite Office Ruildings" April 2S-
26.2008 
lNTU Col lege of Engineering, Kukatpally, Hyderabad. India. National 
Workshop on High Rise Bui ldings (NWHRB) Lecture XVII 

lei - Innovative World of Concrete 2008. Concrete For New Age Structures. 
New Delhi. India. Key Note Speaker - Lead Paper "Tall Concrete Residential 
Buildings and Cmnpo,ite Office Rui ldi ngs" 
Chair. Session No.4 "Green Concepts and Environmental Impacts" 

December II - 14,2008 
4th International Conference on "The Concrete Future-' Recent Advances in 
Concrete Technology and Concrete in Structures. University of Coimbra_ Polo II 
- I1ha de Marrocos. 3030-290 Coimbra. Portugal 
June 17 - 19,2009 

The Structural Engineers Association of Texas. Technical Lecture "Philosophy of 
Structural Engineering ror the Burj Dubai Tower" October 2009 

E. List of Testimonies during the Previous 4 Years 

2007 - Emba .. ,y :';uites [.awsuil - ROM Con<;(ruClOrS V3. Tribble and St~phens 

2007 - Wmersridge 3 

2007 - Episcopal High School vs. Telepsen et. a1. 

12 
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F. Rate of Compensation 

Principal Rate 

Principal Deposition and Testimony Rate 

Non·Principal Rate 

J. MatcTials Reviewed 

$300.00 per hour 

$400,00 per hour 

2.5 times Direct Personnel 
Expense, which i<; 1.4 limes 
Non· Principal Salary a1 the 
time service is perfonne<i. 

In preparation of the report. I have reviewed and analyzed numerous materials 

including the following: 

Item Additional Information Author D,te 

Structural Drawings 51-56.5 12·25 
Irwin CanlO! and 

1980 Associates 

Material Specifications 
Canior Documents (CANTOROOO8352 - Irwin Cantor and 

(Section 05100 - Siructural CANTOROOO8362) Associates 
1981 

51eeO 

Section 10B Specification Cantor Documents (CANTOROOO6302 · Irwin Cantor and 
1981 Testing and Inspection WTe 7 CANTOR000(325) Associates 

InspectIOn Report (Steel 
Erection • Correcling Gaps of 

Cantor Documents (CANTOROOI5827- Irwin Cantor and 
Column Splice by Fixmg 

CANTOROOl5843) Associates 
11-12·1985 

Shims In the Gap from 3rd to 
II " Floors Respectively) 

Truss 1 and 2 Collar Bracing Cantor Documents (CANTOROOI1423- Irwin Cantor and 9-10-1965 
Modificalion CANTOROOI1426) Associates 

5alomon Brothers Inc, Base 
Building Modificalions 7 World Canlor Dowmems (CANTOR0020472- Irwin Cantor and 1-30-1969 

Trade Center Structural CANTOROO2(490) Associates 
Computations 

Floor Vibration Calculation 
Cantor Dc::Icu'llenls (CANTOROOO2153- Irwin Cantor and 6-22-1964 

CANTOROOO2172) Associates 

13 
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'tem AdditiOflil l lnfo rmation Author D • ., 

Typical Floor Calculations Cantor Documents (CANTOR0004195- Irwin Gantor and 
1-15-1985 

(Vol. 1) CANTOROOO2082) Associates 

Computations for Transfer Cantor Documenti (CANTOROOO3395- I rwin Cantor and 
1964 

Trusses and Girders CANTOROOO35 ' 5) Associates 

The Secret Service Agency 
Relocation of NfWI YorX Field 

Cantor Documents (PANYNJOO95584- Il'WIn Cantor and 
Office to 7 World Trade 8-26-'994 

CenlerTenanl FIocYs 9 arid 
PANYNJ0()95866) A$$oclates 

10 Structural CaJc\Jlalion 

Emery Roth and Sons PC 
Architectural Drawings Archftects & 1985 

S.O.M. 

Structural Shop Drawings 
1-2000,3001 -3\ 41.4001 4501 .9100-

Frankel Steel Limited 
11 -12-85 

9202 
- -

FleldWorl< Drowings frankel Steel limited 1985 

Electrical, Mechanical and 
Various Companies 

PlumbIng Draw ngs 

Salomon Brothers Tenant Flt-
OUt af'\d AJleration SO,M. & IrWin Cantor and 

Archrtectural and Structural Associates 
Drawings 

t-.'elal Deck Shop Drawings Nicolas J 80uras 

Floor Trench Shop Drawings Moe Fab 

specfficatJons for Structural Por1 Authority of New York 
Steel, Concrete Slabs and 

Metal Decking 
and New Jersey 

Laboratories Testing and 
Inspection Reports for 

Concrete, Welding, Spray-orl Testwe"l Craig 
Fire Protection, and Struc;turai 

Steel Erection 

US Steel Co. Stelco. 
Mill Test Repor1s Bethlehem Steel. Algoma. 

and 8ritish Steel Co 

14 
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'.m Additional Information Author 00110 

Miscellaneou!> 
Correspondences, Skeiches, Various Companies 

and Cak:ulabons 

Contractor Change Orders 
Related to Structural Steel, 
Shear Stu:1s, Metal Oed, Various Compan.es 

Concreting, Foundauons and 
Fue Proofing 

Manual of Steel Construction at" Edrticn 
American Institute of Steel 1980 Cons:ruction (AISC) 

Sleel Design Guide 19 Are Resistance of Structural Steel American Institute of Steel 2003 Framing Consuuction 

PrestOlncklrd and Commentary for the Federal Emergency November 
FEMA 356 

Seismic RchabmtDtion of Buildings Management Agency 
2009 

New York City Chaner and 
NYC Building Cede Edith L Fisch 1978 Administrative Code Vol. 3-A 

A Study of Willd Effects for 
the No.7 World Trade Center. Wind T~lI1e1 Study N. Isyumov and M. Poole 9·83 

New York. N.Y. 

Reference Standard 9 NYC loading Standards 

ANSI Minimum Design Loads American National 
for Buildings and Other P~essive Collapse 

Standard 
1982 

Structures 

The BOCA Basic Building 
Progressive Collapse BOCA Internabonal 1915 

Cod. 

Counter Teflonsm 
Office for Special Planning '984 Perspectives : The Wond 

Trade Center 
Public Safety Department 

f- I 
Defendant Citlgloup cmwrc 7072468 - CtTIVVTC 1014217 

2-9-2007 
Photographs cmwrc 7096B63 - CITIVVTC 7096872 

f-
Photo & Video Archive 

Deposition T ransaipts and 1-27-2009 & 
Exhib Is of IrMn Cantor 1-28-2009 

Deposition Transcripts and 4-2-2009 
Exhibits of Akbar Tamoo1i 

15 
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Item ACSdllionallnfonnatlon Author Dale 

DeposltKln Transcnpts ami 5-28·2009 
Exhibits 01 Ramon Gllsanz 

Deposition Transcripts and 8-12·200Q 
Exhibits of Silvian Marcus 

Deposition Transcripts and 10-1·2009 
Exhibits of John Salvarinas 

Deposition Transcripts and 10-22-2009 
Exhibits of Jeffrey Smilow 

4. Descripfion uf Structural Frame 

wrc 7 was a 47-slory steel framed building. It had a number of unusual and 

challenging structural design features. First. WTC 7 was built on top and around 

an existing Con-Edison substation. The original foundation and support provided 

for 3. fu ture office tower was not nearl y sufficient for the st ructure which was 

actual ly bui lt. Second, the budding was trapezoidal in shape, to correspond with 

the congruent shape of the land upon which it was erected. Third, the existing 

sub-station prevented. in some cases. installation of columns which would transfer 

build ing loads directly to caissons below ground. necessitating multi pIc corc load 

transfer structures in the form of three (3) massive two-story trusses. Fourth. the 

above-ground presence of the sub-station on the north side of WTC 7 required 

construction of cantilevered girders in order to increase the rentable space. Fifth. 

the Owner/Architect's requiremcnl or large upen floor hays nn the norlh-ea~t .. ide 

or WTC 7 combined with the presence of an existing (ruck ramp allowing 

vehicular access to the WTC 7 garage resulted in columns on the nonheast side of 

the building that had to suppon unusually large tributary areas. Lastly, given the 

desire to bui ld a hi-tech bui lding. multiple trench headers were required in the 

floor system, as shown in Figure 4.1. Despite their presence on most floors. these 

16 
11 8129~ 07 

Case 11-4403, Document 75-4, 02/14/2012, 525348, Page2 of 61



JA-3008

trench headers \,ere not shown on the original structural drawings for floo r abo\e 

the glh floor. 

~ -1 .. . ~, 

= " 
• • .' ., 

• ---., 
-'---"- .... . .. , • • 

Figure 4. 1 Localion ojTrench Header DlICIS 

The three transfer trusses. eaeh located between the 5111 and th floors wcre 

designed to carry and transfer the loads of the fort)' fl oors above them. Transfer 

trusses 1 and 2 \\ere each comprised of two diagonals. which supponed columns 

76 and 77. respecli\d). neither of which cont inued to the ground le\el. Moreover. 

column 76 tenninated al the i~ floor, nil lOp of tru~s 2. Trdn~fer truss 3 supported 

a hanging column 61A and consisted of two bays of di~gonal members. The 

canti levered girders located on the north face of \VTC 7 on the i h floor facilitated 

:l setback of the exterior co lumns be lo'\ the SIll floor so as not to encroach upon 

the existing Con Edison substation. 

17 
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I '~ 
lPLMl 

. I 
Ujl 

. /'i·n,A" ..... "u"t~'.......,.'~ ... ..."M) 

'..I 
I ' 
J. - ' • l' 

Figure" 2 rrallsfer TrU$S f:5 and Girders 

With the exception of the laci that WTC 7 \\as erected atop and around a structure 

having a significantly smaller footprint no single feature listed above would have 

been part icularly unusual in high risc office buildings at the lime. However. the 

aggregation of these elements exponentially increased the need for special 

attention to structural integrity, robustness and. among other things. connection 

details. 

18 
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5. Se rious Violations and/or Struclura l Problems" ilh WTC 7 

Ila12~51)1 

Numerous errors in tile de!!ign and construction of \'vT(' 7 refl ect either 

inexperience. Jack of understanding. inattention to important detai ls. 01 !!imple 

cflrelc"'iness. Whatever the cause. WTe 7 wa .. not designed to a standard dUll 

would ha\'C been expected in an iconic structure in the World Trade Ce nter in the 

1980'5. These failings arc add't:,.<:;('d below beginning with those that most likely 

contributed to the collapse of \\11 C 7 on September II , 200 I and continuing with 

those thaI could ha\· ... led t{l fai lures and disproportionate collapse in other 

Illl ll!lling circumstances. 

5.A Violation or 20/0 bracing (NYBC violation) 

(i) Definition of Axial Bracing Requirement 

It is common engineering knowledge that stabil ity. robustness and 

structural integrity of a steel building require sufficient <LxiaJ bracing (i.e. 

Section 5,3 I in Steel Structures by Willialll .\1cGuire in 1968) for columns 

integral tn the "tructure of the building. The New York City Building 

code specifies the minim um amount flfsm:h hrddng. Tht! Ne\\ York City 

Chaner and Administrative Code section C26-IOOI.2 slales: 

§C26-IOOI .2 Bracing - lin less otllem ise ~I)ecified in the refercnce ~hl.lldard~. 
member" used 10 brace compression members shall be proportioned to r~i!>t 

an ~I\iglload of at lea"t 2 per cenl or the 10lal t'ompression d('sign ~ tres!) in the 
member braced, plu" aTl~ tr:ln~\eNe "hear thHein. 

Aitnougn wn len somewnat oroamy. tnlS cooe prOVISion nas ceen 

consistently interpreted by practicing stntctural engineers as requiring. at a 

minimum. thai members along each axis provide an aggregate resistance 

llf 2% of c{)mpn::s~i\ t: design lom.l tu the cUlnprcssion rnt:mbt:rs they bmcl!. 

A typical bracing system of a compression member (such as a column) 

consists of beams or girders framing imo it. For obvious reasons, these 

members cannot scr.'e their critical function unless (he connections 
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attaching them to the columns are strong enough to allow lood transfer. 

The 2% bmcing rcquircment applies with respect to the members bracing 

the compression member as well as connections at such members. Thus. 

the ability of a member to provide axial bracing of2% of the compressive 

des ign load alone is insufficient if the relevant connection cannot properl) 

transmit 'mch force . 

Contrary to the view expressed by Mr. Smilow in his deposition (pages 

152:23 - 153:9), unless speci fi cally customized and detailed for direct 

bracing o f the concrete to the column. the bracing system does not include 

concrete poured onto metal decking at each floor because (i) concrete 

poured around the weak axis of the column often does not contact the 

column surfaces, sometimes resulting in as much as a sis -inch gap 

between the edge of the slab and the column. (ii) concrete poured around 

the strong Il.x is of a column. although even if originally in ful l contact with 

the column. wil l often shrink away from it ovcr time. preventing direct 

contact between the slab and the column and (iii) concrete poured around 

weI columns (such as column [79]) does not abut the column where pipes. 

conduits and risers vertically traverse from one floor to another. As such. 

the concrete does not devetop sufficient composite action with the column 

to ever j ustify iLs inclusion intI) the ax ial hracing system required by Ihc 

NYBC. 

(ii) Axial bracing at Column 79. 

Column 79 on typical floors is connected 10 three girders spanning 

between (i) column 44 and 79. (i i) column 76 and 79, (ii i) column 80 and 

79(Fig 5. 1) 

20 
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® 
i 

I j 

l-
----'-----! 

1 I 

I ----- I 
-

o Seated connection (Cl) 
• Knife connection (C2, C3) 

Figw-f! j I Types ojConnprliOflS 01 Column 79 

• Types of Connections: 

There are three primary types of connections: (i) knife. (ii) 

header and (iii) seated. Those are shear connection types 

designed to transmit shear forces. The knife connection is made 

with two ang les. one on each side of the web of a girde r to be 

supported . rhe angles are boiled to a gi rder web and welded to 

a column flange. The header connection also consists of two 

angles bUI the difference from thc knife connection is that the 

angles are welded to a girder web and bolted to a column web. 

21 
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I he seated connection transmits beam reaction through a seat 

that is welded to a colum n flange (loig 5.210 5.4). 

As secn in Fig 5.1. scated connection (el) and two knifc 

connections. (e2. C3) "ere used al column 79 on the most of 

the typical floors (floor 8 through 46). Figures 5.2 through 5.4 

indicate the details of such cOimections. To prevent column 79 

frorn buckling, the connections should have provided adequate 

lateral bracing in additiol1 10 transferring beam reactions to the 

column. It should be noted that column 79 had only 3~wa) 

bracing and no bracing from the easl side to the weak axis of 

the column was provided. Only one skewed knife connection 

(e2) provides the lateral resistance against column buckling in 

east~west direction (weak axis of column 79). increasing the 

vulnerabili ty of column 79. 

22 
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Girder to 44 

Knife 
Connection 
(C2) 

Column 79 

Seated 
Connection 
(C1) 

Knife 
Connection 
(C3) 

Girder to 80 

Fig llre j ] Plnn I 'il'lt' o/en/unlt! - 9 ('l'lIull!Cl'()n~ 

Seal as 
bmlt aI oW :l-i \\ eU 

• • 

• • 
SeOll .u 
11I ull 

Fig/Ire 5.3 £/(!\'atio" oml Cross Sl'ctiono! I 'i~'S a/Seoled Connection (C J J at Cailtltm 711 

23 
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Girder to 76 Girder to 60 

5/16" 

• • Fillet 
Weld 

• • • 

Ii: • ~ I 

• • I 
(C2) • • • Doubl, 

• Angle knife 
Connection • (C3) 

• 
Cross Section Column 79 

Figure 5.4 Cross Sectional View 0/ Dmlbie Angle Knife Connection (1/ Column 79 

• Braci ng Ca[1l1.cit)' Prn"idtd by Conneclions 

Connection ca(klcities were cakuh:lltxl rrom the geomelrit!s 

provided in Fmnkel Sleel shop drawi ng~ and the Manual or 

Steel Construction (Sib Ed.) published in 19S0 by the American 

Institutc of Steel Construction (AISC). Allowable Stress 

Design method (AS D) was used as a basis of the capacity 

calculations. The calculated capacities werc compared with 2% 

of column axial loads shown on the structural drawings to 

verify whether the connections provided adequate bracing to 

columns. 

As shoml in the figures above. only west side of column 79 is 

braced in the east - "cst direction. Therefore. the knife 
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connection (e2) must provide enough bracing capacity bolh in 

tension and compression to meet the code requirement. In tne 

north - south direction. column 79 has girdcr bracings in both 

directions (el and C3). When the seated connection (el ) is 

subjel:ll!li to cUlllprt:ssioll. the "-l1ift: curmt:clion (C3) is 

simultaneously in tt:nsion or vke versa. Tlu!:n::fun::. the 

conneclioll bracing capacity should be the smaller value of 

compression capacity of C I plus tension capacity of (3 or 

tension capacity orc! plus compression capac it) orC3. 

• Seated co nnection at 4-'-79 (el in Fig 5.1 & 5.2) 

This seated connection axial (compression and tension) 

capacity is controlled by bolt shear capaCII). 

For 7/'1." Diameter A325 F· T Ypc'. shear capacity per bolt is: 

10.5 kips (Single Shear Plane) 

2!.0 kips (Double Shear Plane) 

(Page ./-5 in AISC Manual g" Edilion) 

The girder top nangc is connected to a clip angle with two 

bolts und Ihc bottom flange is also connected using two 

bolts. Therefore. tOlallour bolts are able to resist both a.x ial 

compression and tension forces. Since each bolt has a 

single shear plane when it is subjected to axial forces. thc 

tolal axial compression and tension capacity is: 

10.5 I< 4 = 42kifJ.\· 
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• Knife conncctiun at 76·79 (C2 in Fig 5.1 & 5.2) 

The knife connection capacit} in compression is controlled 

by bolt shcar capacity. Sincc eight 7.'8" Diameter A325 F· 

T)pc bolts havc double shear plancs when thcy arc 

subjected to compressive forces. the compression capacity 

is: 

21.0x8= 168klf)S 

When the beam is pulled away from the connection. due \0 

tncir geomctry and limits on wcld locat ions. the angles of 

tnc cOIUlection defoml (Fig. 5.5). The capaci t)' of the 

double: angles as a result of thi s behavior can be detenn ined 

based on the principles of mechanics. Assumi ng that the 

angles are si mply supponcd at the angle lOes, criliClI l 

section is approximately al "le distance from the heel of 

the angle (Fig. 5.6). The k d istance is defined as the 

distance from oUler facc of flange to web toe of fillet of 

roll ed shape. 

CirCle r Girder 

I I 
• • • • 

Column Column 

Figllre 5.5 PllJIl nell' of K"ifo COllnecrion Dejormtlfioll 11/ Tension 
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Tension Force (P) 

r 
B ... 

Simpty ..... :r;;;;;;;;;;;;;;;;;;;;;;::.J 

Angle 
Toe ... 

'!'A~ng~le~---""""!t Simply 
S~orted Heel Supported 

OiltVtc:e to Cnllctl L 
Section IL) II Oi,t.n"" 

Figllre 5.6 Free Bod)' Diagram o/Douhle A'1g11' Clmni!('/io" in TellSion 

From a free body diagram of the angles. the elastic tension 

capacity of the coll nection (e2) can be calculated base on 

the following equatinns. 

(O.75F, X S)x 2 p<; . 
L 

Where, Fy= Yield Strength of Steel (ksi) 

S = Section Modulus of Leg of Angle (in3
) 

L = Distance from Angle Toe to Critical Section (in) 

r '" Tension Force (kip) 

For connection. C2 

F)' - 44 ksi 

Di"ldIlCt: to Crit ical Section, I. = 4" - 3/4'· '" 3.25 ill 

Section Mndulus. S = 1/6 X (3/8)2 x 24.5 = 0.574 in) 
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Therefore, the maximum tension fo rce P that the double 

angles can resist is 11.7 kips, which is significantl y low 

capachy. 

• Knifc conne<:lion at 79-80 (C3 in Fig 5.1 & 5.2) 

The connection toward colwnn 80 is a double angle kni fe 

connection. The connection capac ities in compression and 

tension can be calculated as discussed in the previous 

section. 

The bolt shear capacit)' o f five 71'1." Di<lmeler A325 F-Type 

bollS with double shear planes is 21.0 x 5 = 1050 kips. 

Therefore. the compression capacity of C3 is 105.0 kips 

For the tension capac ity of connection C3. 

(O .75F, x S)x 2 p.,; . 
L 

Fy - 44 ksi 

Distance to Critical Section, L '" 3-- - 13/16" - 2.1875 in 

Section Modulus. S = 116 x (3/8i x 14.5 -= 0.340 inJ 

Thcrt:fore. Il le maxl1num tension force P thai the double 

angles can resist is 10J kips. 

• Column 79 Co nnection Capacity Code Check Summary 

Based on the calculations above, bracing capacities 

provided by the connections were dctennined. 

In the north soulh direction, the provided connection ax ial 

capacity is: 42 kips (C1 compression capacity) + !OJ kips 

(C3 tension capacity) = 52.3 kips. In the cast - wcst 
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direction, the :t'(ial connection capacity is 11.7 kips (C2 

tcnsion capacity) 

It should be notcd that thc capacity calculations presented 

in the previous sections are based on the connections at 

noors 8 through 46. The connection capacities at the 

remai ning floors and 2% of dle column design loads are 

summarized in Table 5.1. 
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-

DesIgn Column loads from Structural Drawings 

0.02)( Col. (.2) 

Tobie 5.} Coilimn 79 La/era! Brocin~ Code Clteck (Connection Capacities ill Red Indicate Code I'io/(llion) 
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(iii) Axia l bral'ing ~f Column 80 

II Types of Connettions: 

Column 80 on typical floors is connected to three girders 

spanning between (i) column 79 and 80, (ii) column 77 and 80. 

(iii) column 81 and 80 (Fig. 5.7) It is noted that thc type of the 

connection toward column 77 (C5) is a seated connection only 

on the SIll and 9111 floO!' and knife connections are used for the 

remaining typical floors. C5 is shown as a knife connection in 

Figllre 5.7 and the knift! connection axial caracity ofCS will he 

calculated in the follo\\ing section . 

• ~nile connection (C4, C5, ( 6) 

figure j . 7 7)'fIes ofConmu:tiolU at Co/um" bO 
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Similar to column 79, colunm 80 also has on ly 3-way bracing 

and no bracing from the east side of the column is provided. 

Only a skewed kni fe connection (C5) pro-.. ides the lateral 

resistance against column buckling in east-west direction 

(weak ax is of column &0). illcreasing the vulnerabil ity of 

column 80. All three connections are similar to the double 

angle knife connection illustrated in the column 79 connection 

details (Figure 5.2 through 5.4) 

• Bracin~ capacity provided b)' connections 

Each connection axial capacit), calculation and the comparison 

with the required capacity arc discussed in the following 

sections 

• Knife con nection at 79-80 & 80-St(C4 & C6 in Fig S.7) 

The connections toward co lumn 79 and 81 are double angle 

knife connections. The connection capac it ies in 

compression and tension are calculated as discussed in the 

previous section. 

The knife connection capacity in compression is control led 

by boll shear capacity. The bolt shear capacity of live 7/8" 

Diameter A325 F-Type bolts with double shear planes is 

2 J.O x 5 = 105.0 kips. Thercforc. the compression capaei t)' 

of C4 and C6 is 105.0 kips 
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For the tension capacit) of connection , C4 and C6 

(O .75F X S)x 2 
P 5, ) 

L 

Fy== 44 ksi 

Distance to Critical Section. L == 3" 13/ 16" == 2.1875 in 

Section Modulus, S = 1/6 X (3 /8)2 )( 14.5 == 0.340 inJ 

Therefore. the max imum tension force P thaI the double 

angles can resist is 10.3 kips. 

• Knife eonneerion at 77-80 (CS in Fig 5.7) 

Since six 7/8" Diameter A325 F-T)pe bo lts ha\'e double 

shear planes when it is subjected to compressive forces. the 

compression capacity is: 

21 .0)( 6 = 126kips 

For the tension capacity of connection. C5 

(O.75 F, x S)x 2 
p 5, -'-----'-------'­

L 

r)' = 44 ksi 

Distance to Critical Section. L - 3.5"' - 13116·' - 2.6875 in 

Scction Modulus, S = 116 X (3/8)2 x 18.5 = 0.434 inJ 

Therefore. the ma. ... imum tension fo rce P that the double 

ang les can resist is J 0.6 kips. 
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• Col umn RO Cunneclion Capacily Cmle C heck Summ.lH~' 

In the nonh - south direction. the provided connecTion axial 

capacity is: 105 kips (C4 compression capacity) + 10.3 kips 

(C6 tension capacity) = 115.3 kips 

In the cast - west direction, the provided connection axial 

capacity is 10.6 kips (C5 tension capacity) 

It should be noted that the capacity calculations presented 

in the previous sect ions were bascd on the connections at 

the floors 10 through 47 . The connection capacities at the 

remaining floors and 2% of the column de sign loads were 

summarized in Table 5.2. 
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(1) 

Level 

(2) 

Column load · 
(kip) 

~ 

(3) 

Required 8raci"g 
Force (2%) ~ 

(/(ip) 

• Design Column Loads from Structural Drawings 

D 0.02 x Col (2) 

'~ 

TobIe 5 ) Coll/mn 80 Lmeral 8rocmg Code Check (ColllleclIon Capacl lies In Red IlId,clJl2 Code Vi%IlOn) 
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(iv) Cunclusion 

WTC 7 railed 10 meel the 2% axial hmcing requirement mandated b} 

NYBC at each of Columns 79 and 80. Other interior columns (59. 60. 64. 

66. 67. 69. 70. 72, 73. 75) are also found to be highly vulnerable by 

inspection due to the 3-way bracings with the knife type connections that 

provide insufficiem bracing when subjected to tension. Given the 

trapezoidal shape of the bui lding resulting in eccentric and skewed 

connections combined with oversized floor bays. double angle 

connections were nOI the correcl type to provide lateral bracing of 

columns. Thc)' wcre incapable of transmitting thc required 2% a"\ial force 

at columns 79 and 80. lea\'ing those columns vulnerable to buckl ing, 

(v) M ndificHlion RClluiroo In Med Code 

This section shows a proposed alternate connection al colunm 79 to 

improve the bracing capacities and 10 satisfY the NYC Building Code 

requi rement. As discussed above. the knife connections provide 

insufficient bracing capacity in tension due to the fl exibil ity orthe angles. 

I n the alternate to meet the code. the double angles should have been 

changed to IWO shear labs with Ihe same number of bollS and similar size. 

For the scated connection (C I), it is proposed to usc two shear tabs. 

(2 PL4x3
/ l1 x2 '-0 1h ) with 8 bol ts in order to increase the axial capacity of 

the connection, One side of the shear tabs is shop welded while the other 

side needs to be field welded ror better constructability. The ske\\ed 

connection towards column 76 (C2) is made of two plates a 41/ 16"3/1:<2'. 

S'h" and a 4 7/1 6X3/gx2' _5J/2" with 10 holts. Towards co lumn 80 (C3), Ihe 

angles are changed In 2PI,4xJ/,x I' _21 /1 with 5 bo lts (Figure 5.8 - 5.1 0) 
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Proposed 
Double Plate 
Connections 

,.utl "-tr.ttion 
OroovtYNIcI 

Column 79 

• 

Girder to « 
(Propos.d C1) 

FleldW.kI 

Oi"derto 80 

Plan 

F'g,'rc 5.8 P/(m I 'in.' of PrQposed ComrecliOlrs 01 Co/'"nn "r910 Mec/ ~%Axial BroclIIg Force 

Reqlllrtfifletll 
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! Proposed 
,}:! Double Plate 

Connections 

• 
• 
• 
• 
• 

" • , 

• 
• , 

Girder 10 76 • Girder to 80 
(ProposedC ) . (Proposed C3) 

Elevation 

Figure J. /0 Cross-secrionoI1 7e'11' of Proposed Connectlolls al Colullln -9 

Install ing the double shear tabs in li eu of double angles eliminates the 

prying effect in tension. which is the controlling failure mechanism of thc 

as-built double angle connections when subjected in tensil e fo rces. This 

prupost:d mnnt:ction typt! signi ficum ly improves the braci n~ capaci ti es in 

ICn<;ion by direcily transmitting axial forces through full penetration bun 

welds with no eccentricity. This proposed alternative connec tion is 

appl icable to other vulnerable columns with double angie knife 

connections requiring negligible additional installation cost and time. The 

axial capacities or the proposed connections are summarized in Table 5.3 

and corresponding calculations are shown below. As evidenced from the 

ta ble, they meet the 2% axial bmcing requirement of NYC Building Code. 
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161 52.3 117 171 

Tahle J3: SlImman a/Connection Capae/ties "f. 1% Required 

Proposed ('mlt/eelion Axial Capacity Verification 

Col umn 791 oat! at Sth Floor: 8044 !..ips 

2% Required Axial Capac it) : 804~ x 0.02 = 160.9 kip 

Col. 79 Proposed ('onnec/ioI110ll'(lrds Col. ·14 (el) Capacity 

- Use two PL4x1/G;'(2' ·O' h " with 8 bolts 

Bolt Shear Capacity 

2 1.0xR = 168kip," 

Resllitant Compression or Tension Capacity 

(SlIbrracring Shear from CapacifY) 

J168' 146' =8J,Jk;ps 

CoJ. 79 Proposed COllnl!CIion towards Cof. 76 (el) Capacity 

• Use PL41 / 16<X3/8Xl·.j'lz'· and a PL41/u,"/' gx2'-S1/2" \vith 10 bolts 

Bofl Shear Capacity 

21.0x10-210kips 

Re:ntirunl Cumprcl':!";Url or T.:nsiml Calx/city 

(SuhTracting Shear /rom CapacifY) 

J2 102 -102 l = 183.6kips 
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Col. 79 Proposed Connection towards Col. 80 (e3) Cap(lcity 

-L'5C 2PL4x%xl '-ih with 5 bolts 

Bo/r Shear Capacity 

21.0x5 = l05kip~ 

ReslilUml Compression or Tension Capacil) 

(Subtractin~ Shear from Capacity) 

J I05 2 -5!e = 87.5 kips 

Based on the calculations above, the provided connection axial capacity in 

the nonh - sOllth direction is: 

83.1 kips (C 1 compression capacity) + 87.5 kips (C3 tension capacity) 

= 170.6 kips > 153.4 kips 

I MEETS THE NVBC 2% BRACING REQUIREMENT J 

In the east west directIon. the provided connection a.xial capacity is: 

183.6 kips (C2 tension or compression capacity) > 153.4 kips 

[MEETS THE "VBC 2% BRACING REQUIREMENT J 
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S.B Resish!. nce tu Disproportionate Collapse. 

(i) Definition of Disproportion»te Collapse 

Disproportionate collapse is Lhe spread of an initial local failure from 

element to element. eventually resulting in the collapse of an entire 

structure or a disproportionately large part of it. Resistance to 

disproportionate collapse is often referred to as "structural integrity" as in 

American National Standards Institute C"ANSr') A58.1 -1982: 

" ... buildings and structural systems shall possess general 
structural integrity. \,hich is the quality of being able to 
sU<;lain local damage with the structure <:I .. a "hole remain ing 
stable and not being damaged to an extent disproportionate 
to the origmal damage." 

(ii) Industry Standard 

Beginning, at least, with the disproportionate collapse at Ronan Point, 

England in 1968. structural engineers had been aware ot: nnd concerned 

with. the dangers of disproportionate collapse from an initi al failure. In 

1972. ANSI ASS.I pro,ided, 

"Progressive Collapse . Dui Jdings and structural 
systems shall provide such structural integri ty thaI the 
hazards associated with progressi\'e collapse. such as 
that due to local fai lme caused by severe overloads or 
abnormal loads not spec ifically covered here in. are 
reduced to a level consisten t with good engineering 
practice.1 

2 This precise language was contained in sec. 701.2 of the BOCA 
Basic Building Code (1975) as pan of Sec, 701 entitled - "Design 
Safe Load". BOCA was tbe building code for New Jersey at the 
time and Cantor was fam il iar with it from other projects. (Cantor 
dep .. pg. 326). Even more significantl y. the Port AulilOrity as a bi­
state agency of both New York and New Jersey was intimately 
familiar with the fact that this BOCA requirement was a minimum 
standard lor its buildings erected in New Jersey. 
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Although Ihe New York City Building Code did 110t r.;unlain a specific 

provision mandating that huildings Ilt; dt:sigmxl to resist disproportionate 

collapse, a huilding lhat was nOl designed to meet the definition of 

structural integrity contained in the above paragraph. even before 1982, 

was not designed 10 a level consistent with good engineering practice. 

whether that building was built in New York City, New Jersey or 

anywhere else in lhe world. The New York City Building Code. like all 

local building codes, establishes only minimum requirements (NYBC 

C26-1000.1). Blind adherence to building code requirements is not the 

standard for good engineering practice. It is therefore surprising. and a 

major deviation from the standard of engineering practice in the 19805. 

that the Office of Irwin Cantor gave no consideration to designing WTC 7. 

a high-risc o iconic structure with numerous structural engineering 

challenges. for resistance to disproportionate collapse because it was not 

explicitly required to do so by the NYCBC. as he testified at his deposition 

at page 353 :3-12. 

The wave of bombings of banks and other financial institutions in New 

York CilY in 1982 should have elevated resistance to disproponionate 

collapse to the forefront of the designer's mind in designing a new high 

rise steel office building in the financial district at that time. As far back as 

1966. during the time of the Vietnam war and the bombings of ROTC 

buildings, I was working at Skidmore, Owings and Merrill on the design 

of the 100-story John Hancock Cen tre in Chicago. aJld performed a 

disproponionatc collapse study on the design of the tower. 
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As indicated in the ponion of this repon defini ng "disproponionate 

col lapse. 1982 ANSI § A,8. 1 publication American Kational Standard: 

Minimum Design Loads For Buildings And Other Structures explicitly 

requi red that consideration be given 10 the "structural integrity" of a 

building. Specifi cally, Sect ion 1.3, entitled "Generol Struetumllntegrity" . 

provided: 

Through accident or misuse. structures capable of 

suppon ing safely all comcnlional design loads 

may sufTer local damage. that is. the loss of load 

resistance ill an elCIllCIlI or smal l portion of the: 

st ructure. In recognition o f this. hui ldings and 

structural svstems shall possess general structural 

illiegritv. whieh is the quality of being able to 

sustain local damage with the structure as a whole 

remaining stable and not being damaged to an 

extent d isproportionate to the local damage, ANS I 

* AS~.1 (emphasis added). 

As its name implies. ANSI has always provided the 

national standard for structural engineers in designing 

buildings. railure to comply with the above standard in 

the design of WTC 7 was. by definition. a violation of the 

standard applic<:lblc tu the industry in 1982. 
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(iii) Conclusion rio': \\ITC 1 Design 

Since the structural engineer admitted that he did not design \VTC 7 to be 

resistan t to disproportionate collapse, it is not surpnsing that the building 

was inadequate ly designed in the following Wtlys: 

(a) The Enginccr of Record failed to specify axial force requirements for 

each beam·to·column connection on structural drawings supplied to the 

fabricator resu lting in (i) almost half of the flooHo·inter ior column joints 

in the building not meeting even the minimum lateral bracing code 

requirement in at lea.<;t one direction and (ii) 75% of the inkrior l:(JILlmn~ 

having <:It It:ast one lateral br<:lL:ing cude violation. 

(b) The unwarranted delegalion of design/detail responsibility for critical 

connections like Column 79 and 80 to the fabricator and failure to 

adequately supervise the fabricato r led to improper design of connections 

and their subsequent inability to transmit the required a.xial forces. A mere 

review of the three·sided connection at Columns 79 and 80 would have 

alerted the Engineer of J{ccord to the impossibiltt)' of designing an 

adequate double angle "knife" connection. 

(c) Good engineeri ng practice requires that each exterior column should 

have 3 gi rders framing into it and each interior column should have 4 

girde rs framing into it. However interior columns 59. 60. 64. 66. G7. G9. 

70. 72. 73. 75. 79 and 80 only had girders only on 3 sides. Thus. an 

unpaired connection in the direction of the single girder had to provide the 

ent ire 2"/n bracing force. Therefore. mllst of the interior columns 

mentioned <:Ih()\e fai led the 2% Hx ial bracing requirement. Four-sided 

bracing was panicu larly important for columns with large tributary areas 

like Col umns 79 and 80. which shou ld have been braced on 4 sides so as 

to prevent buckling in the event of a weakness of the unpaired connection. 
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Furlht:r, \\here pussible, Ihe 2% bracing should have been allocated 

equally among (he 2 members bracing each side of the axis (ie., I % each). 

(d) Columns 79. 80 and 81 had very large tributary floor areas. Hence any 

failure of the column or connections has a d isproportionately large floor 

area impacted. 

(e) Conventional knowledge indicates that for a 47 story building the 

economical structural system is a braced core with n perimeter welded 

frame going al l the way up and down the building. Unfortunately the core 

bracing was stopped at thc 7th floor. If the bracing was continucd over the 

height of the building it would have helped to brace the interior core 

columns. 

(f) Critical members such <1.0.; lr<tnsfer tflJSS mt:mbers. cantilever Inmsfer 

girders elc. were dt:signed with luw facturs o f sa ft:ty and no consideration 

for the critical nature of these members. 

(g) Transfer Trusses I and 2 had three major design deficiencies. 

(i) Lack of Redundancy: The use of si ngle diagonals creates the 

potential problem of disproportionate collapse due to failure of the 

diagonal or its connection. Double diagonal s should have been 

used. 

(ii) Factor a/SafelY: A review ofthc calcu lat ions indicates that 

usual AISC factor of safe ty (1.6 to 1.9) were used as seen in 

Figures 5.11 and 5.12. 
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7___. 
I 

,.. • :3 J 00 II::. e;, 

6<-e .... ,... O-..l T" " "",; ... I 

Figllf C 5 II u C'l.'rpl!rQIIJ CA,vTOR1OOJ]'; Showing Trill} J Dw):,mm lor COlclllations 

HeMe, . (j) eaJr· ~ .. I 

".'l> ~ (19.'· ... 2",') Z -;. 71 '" 17 ..1 '<'-
n ( r-... ,"~ 1.<>(1"7,17)(12) / ~.So'" = 'to 

~,~ J'r.r /",,- <0 f'-I'7bt:. /Z'3 / -=- 't."'""" 

.. 
fij:lIre .5./1 £tct.'rpt fro", CANTOR]/}())18 Showmg nurg(mal DeJ/gn Ca/r;lI'U1iulI~ 

In my opinion. transfer trusses should have been designed for 

higher than tl<;ual factors of safety due to the cri ticnl nature orlhe 

truss. For example the tntll~ fcr girder at the Drunswick Building in 

Chicago. designed in the 1960's had a factor of safety of 3.0 (see 

F;g.5.13). 
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Ii,"?, ".1" 
" ..... l' ....... ~ 
,~ r ~"' .. ~'l' ~ 
ri" ~ 
" . . . ... 

To slud~ th(' lxh.I\-ior of the plOro~l"d tI.m .. Il-1 glider!!. the profe''O r!! n:c­

omll1l'ndt'd the )tTll clur.J1 RL~e,)rch L.lbor;ltor, .It the U lll\ l'N tV of 1Il1ll0 lS lor 

Illude! 10.11.1 lnti ll~, dJld Kh.1II illlJlu..:Ji.llch l O!Hal lnl Che\tt'r SIO~. A Jt: t:p­

beam rcst:Jnh proJcLl 1H1~'re~tt:J Slt"'\ .Hld li t lI ltO till' HOp t' ulthe bb \ I c~lIl1~ 

prngr.lIn , '\0 tilt' llIlLVt'f',ity ;!grt't'd to lIIulel"ul.. l' lo .. d Il· ... r\ fur t;OM\ dt'~ign . 

I he ~ubse(lu elH laborJlory tt'~ts COll b rmcd the \'altthty at Kh:1I1 's design 

~1)(.' lt1c fo r the tr,l1I,fcr gi rder' b,l~('d Oil Iw,.:hill ~I lit' llIfxll'i h"I~ of d Iwo-,p:m 

lUll lil1llUU~ \.)1.:01111, d \"fcn CLttur 011 Ih t: un.k" o j 3.0 Wd!l pI"t,uiLl t:..J , ) idJlllb 
was showll to bt' in flt'xu re. tht'rt> \\,J( no ,IP l'lrt-' 1L1 dlstre<;s dl1 t" 10 she:lr, :md 

there was IilIlUI1U\ efft' ct of the bOfLlo1H:ll lomtru(t1on JOlOts. I he t t'S{~ also 

mdiCJtcd thlt normal pbcctllcllI of pl"i m:lT' rc.: l1lfOrCCIlICIlt at th e tOp Jnd bot­

tUIil uf till' bCdlll. \ \ 11I1 '<tUllll,1I '! n: m(OILlllg d t IIIIJ-dclJ lh , \\d\ applopn,IIC-

ncn.·~\,lry l llllji llll.H \\ 11 1. 'lIIlt' J\CI J 1 ~ -:;(I ... U l llldll1 ~ C ode Rl'q ui rcLllen t~ tor 

Rt'intorn:d COnUt'lt':' d Id nor ("(lwr dl'~'p he.lllt dl .... I~, .. :" 

KhJ Il 31ld " wtd l11onnort'd ,hc \t rllUlIrll Iwh .IVI OI o t" IIIe IrJn,(er glrdn\ 

,lIld Iht" ir 7 fi"II- ..... I U .lr~· 5lIppo rtill g <.olullIm durt ng l·O Il $ITu c t IOIl . Rt'Jdin!-,'S 

froul gJ~L"\ lIhla lkd III tht' :.trudurt' wntlcd lht'lr Int ('~n r, ,Ind pro\ ,de-d d:tt;( 

for ("orrd.Hil l l.( JI l.llvnc;!1 mt'"1 hod, 11111 Ilh' l"I \t'd .. t JlIl t tII .!1 bt 1.,1\ 101 

F i811'C> 5. J J £':CC'eTpljrom En811J(>f!Tin8 AN:hl/c>cturf' m' rasmm Sabina Khan (100J) 
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(iii) DelUiI ufDiugunul /u Girder Cunnet:liulI : A highly unusual 

ami dangt!rollS: "coll<tr" connt!ctioll deta il was urigimtlly desigllt:d 

as shown in Fig. 5.14. The noor beam \\as deliberately moved oIT 

the centerline of the diagonal which defies basic engineering 

principles. This detail inherentl y assumes that the diagonal will 

mo\'e sideways before the vertical plate on the girder will restrain 

further movement. No dimensions were provided on the maximum 

mo\'ement tolerated, construction tolerances. etc. Our analysis 

indicates that thi s dctail would not havc \\orkcd. This crucial 

detail was changed in thc shop drawings process to the detail 

shown in Fig. 5.15. This new detail, though somewhat beuer. still 

contained most of lhe problems of the original" collar" design .. 

Plan View 

Figllrr j . !.J Original Collar Drltail ShOl\'n on Cantor StruClural DrUII ing (S-23) 

Plan View 

SECT. J 

FigUN! 5. J 5 Revised Col/ar Detail 
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In my opinion. a more rigid connection that is nonnall y used 

should have been designed and fully detailed on the ori ginal 

drawings. 

(h) There was no analysis conducted to see how the building would react 

if one of the important transfer system members were to fail. Had an 

"elimination analysis" been conducted with respect to transfer trusses and 

cantilevered transfer gi rds al WTe 7. such analysis would have clearly 

shown thc building's susceptibility to disproportionate col lapse. The 

transfer trusses had only single diagonal members (no double diagonals). 

I-lence the failure of a diagonal or connection "ould be catastrophic . There 

was no cons ideration for redundancy or alternate load path wh ich would 

have pro\'ided resistance to dispruportionate collapse. Redundancy in the 

transfer tnlsses should ha\t.~ been created in the design to pn:: vent a globttl 

collapse and make the building more robus\. An addit ional truss could 

have been designed going south from Column 47A and connecting to 

Column 78A. This would ensure that if there was any problem with 

Trusses 1 or 2 that there was an alternate load path fo r the transfer 

columns 76 and 77. (See Figs. 5.1 6 and 5.17). 
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Figure 5.16 Location of proposed Ir(lllyj'er IruSS on tlte i lhfloor for all a/uri/ale deJ igll 
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1 1 8 129~ 07 

(i) A designer and developer of any structure in 1982 should have been 

wm;cmt:d \, ith lluil structure's putt:l1lial for disproportiunate L'ullap~. 

Th~t requirellH:nl should have been even mure obvious to the designer and 

developer of a building to be constnlcted in the World Trade Center 

Complex. No qualified engineer and developer should have designed and 

constructed a building with the multiple structural challenges presented by 

wrc 7. as set forth in Section 5.A(v) above. without designing and 

constructing it with sufficient structural integrity to resist disproportionate 

collapse as required b) the standard set down in ANSI Sec. 58A.I (1982). 

(j) Both the corc girders and other noor girders should have been 

designed fully composite. This would have given beneT behavior for floor 

deflection. floor vibration. column bracing and for fire resistance. Instead. 

critical ginit:rs in WTC 7 were made only negligibly composite at the 

cUllstructiun stage thruugh additiun of 11 small llUmber uf sheer studs., 

solely to accommodate additional venica l load. Rather. all noor framing 

should have been des igned as composite to provide sufficient connection 

between the noor slab and the framing to fac il itate adequate transfer of 

lateral loads. This would h:we provided better structural integrity in 

general , including bener brac ing of interior columns and control of floor 

deflections and floor vibrations. 
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S.C Sccumla ry Stresses (NYBC , iul<l tiulI) 

According 10 § C26-1001.3 uf the New York City Charier and Administrative 

Code from 1978 (Fig 5.19): 

§ 0 26- 1001.3 Secondary streUel.-Seeondary stl'e •• es in 
trus"". ~hall be constdered and where of significant magni tude, their 
effects shall be provtded for In the d(!8ign , 

I II'IIN: 5.19 Pilge J05 oftffe Nell' fork CIf)" Charter and Admmlstrative Code shOll/JIg dlar secolldary." 
f!resseJ milS! be chl?cbd. 

11812IJS 01 

To St:t: if this had bet:1I follo\H::d. I h~ stresses in Ihe ETABS rnuJtllJnd~r design 

loads were examined. They "ere checked 31 the lOp, middle and bonom of each 

truss diagonal in Truss 1 & 2. The diagonals were trealed as elements with 

pinned connections (Fig 5.20 and Fig 5.21) and then elemellls wi th fixed 

connect ions (Fig 5.22 and Fig 5.23) since the actual case is in between. This was 

confimled by a review of the shop drawing details of the connect ions showing a 

high degree of fixi ties at the joints. 
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(i) Pinned End Connections S1udy 

Col. 73 
ih Floor 

6th Floor 
17' ". 

175 

Col 76 

"" 

:J<). 

20 

113 0 30 7 

5 Floor Axia l Stress (ksi) 
Major Bending Stress (ksi) 
Minor Bending Stress (ksl) 

Figure 5.20 S'r/!j}e} ill Tru.s~ I diago/lUls laJ:i,w, Ihe Jia¥.QII<l/~ as IW"illg pim~rJ C(Jllnl.'(;li(Jlls allil.: IUP 
lmd !x1lltl1ll 

Col. 73 
7 tl1 Floor 

6 tn Floor 
11.5 

". 
" 

175 

Col 76 
30 1 

'0. 
20 , 

18.0 30.7 

5 Floor Axial Stress (ksi) 
Major Bending Stress (ksl) 
Minor Bending Stress (ksl) 

Figlwe j.21 Siresses in Trrlu 2 diagQllals lak;nf!, tile dia1tQlrals OJ having pimll!d COllfleCliQlIJ allhe IQP 
and 00110111 
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(ii) Fhetl Entl CUlmecl iCJ II ~ SlUt!) 

Col 73 
i l'l Floor 

61n Floor 
", 
0 "' , 

", 
Col 76 

JOI 

30 
20 

" 
lBO ~. 7 

5 Floor Axial Stress (ksi) 
Major Bending Stress (ksi) 
Minor Bending Stress (ksl) 

Figllrt: 5.11 Slre:.'ie5 ill Tflu~ I diugollo/s lakillg Ihe diagonals ru hClL"ingfited cOllllecli(}tJ)' ut the lOp Ullli 
hot/flltl 

Col 73 
71 Floor 

61n Floor 
", 
0 .. 

", 
Col 76 

"" 

30. 
20 

" 
18 0 30.7 

5 Floor Axial Stress (ksi) 
Major Bending Stress (ksl) 
Minor Bending Stress (ksl) 

Figlwe 5.11 Stresses in T,-,.ss ] diagonals taki"g Ihe diagonals as havingji.,·(uJ cOlllicc/ions at the lOp um) 
fxmom. 
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(iii) Conclusion 

The secondary stresses are clearly of sign ificant magnitude. 

Considering Truss I , the sum of the secondary stresses is bel\veen 

6.1 and 7.7 ksi atihe middle of the right diagonal which is between 

21% and 27% of the axial stress of28.6 ksi. For Truss 2. the sum 

of the largest secondary Stresses is bel\\Cen 0 and 8.1 ksi al the top 

left connection or between 0 and 35% of the axial stress of 23.3 

ksi. Accordin&ly. these secondary stresses should have been 

considered in the design process. It appears that the) were not 

considered either out of lack of know ledge or a standard of care. 

6. Additional Violations andlor Structural Problems with WTC 7 

(i) Complex Nature of the Duilding. The site constraints made the structure of 

WTC 7 uniq ue and challenging. Budding around and above an existing 

operational vault and building new foundations and superstructure requires a 

heightened level of care. 11le difficulty in the structural design "as 

compounded by the lucat ion in Suuthern Manhalliln which had witnes"ed 

bombings in the )ears prior to and during the design and constntction of WTC 

7. The provision ofa truck ramp under the east bay of the tower. introduced 

the possibilit) of fire or bomb undenn ining the integrity of the building. 

All these factors necessitated a higher degree of expertise. design 

considerations and care in the design of this structure. It is my opinion that 

thi s was not done in the design of WTC 7. 

(ii) Lack of Lateral Systems: Classical tall building des ign for a 47 slory bui ld ing 

uses Q "tube-in-tube" system. Essentiall y the braced core (inner tube) should 

have been taken all the way to the top of the building (instead of just 10 the 7th 

S6 
118129507 
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floor, as it was at WTC 7) just as the exterior " tube"" of welded girders and 

columns was taken to the roof. This would have been panicularly helpful 10 

provide lateral bracing support to the building diaphragm, fragmented by the 

trench headers. 

(iii) Trench Headers : The floor slabs perfonn the function of a floor diaphragm 

tying the structure together. This diaphragm is needed to provide in-plane 

bracing connection of columns La lateral load resisting clements to transmit 

wind forces from the fayade to the perimeter ·'tube". and to transmi t the 

bracing force for interior columns. 

In the location of the trench header there is no concrete slab and hence the 

welding of the metal deck is cruci<ll. A crilic<ll detail such as this. should have 

been shown on the stnlclural dmwings .. 

A good engi neer would have not only shown the reinforcement of the deck for 

the trench header but also provided the in· floor diagonal bracing to transmit 

diaphragm forces (see Figs. 6.1 and 6.2) 
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Figure 6./ Panlaf Plall I'iew showing Trench Header un a 1978 project in HO//5/Q/I Te;uu, designed by 
CBM Engint'eT$ 

{8jJI:._T ON A'- -C E.. .... "'- .... rI;: f'o.. .:::: E:\2... 

Figrlre 6.2 Sectioll Vjew o(Trench Header Detail sllOII'ing Bracing on a /978 projen in HallS/on Texas. 
de~iglll:J by CBAf Engilleers 
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~ ... . 

(i v) Transfer Girders: The deep tnlllsfer girders ror the north faee columns havc 

two problems. First a transfer girde r is a poor cho ice compared IQ an incli ned 

column. Fig. 6.3 shows the incl ined col umn transfer was used 0 11 560 Mi!)s io ll 

in San Francisco. 

~.,j,~'"'l-t, .... 
~';, ... ;t,.'::l'J <;'.; 

!' ... 

" 

. ,. ...~ 

~.-.. ",.. 

!, 
I 

.. 

J 

, ........... 

,,"~·a~N\· 
~- ..... ,.- ... 
.~,.,,, .. ..... ~ 

~; 
• 

" '1',1"' .......... ,. ~ 
~ ... ~'-

tlPtl .. " 

Figure 6 J hlrlmM Cc/un!n !/ud in j60 MlSsio" B,dfdmg designed by CBM E"gineers 
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Secondly in the case of the girders for columns 45 and 46, they create dual 

tmnsfers. The transfer girder is itself further transferred by Truss I. In my 

opinion stacking of transfer systcms increases the vulncrability of thc ovcrall 

structure since any problcm with the members or conncctions in Truss I will 

also affect the north face of WTC 7. 

(v) Differemial Loading in Exterior Columns 

1181295.07 

Rased 011 their Irihulary areas, 43 afld 27 did nm take much floor load (Fig (i4 

and Fig 6.6). The columns flextlO them. 44 and 26, take a significantly higher 

tributary load. Yet, columns 44 and 43 are of the same size according to the 

column schedule in the construction documents (Figure 6.5). A similar 

loading situation occurs with respect to columns 26 and 27 (Fig 6.7). In that 

case. the columns with the smaller tributary load are oflarger size. This type 

of member sizing is problematic in tall building design because it creates 

differentIa l axial shonening under gravity loads. A consequence of this effect 

is that the column loads in the perimeter moment Ihune are redistributed. 

creating differences between the theoretical and actual axial loads in these 

members. Thi s variation is confinncd by the differences obscrvcd between 

the perimeter column a.'tialloads listed in the project engineer's column 

schedule and those shown in our global ETA DS modeL An additional 

repercussion of this effect is described in the following section on the belt 

trusses. 
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Figure 6. 5 fRsixn foods lor columlU .jj and 44 ullhe ~t"fl()()r as shown 011 S.I· 
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(vi) Delt Trusses and Wind Bracing Systems 

1181 295,01 

From the 22m! to 24th floors. there were diagonal members connecting exterior 

columns. Thc~ members form a "belt truss" . The primary purpose of lht! 

truss is to stifTcn the t!xlerior fnunt: for lalcral deflection uf thc buildil1g undcr 

wind loads. 

If the exterior columns are properly sized such that the axial stresses under 

gravity loads were the same, then no stresses \vou ld have been induced in the 

belt truss diagonals under gravity loads. However. as previously mentioned. 

in WI C 7 the column sizes were not selected in this manner. As a result. 

gravity stresses were induced in the diagonals. rhis resulted in the diagonals 

being overstressed. 

Wind bracing systems were examined by a code check. Over-stTCssed 

members in the wind braces are sho\\1l in red in Ihe figures below. It is noted 

that Frankel steel changed the belt truss diagonal sections due to stock 

availability (Fig 6.8) and the change was reflected in the ETABS model for 

mde check. 

:'5U~rUJ"IONS n:; SUIT .5roc~ 
Z'MClOd~e ffv.Uq, z : ,..r4~!J!J.6-(,...J3 £LI~S) 
? em.6() M'~V":; CI$.4IO ·/~'wrlL"~~) 

:lTE.~ G"..!["'W"H_ A~rlH -!~ 

/CMZ ~C:.FS , C'ON~C:;-"'N o.r;?A .. ~::; .sG~ DwGS, ,3/0'371.'~(/9.!;ov 

_"'i:L~ 

_ .. SF .. " ........ ..-rr ,1 ,"', -,,"u' 

Flgrl" 6 8 SlIbJillIIlfU)// 10 Sill/ . £J1l 
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llll2'}5 07 

· ~. 
Fif!.IIre 6.9 SouII, Bell TrUll benre(njloon 21 (md].l dio/t,OflCll diagram 

Table 1"~'!!!!'+''<!!:!!.!;'!t-~~~'!'.C~c.''!,~~"",Ralio! .. 
ETABS 
Stress 
Ratio 

Story Brace 
10 

Brace 
Section 
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2<2Of>000.0 
• • 

Fig"re 6. JO Nurlh &1/ TruH benn:enf!oo,:. !2 (md 2.J dillgOIlU/ diagram 

24111 Fluur 

• • .... "'!' ... 11111~ .. - ---f IS!/(fl' 6 II North 8i!lt Tflf!l die/gana/ diagram (Buifdmg ('(lSI ~Idf magnified) 

24111 Floor 

• 
Figu"i! 6.12 North Bell TrJlSs diagonal diagram (Bllilding west side mosnifisd) 

Table 6.2 North Bdl Trim berweell floors)1 and 2-1 Stress Ralios 

Brace Brace ETABS 
Story 10 Section 

Stress 
Ratio 

23 0267 2WT5X56 1.633 
23 027 1 2WT5X56 1.47~_ 
2. 0275 2WT5X56 1.595 
24 0282 2MC10X336 1.095 
23 0289 2MC1OX336 1.026 
23 0292 2MC10X336 1.07 
23 0296 2MC10X336 1.094 
23 0301 2MC1DX336 1 145 
24 0305 2WT5X56 1.093 
23 0305 2WT5X56 1.01 
23 0311 2WT5X56 1.141 
24 0317 2WT5X56 1.725 
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1111211507 

._-_ ... ,-_ .... 
Figure 6. ,j Easl Belt Tnm belWL'ellJ100rs 22 and].{ diagol/ol diagram 

T"'''''r!--'''''4'!<1!0.''''~~!'!!.I!!!!'''-!f-~~~''''\· Kmios 
HABS 

Story 

23 
24 

Brace 
10 

0226 

Brace 
Section 

0252 2C15X33.9 
0256 2C 15X33. 9 
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1181m07 

, , 
hgurl! 6. J.I Jl'I!..I1 Bell Tru~~ belll<.:t:rl f/wrs 22 u(/(114 diugvl/{x Jiu~rum 

T<d''''ri--.i!!>!i'''' T!!!""i<!''-''!!l!''''>2l..!!'.':'i:~~'''i R(/liv~ 
ETABS 

Story Brace 
10 

Brace 
Section Stress 

Ratio 

2C15X50 1.021 
2C15X50 1.484 

0207 2C15X50 1.634 

f--';:;--io,o,,8-+-:':sCc;',;5;iX5,,0;-t_~'.~3o;:3 5:;--1 

f-c'",3o-;--:0:c',,4:;9'--j-;i;',,"C 15X"5,,,0;;-t_-':' .,,55:;;7_-1 
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11&129507 

Col 66 Col 65 

,\7 
Co16.t 

.,, 7 
, , . 

o. .', ,C> 
?; : 

?, 
_. 9 ! st Floor "" ' !=======9:lI!:~ Fij!,11re 6.15 EaSllo West Core Brace (Colilmn (;(;-65-61) Dlap,ram 

Tall/'6jf1""~~~~~!!!J~.K""'!!!!f'~~~Pl' RatiQ~ 
Brace Brace 

StO<y 
ID Section 

68 

Stress 
Ratio 
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Col 69 Col 68 CuI 67 
7th Flnor 

, 

, 

1 ,I Floor 

',"::::::::::;;::~"~:;::::;,;::;:~.~n ,.~::::::::::::::~. 
Figure 6.16 East to West Core Brace (Column 69-68-67) Diagram 

1111129507 

Table 6.6 East to West Core BraL"e (Co/limn 69-68-67) Stress Rwios 

Story Brace 
10 

Brace 
Section 

69 

ETABS 
Stress 
Ratio 
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~ <y <1'/H 

/ 
~ 
~ Q~ '!J;C! 

~/ / 
<Il~ ~ ? h.. .... .;;t 

<> , 0 

'" ~' :1f<9 <}<, 

'" • 

l~ , <y oQ.>,.;' I" Floor 

•• '" 1.10 , 
FIgure 6. 17 Easllo West Core Broce (Co/limn -2- 71- -0) Dios,am 

Table 6.7 East 10 West Core Brace (CalM'" 7)_ 7/_ 70) Siress Ratios 

Brace Brace I ETABS 
Story 

10 Section 
Stress 
Ratio 

7 I 0148 2C12X30 2.075 

6 0149 2C12X30 1.277 
7 0171 2Cl2.X30 1.373 
6 0172 2C12X30 1.796 
7 0188 2C12X30 1637 
6 0189 2C12X30 2.11.:_ 
7 0217 2C12X30 1.771 
6 D218 2C12X30 1.013 
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Col,S Col "74 { ol73 

ih Fluor 

( , 

., 

/~' °6... :-"q'> ~~, 
~ <'.;I ; ~ -0 ,. lh Floor 

" ~::::::::::;;::~.~ .. ~~~ • "!'::::=:::::::::Zlil 
Figure 6. 18 EO$l to West Core Brace (Ccluonn 75- 74-73) Diagram 

II SI?9501 

Table 6.8 Caslto WW Core Brace (COlllnlll 75-7-/-73) Stresj &tios 

Story Brace 
ID 

Brace 
Section 

71 

ETABS 
Stress 
Ratio 
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As seen in the figures and tables above. the majority of the diagonals in the 

bc:=1L trusst!s l:Ind Iht: diagonals bc:=tv.t:t:1l It::"d 5 alld 7 in the ellSt tu \'<t!st core 

brdCes show stress mtios greater than 1.0. The d i<lgomtls <l lso have higher 

axial forces than the design forces indicated in Cantor structural drawing Sw22. 

It is observed in the ET ABS analysis output that gnwity loads are picked up 

by the diagonals and this primarily leads to the overwstressed diagonals 

combined with wi nd loads. It is not clear whether the Cantor design loads 

indicate axial loads caused by wi nd load only or by combined wind and 

gravity loods. In addit ion. braci ng connect ion detail s do not show any 

structural attempts to release the gravity loads on the diagonals. Allowable 

stresses have already increased by a factor of 4/3 of the regular allowable 

value when codewchecking for load combinations involving wind load. 

(vii) Connection Des ign bv Engineer of Recurd for a uniyu~ iJlld cumpliL:atoo 

bui ldi ng, it is illcum bent thaI the Engineer of Recu rd : 

1181NH)7 

• Fu lly design critical connections such as those for transfer trusses and 

transfer girders. ctc. 

• For other critical connections such as weld ing of metal deck at trench 

headers. and girder to col umn connect ions. the type of connection to 

be used and ALL forces on the connection should be clearly 

ellumcrat~d . 

[11 the case of WTe 7. Ihis impon am function was relegated to the steel 

fab ricator. In my opinion this does not meet the standard of care. 
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(viii ) Design of StruCture at the Truck Ramp: It was discussed above lhat the twin 

polcntiallhreats at the truck ramp are a fire andlor blast. 

It is thi s writer's opinion. all the columns and the structure around and above 

the truck ramp should ha\e been deiiigllcd for the tWI n threats. The columns 

should havc been hardened by concrete encasement and the structure 

imlllediately above the truck ramp shuuld have been designed for blast 

loading. 

(ix) Recommended minimum size o f fillet weld b\ Bludgett and A WS: Blodgett 

and A WS have recommended the minimum size or fillet welds !lS per "I able 3 

in his book (Fig. 6.19) instead of I able 1.17.2A in A ISC MlItllIaj Kif Edit lOIl. 

I his will require minimum 5/S" fillet \\eJds lor 6- thick plate compared 10 

5/16". 

TABLE 3-Minimum Weld Sizes for Thiek 
Plotes lAWS) 

THICkNESS Of lHKkU 
MATE JOINEO 

la I/:" Ind. 
ovor I;''' Ihrll 'I4u 

OYe r 3).' th ru 1 Vr' 
OVtlr 111l" Ihru 2l,C. " 

aWlT 2"' '' thr ... 6" 
Ol'or 6" 

MIN IMUM lEG SIZE 
OF fillET WEll> 

w 

Mi"imum IoQ silo ooed nor nceed Ihitkneu af the Ihlnlltl plolc. 

Figu,.e 6. 19 Table j £tcc:rpf /rom Desi1{n ofWe/dlllt'1111 In' Ome,. If. B/uJgelt ill 1961 

Most or the built-up shapes. columns. plate girders and tnlsses are made with 

thick co\er plates welded 10 j umbo shapes using only 5/16" fillet \\clds. For 

column 79 bet\\een 1 ~ and }rO floor, two 5 inch thick co\cr plates \\ere 

welded to W14X730 with 5/16" fill et welds (Fig 6.20). ACl."ording to thc table 
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1181295.07 

shown above (Fig 6.19). 1/2"' fi llet weld is required . A pntJcnt cnglllccr 

would ha ... e usc:d th icker lhan 5/16" fi llet welds for th ick plates and shapes. 

- , .... 
/ ...: ~ v .. 

-r- ---
!'> 

"" 
V 

'" 'II -. - \ ~'! "- l 'I) ., 

'" ~ 
" I " I ... 

. '" -:. 
r- ~. ~v 'I:: 

Typ' ,f ---- "" k - I -ttpb :: ---V~ / .tI!; t 
8 8 '-Iv 

f :-Z f ! 'r 

7 :4 I ~(l FM ro~ r 

Fig",-~ 6.20 Excerpt from Frallkel Steel Shop DurlO'inf{ 1159 ShowillK Coirmm 79 Detail 
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7. Global Conclusion 

118119507 

W'I C 7 was not built in accordance with the standards of good engineering 

practice. Proper design for structuml integrity would have prevented the initial 

failure and the global collapse. A prudent engineer shou ld have recognized such 

dcsign requirements at the time ofthc design and construction ofWTC 7. Design 

modifications proposed in thi s report would have been relati\e1y inexpensive and 

would have yielded several additional benefits not related 10 the collapse of 

September II. 200 I. Finally, the terrorist attack in 1993 should ha\'e precipitated 

a review of the "t ructural de!\ign and modificatiolls 10 addre~s its defi ciencies. 
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