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Objective and Approach SGH &

o Objective: Present the results of the finite element analyses
performed for each of the WTC towers to determine their
structural response to aircraft impact damage and
subsequent fires.

o Approach: For components, subsystems, and towers

= |dentify probable failure modes and key structural responses

= |mprove numerical efficiency in larger subsystem and global
analyses by developing reduced degree of freedom (DOF) models
that capture essential behavior and failure modes

= Guide and validate structural response using key observations



Method of Approach SGH 25eire

Components and Connections

Impact Damage
Failure Modes and Reduced DOF Model
é Full Floor Subsystem Exterior Wall Subsystem
Temperature

Predicted Fire-Induced Damage J Reduced DOF Model|

PlosEhiee BEEgE Isolated Wall and Core
A
Fire-Induced Damage:
g4 Global Analysis jumms

Disconnections and Pull-in Forces




Floors SGH &oonire

Metal Deck

Concrete

Bridging Truss
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Floor Truss with Concrete Slab SGH &35
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span=713 in.

top chord

concrete slab
bearing angle

weh —

bottom chord ———»

bottom chord




Temperature-Dependent Material Properties ~ SGH &g

o Steel
= Modulus of Elasticity
= Yield Strength
= Tensile Strength
= Coefficient of Thermal Expansion
= Creep
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= Modulus of Elasticity e ety
. Construction Steel
= Compressive Strength Bolt Steel
= Tensile Strength

= Coefficient of Thermal Expansion




Exterior Truss Seat Model SGH £

musset plate

Fized boundary
conditions at the
gusset plate to
spandrel connection

Symmetty constraints at the

gusset plate and seat angle \

58 i diameter bolt
Truss top chord

Fized boundary
conditions at the

stand-off to

/_ spandrel
connection
Bearing angle
Lpply load and
boundary conditions

at truss top chord

stand-off plate

Lpply load and /
boundary conditions
at diagonal strut



Truss Seat Faillure Modes SGH corsuitine

Gusset plate
/ /— Truss top chord

|~
\ Bearing angle
I 5/8 in. diameter bolt

Seat angle
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Possible failure sequence Stand-off plates
under horizontal load...

B B K

Gusset plate fails Bolt comes into bearing Bearing angle “walks
and shears off off” seat angle




Break Element Model for Interior Truss Seat

Beam element

/\ / Rigid beam

Beam element

Seat model was used to make the
connection between node n;, which is
part of the seat and channel beam,
and node n, which part of the floor
truss. The seat model consists of four
break elements, two beam elements,
and civ nndeg

Fix rotational DOF

Break element No. 1: Capture
walk-off support P
Bil(23,U2);(2.1,UY);(KAg)] ‘
l nZ ’

/

Break element No. 2:
Capture seat vertical shear capacity

BA[(13,U2);(4.2.U2);(K Ao \\ I
— M

Break element No. 3:

Capture loss of horizontal
resistance if seat fails vertically

B[(2.3,UY);(4.2,UZ);(K,Ag)]

Break element No. 4:
Capture bolt shear capacity

Bul(1,3,UY);(2,5,UY);(K.Ao)]

Rigid beam

Rigid beam

\ Beam element

(Out-of-plan)

n, Beam element No. 1:

/ Make seat vertical shear
capacity temperature-

dependent

/,, n6 / n5

Beam element No. 2:
Make bolt shear capacity
temperature-dependent

Constraint equations
Coupling displacement
DOF of node 1 and 6

T

Coordinate system

Beam element
(Out-of-plan)

SG Consulting
Engineers

Break elements were defined as
the elements that capture loss of
stiffness resulting from a certain

failure mode.

Break elements had temperature-
dependent capacities.
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KnUCkle AnaIySIS SGH Engineers

Crush Region in Gray




Axilal Stress In Truss Members Near the Interior End SGH goguive
lELEHEHT SOLUTION ANSYS

I OCT 26 2004
SITE =4 lo:z5:11
TIME=_100E-0Z

o (NOAWE)
REYTE=0

DITL =2.04

SMN =-:23483

S =35419

Displacement magnification factor = 1.0

-5z157 -=23503 -6360 15759 3o437
-40333 -15154 4465 27113 49762

CTEI33-13f [(Gravity 4+ temperature w/ const sedq @ static 4+ dynamic analy3is)
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Sagging Observed in the Detailed Truss Model

Vertical displacement contour at 700 °C

Buckling of web members

o After web members buckled, the
truss pulled exterior columns in.

 The tension force ranged from 9
kip to 14 kip per column in this
model.

ing
bolt shear-off

- - -web memberbuckling- -
interior seat
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Response of Reduced DOF Truss Model to Temperatures SGH &z

= Detailed Truss Model

| — - Simplified Truss Model

1 ==Detailed Truss Model

Vertical Displacement (in)

| — =Simplified Truss Model

Horizontal Reaction Force per Column

300 400
Temperature ('C) Temperature (°C)

Vertical displacement at midspan Horizontal reaction per exterior column




Creep Effect on Vertical Displacement of Truss Model SGH &s:e

NODAL SOLUTION AN NODAL SOLUTION AN

STEP=5 MAR 29 2005 STEP=5 MAR 29 2005
SUB =12 16:29:34 SUB =54 15:45:08
TIME=2400 TIME=2400

uz (AVG) uz (AVG)

RSYS=0 RSYS=0

DMX =25.523 DMX =44.221

SMN =-25 }8e3 SMN =-44 B4

SMX =1.482 SMX =1.415

-25.523 -19.522 -13.521 -7.52 .519 -184 -34.051 -23.918 -13.785
-22.523 -16.521 -10.52 -4.519 -39.117 -28.984 -18.851 -8.718

Simplified Truss Model at COL333 from Full Floor Model w/o Creep Simplified Truss Model at COL333 from Full Floor Model with Creep

w/o Creep at 2,400 s w/ Creep at 2,400 s
Max. = 25.5 in. Max. = 44.2 in.



Full Floor Model SGH &g

ELEMENTS
TYPE NUM

Component Models:
e Knuckle
e Truss Seat/Connections
e Truss/Exterior Column

Subsystem Model: Full Floor
« Concrete slab
pr.marymss * Primary floor trusses

APR 19 2004
20:40:22

Knuckle ° B“dglng frusses

Primary truss to bridging truss

/ top chord connection ° TranSfer frusses

k'e « Strap anchors

e Interior and exterior columns

Diagonal buckling '
and weld fracture . ° Spandrels

Primary truss to brldglng tru

Bridging Truss bottom chord connection 2 COI’e beamS




Finite Element Model of Full Floor SGH coitie

exterior column \ [

spandrel

bridging truss

concrete slab
long-span

primary truss

short-span
primary truss

core column



WTC 1 Floor 98 - Temperatures at 50 min ~ SGH &5

Concrete Slab Temperatures Steel Temperatures



Break Elements in Full Floor Models

Truss web diagonals —
buckling and weld failure

Gusset plates - fracture
Truss seat bolt - shear off

Truss seat - tension, shear,
and walk-off failures
Primary/bridging truss
connection - failure

Primary long-span/transfer
truss connection - failure

Studs at slab-spandrel
connections — failure Strap
anchors - weld failure

SGH Consulting
Engineers

1
ELEMENTS
SEC NUM

A

WTC2 FL83

ANSYS

OCT 28 2004
15:12:57




WTC 1 Floor 98 - Vertical Displacement at 100 min SGH &5

Floor/wall disconnection

NODAL SOLUTION AN NODAL SOLUTION AN

OCT 29 2004 STEP=15 OCT 29 2004
09:46:42 SuB
TIME=6000
uz (AVG)
RSYS=0
DMX =49.136

|
|'|||I||

-49.045 -37.181 -25.318 -13.454 1.59 -49.045 -37.215 25.386
-43.113 -31.249 -19.386 .522 -43.13 -31.301 19.472

WTC1 FL98 - Maximum Damage Case Temperature at 6000 sec WTC1 FL98 - Maximum Damage Case Temperature at 6000 sec

Max displacement = 49.0 in.

5x displacement magnification



WTC 1 Floor 96 - Effect of Fireproofing  SGH &er’

» Maximum temperature of steel members with fireproofing reached approximately 400 “C.

» Maximum temperature of steel members without fireproofing exceeded 600 “C and often
reached 800 °C.

AM NODAL SOLUTION AN
TEMPERATURES H H 5 2004 STEP=11 oLl SEP 27 2004
Area of fireproofing damage 3% uo o
TMAX=902.356 TIME=6000
uz (AVG)
RSYS=0
DMX =22.529
SMN =-22.431

ELEMENTS

-22.431 16.756
-19.594

WTC1 FL96 - Maximum Damage Case Temperature at 6000 sec

Temperature of steel members Vertical displacement
at 100 min (5x displacement magnification)



Exterior Walls



One-Story Exterior Column Model SGH &5necr?
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2 in. pushdown at 2 in. pushdown at 700 °C
room temperature
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Axial Load Deflection of Exterior Column SG

Consulting
Engineers

Axial yield load of column at RT =1177 Kip

___Elastic local buckling load at 700C = 682 Kip_ . ___|

1-Story (RT)
— = 1-Story (700C)
— 2-Story (RT)
—o= 2-Story (400C)
— 3-Story (RT)

—x=3-Story (400C)

| i
| |
| |
| |
| |
| |
| |
| |

L +
| |

Axial yield load of column at 700C = 444 Kip

6‘\.\

Gravity load demand

= e

1.0
Vertical Displacement (in)
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e Column splices
e Spandrel splices

e Spandrels

Subsystem Model: 9x9 wall section
e Columns




Exterior Wall Load Cases

» All floors connected

"hree f

"hree f

with pu

Three f
with push down forces.

Two floors disconnected

0ors disconnected

oors disconnected
l-In forces

oors disconnected

Consulting
Engineers

Vertical
Loads

A
N Lateral

Floor



Large Inelastic Buckling of Spandrel _
: ) ; SGH &oneer?
and Partial Separation at Connections

ATIEYS 5.1

JUN 14 Zo04
la:07: 27
DISPLACEMENT
= TIME=600

; PowerGraphics
EFACET=1
AVEE3=Mat
DIT< =.509065

*DACA=50
wP o =-.743533
W =.579794
EV  =-.333l6
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*fF =-313.7Z
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50x displacement magnification



Instability of Exterior Wall subjected
to Horizontal Pull-in Forces at Three Floors
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AMNEBYS 8.1

10X displacement magnification
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NODAL SOLUTION
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Simpson Gumpertz & Heger consulting Engineers

Building Engineering = Infrastructure and Special Structures = Construction Engineering

Global Analysis of WTC 1 and WTC 2



SGH Consulting
Engineers

Global Models

.177856

ANSYS
MAR 30 2005
10:23:21
N

-.564029

-1.306

~2.048

79

-4.273

-5.015
-5.757
re Temp at 6000s w/5kip pull

-6.499

NODAL SOLUTION

SSSSSSSS

1
WTC1 - Seve

WTC 2: Truncated below Floor 77 with vertical
springs for stiffness of floors below and

vertical springs for stiffness of floors below.
superelement above Floor 86.

ANSYS models were developed for nonlinear
large deflection analysis of the towers.
WTC 1: Truncated below Floor 91 with

Tower Model Features

Columns included creep and inelastic buckling.

Spandrels were axially released to prevent local plate buckling, without loss of bending and

shear stiffness.

Office floors modeled as a membrane capable of transferring in-plane loads between core

and exterior wall.

Core slab and beams with moment connection were modeled simulating both membrane

and bending stiffness for load transfer between columns.

Core beams without moment connections were not modeled. Core slab _above these
beams was modeled to match the in-plane stiffness of the composite floor.



Global Models SGH s

Core and exterior columns had temperature- gy WTC 2 ANSYS

dependent properties =, i gyt

= Thermal expansion e i il

= Plasticity oo Lol +-? I

= Creep i i

Gravity Loads i ! i

= Self-weight plus 8 psf superimposed Wil fi‘:‘:; o -'""ﬁluilll‘imt;l{“\\\\&‘“{“‘\\\lﬂ'
dead iy i ;{ffrfi{{{i\\l“\“‘\‘\‘\ﬁ\‘\‘{\‘\\\‘\\\\“‘“

. Live (25% of design live load) & i ’-“\‘{{{i{}%{}}%\\\u\\u y N

g

= Weight of antenna (750 kip) at the top of
WTC 1

~11.25 8.75 -6.25 3.75 -1.25
-10 7.5 5 2.5 0

WTC2 Reduced Model At 2540s

Thermal Loads
= Temperatures at 10 min intervals

Floors

= Full floor models were not included in global models due to computational
limitations

= Effects of the floor disconnections and inward pull forces due to floor sagging
were included



WTC 1 South Wall

Fire-Induced Damage ~  SGH &neex

» Disconnection of floor to exterior
wall at truss seat connections

* Pull-in forces at truss seat
connections due to sagging floors
caused inward bowing of exterior

WEUR
Analysis Observations
Locations of disconnections between the X X
sagging floors and exterior walls
Bow-in areas of exterior wall system X X
Magnitude of inward bow - X
Magnitude of horizontal pull-in force X




Estimation of Magnitude of B i
Pull-in Forces in Global Model
Analyze structural response of global model with thermal effects.

Impose floor disconnections and inward pull forces estimated from
Isolated wall models (South face of WTC 1; East face of WTC 2).

Compare results with observed inward bowing.
Adjust magnitude of inward bowing forces to match observations.

WTC 1 WTC 2
(South Face of Floors 95 to 99) (East Face of Floors 79 to 83)
Time Interval Inward Pull Time Interval Inward Pull*
(S) (kip) (S) (kip)
0-4.800 0 0-1,800 1,4
4.800 - 6,000 5 1,800 — 2,540 1.5, 3.0

* Pull forces applied to each of two regions



Important Factors in Global Analysis 1,

Aircraft damage — Load redistribution
Thermal expansion — Load redistribution

Creep of steel in high temperature —
Displacement increase, column axial shortening,
and load redistribution

Thermal weakening/softening of steel and concrete
In high temperature

= Loss of strength — Component failure and load
redistribution

= Loss of stiffness — Buckling and load
redistribution




Results from Global Analysis of WTC 2



Vertical Displacement of Exterior Wall

Before Aircraft Impact

of WTC 2 (Floor 77 to Floor 86)

At 43 min

Consulting
Engineers

NODAL SOLUTION

STEP=1
SUB =1

TIME=.100E-02
uz (AVG)

i F S N S S S—
) i S S — —
T i A ——— — |
i i P S— ————
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-11.25 8.75
10

WTC2 Reduced Model At Bfrimp
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ANSYS

MAR 2 2005
10:51:30

1
NODAL SOLUTION

STEP=17

SUB =523
TIME=63.523
uz (AVG)
RSYS=0

DMX =61.911
SMN =-11.096

-11.25
10

i { “
i

-8.75

WTC2 Reduced Model At 2540s

_ ANSYS
MAR 2 2005
L L 10:45:47
g2y g e

Min =-3.0 in

Max =-2.1in

Min =-11 in

(Downward displacement is negative)

Max = 0.0 in



Vertical Displacement of Core
of WTC 2 (Floor 77 to Floor 86)

Before Aircraft Impact

Consulting
Engineers

43 min

1
NODAL SOLUTION ANSYS
STEP=1 MAR 2 2005
SUB -68 10:36:08
TIME=.001

uz (AVG)

RSYS=0

MX =10.229

MN =-10.052

-13.05 -10.15 -7.25 -4.35 -1.45
-11.6 -8.7 -5.8 -2.9 0

WTC2 Reduced Model At Aftrimp

1

NODAL SOLUTION

STEP=17
SUB =523
TIME=63.523
uz O
RSYS=0

DMX =13.576
SMN =-12.982

s

-13.05
-11.6

-10.15

WTC2 Reduced Model At 2540s

-8.7

ANSYS

MAR 2 2005
10:45:53

-7.25 -4.35 -1.45

-5.8 -2.9 0

Min =-10 in Max = 0.0 in

Min =-13 in

Max = 0.0 in

(Downward displacement is negative)




Out-of-Plane Displacement of
East Wall of WTC 2

SG Consulting
Engineers

View from southeast at 43 min.

1 U1
NODAL SOLUTION ANSYS
MAR 22 2005
stEr= —FL 85
SUB -
TIME= 523
g (8VG)
45 REYE-0 359
DI =61.911 m
SMN --4.143
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3.179 17.821 3Z.463
20 30 WTC-2 Severe Case Dawage and Temperature Analysis

Time, min Min = -4.0 in Max = 61.7 in




Variation of Vertical Displacements
at Floor 86 of WTC 2

SG Consulting
Engineers

Before Impact At 43 min

) @)) ' @))) ) X))
b 2\5 N | ikely zone the
tower tilts around

(Downward displacement is positive)



Tilt Above Floor 86 of WTC 2
at 43 min (Total Displacements)

1

NODAL SOLUTION

STEP=7
SUB =1
TIME=.007

USUM (AVG)
RSYS=0

DMX =21.601
SMN =3.298
SMX =21.601

<

3.298

/

7.366 11.433 15.5 19.568
5.332 9.399 13.467 17.534

WTC-2 Severe Case Temperature Analysis

ANSYS

MAR 14 2005

Undeformed building
edge

12:38:28

21.601

20X Magnification

Consulting
Engineers




Elastic + Plastic Strain in Columns —
Maximum between Floor 78 and Floor 84 of WTC 2

SG Consulting
Engineers

Before Impact After Impact

Compression is taken as positive.
Strain values are in %.




Elastic + Plastic Strain in Columns .
Maximum between Floor 78 and Floor 84 of WTC 2™

At 40 min

1001
el \|

@OMMMMMMHMMMMMNIIINIIINNE

Compression is taken as positive.
Strain values are in %.




Elastic + Plastic + Creep Strain in Columns
Maximum between Floor 78 and Floor 84 of WTC 2

SGH Consulting
Engineers

At 20 min At 43 min

Compression is taken as positive.
Strain values are in %.




WTC 2 Hat Truss SGH copuing

 Hat truss was part of the
superelement

o Hat truss members and
connections were checked for
failure

* Analysis found that:

= Failure of several column splices
In the southeast corner of the core
occurred due to impact

= Additional column splices failed
and an outrigger buckled due to
subsequent fires

= Such failures did not
propagate and reduce the
load on the overstressed
outrigger.

1

ELEMENTS
TYPE NUM

ANSYS

N 3139 - MAR 14 2005
19:22:03




WTC 2 Global Analysis Results SGH &5une

After Aircraft Impact
« WTC 2 was stable after impact and had considerable reserve capacity.

» Severed columns in the southeast corner of the core caused the core to lean to the southeast. The
tendency of the core to lean was resisted by floors and exterior walls.

» After impact, core loads decreased by 6%, east wall loads increased by 24%, and the north wall loads
decreased by 10%.

Effects of Fires and Damaged Fireproofing

» Thermal expansion of the core columns caused core loads to increase until plastic and creep strains
exceeded thermal strains and the columns shortened and unloaded.

» Loads were transferred between the exterior wall and the core primarily through the hat truss.

» The floors sagged and pulled inward on the east wall shortly after impact. The sag continued to increase
due to the persistence of the fires on the east side of the tower.

» The east wall bowed inward 10 in. approximately 20 min after impact. The bowing increased until
collapse.

» Loads were transferred between exterior walls through the spandrels.

Collapse Initiation
» When the east wall buckled, the loads were transferred to the weakened core and adjacent exterior walls.
 The building section above the impact area tilted to the southeast.



Results from Global Analysis of WTC 1



Vertical Displacement of

SGH £757e

At 100 min

Exterior Walls of WTC 1

ANSYS

MAR 30 2005

10:23:21

NODAL SOLUTION

=1437
=150

STEP=33
SuB
TIME:

(AVG)

=0

RSYS

42.979

=-6.499
=.177856

DMX
SMN
SMX

-5.015 -3.532 -2.048 -.564029

-6.499

-4.273 -2.79 -1.306 .177856

-5.757
WTC1 - Severe Temp at 6000s w/5kip pull
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NODAL SOLUTION

MAR 30 2005
10:23:21
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STEP=33
suB
TIME:

(AVG)
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MAR 16 2005
09:59:08

(AVG)

TIME=.100E-02

RSYS=0
DMX
SMN

3.286
=-3.285

-.730004

-1.46

WTC1 - Gravity before Impact w/o Const

(Downward displacement is negative)



Vertical Displacement of

Core of WTC 1

Before Impact

At 100 min

Consulting
Engineers

NODAL SOLUTION

STEP=1
SuB =2
TIME=.100E-02
174 (AVG)
RSYS=0

DMX =4.247

SMN =-4.246

Max. = 4.2 in.

A,

-4.246 -3.303 -2.359 -1.415
-3.775 -2.831 -1.887

WTC1 - Gravity before Impact w/o Const

-.943626

ANSYS

FEB 14 2005
09:51:34

-.471813
0

1
NODAL SOLUTION

STEP=33 MAR 30 2005
SUB =1437 10:24:23
TIME=150
uz (AVG)
RSYS=0
DMX =27.32
SMN =-8.571
SMX =.022969
_ FL99
o FL97
o FL9S
FL93
Max. = 8.6 in. \N
A
-8.571 -6.661 -4.752 -2.842 -.931941
-7.616 -5.706 -3.797 -1.887 .022969

WTC1 - Severe Temp at 6000s w/5kip pull

ANSYS

(Downward displacement is negative)

1
NODAL SOLUTION

STEP=33

SUB =1437
TIME=150

uz (AVG)

DMX =27.32
SMN =-8.571
SMX =.022969

N
N
L

-8.571 -6.661 -4.752 -2.842

-7.616 -5.706 -3.797
WTC1 - Severe Temp at 6000s w/5kip pull

ANSYS

MAR 30 2005
10:24:23

-.931941
-1.887 -022969




WTC 1 South Wall Out-of-Plane Displacement  SGH s

At 100 min

1

NODAL SOLUTION ANSYS

STEP=33 MAR 30 2005

SUB =1437 10:23:38
_ TIME=150
= uy (AVG)
—~ 35 RSYS=0
o DMX =42.979 — FL99
= SMN =-.701059
g 30 SMX =42.826
m — FL97
- 25
.
©
E 20 — FL95
S
E 150
£ — FL93
%X 10 MN
©
=

5 COL301
0 LedL359
90
) ) ~.701059 8.972 18.644 28.317 37.99
Time (min) 4.135 13.808 23.481 33.153 42.826
WTC1 Severe Temp at 6000s w/5kip pull - South Face (5X)
Max. = 42.8 in.

Looking from the outside of the building
Inward displacement is shown as positive displacement



Elastic + Plastic Strain in Columns
Maximum between Floor 93 and Floor 99

N
Maximum strain is given in %.

Compression is taken as positive.

Col1001 Col1008

@ Severed or Heavily Damaged
O Elastic + Plastic Strain

Col501 Col508
oo

O )
O O
8 s
o 0 €O
OOCDO

Col1001 Col1008

o
©e

Col1001

O
@)
o)
o
Col1008 O
@

o
O
@)
o
o
(e]

© 0 Oo Qe

O Elastic + Plastic Strain

® Severed or Heavily Damaged
O Elastic + Plastic Strain




Elastic + Plastic + Creep Strain in Columns [ S Sovorsd e B
Maximum between Floor 93 and Floor 99 [

Maximum strain is given in %.
Compression is taken as positive.

® Severed or Heavily Damaged
O Elastic + Plastic + Creep Strain

Q S @ Severed or Heavily Damaged
Col501 . e O Elastic + Plastic + Creep Strain
(2

g’o)D)))))))»3)))))@)))))))))»»»»»»»)n:n.’



SGH Consulting
Engineers

WTC 1 Hat Truss

* Analysis found no failure of hat truss members or supporting core columns.

ANSYS
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WTC 1 Global Analysis Results SGH ineer?

After Aircraft Impact
« WTC 1 was stable after impact and had considerable reserve capacity.
» Severed core columns in the north side of the core caused it to lean slightly to the north.

 After impact, core loads increased by 1%, east and wall loads increased by 7%, and the north and
south walls decreased by 7%.

Effects of Fires and Damaged Fireproofing

* Thermal expansion of the core columns caused core loads to increase until plastic and creep strains
exceeded thermal strains and the columns shortened and unloaded.

» Loads were transferred between the exterior wall and the core primarily through the hat truss.

» Fires progressing from the north to the south side of the tower caused the floors to sag and pull inward
on the south wall approximately 80 min after impact.

» The south wall bowed inward, reaching approximately 55 in. of inward displacement just before
collapse.

» Loads were transferred between exterior walls through the spandrels.

Collapse Initiation

» When the south wall buckled, the loads were transferred to the weakened core and adjacent exterior
walls.

 The building section above the impact area tilted to the south.



	Structural Response of Components, Subsystems, and Global Models of WTC Towers to Aircraft Impact and Fire
	Objective and Approach
	Method of Approach
	Floors
	Floor Truss with Concrete Slab
	Temperature-Dependent Material Properties
	Exterior Truss Seat Model
	Truss Seat Failure Modes
	Break Element Model for Interior Truss Seat
	Knuckle Analysis
	Axial Stress in Truss Members Near the Interior End
	Sagging Observed in the Detailed Truss Model
	Response of Reduced DOF Truss Model to Temperatures
	Creep Effect on Vertical Displacement of Truss Model
	Full Floor Model
	Finite Element Model of Full Floor
	WTC 1 Floor 98 - Temperatures at 50 min
	Break Elements in Full Floor Models
	WTC 1 Floor 98 - Vertical Displacement at 100 min
	WTC 1 Floor 96 – Effect of Fireproofing
	Exterior Walls
	One-Story Exterior Column Model
	Axial Load Deflection of Exterior Column
	Exterior Wall Model
	Exterior Wall Load Cases
	Large Inelastic Buckling of Spandrel and Partial Separation at Connections
	Instability of Exterior Wall subjected to Horizontal Pull-in Forces at Three Floors
	Global Analysis of WTC 1 and WTC 2
	Global Models
	Global Models
	Fire-Induced Damage
	Estimation of Magnitude of Pull-in Forces in Global Model
	Important Factors in Global Analysis
	Results from Global Analysis of WTC 2
	Vertical Displacement of Exterior Wall of WTC 2 (Floor 77 to Floor 86)
	Vertical Displacement of Coreof WTC 2 (Floor 77 to Floor 86)
	Out-of-Plane Displacement of East Wall of WTC 2
	Tilt Above Floor 86 of WTC 2 at 43 min (Total Displacements)
	Elastic + Plastic Strain in Columns – Maximum between Floor 78 and Floor 84 of WTC 2
	Elastic + Plastic Strain in ColumnsMaximum between Floor 78 and Floor 84 of WTC 2
	Elastic + Plastic + Creep Strain in ColumnsMaximum between Floor 78 and Floor 84 of WTC 2
	WTC 2 Hat Truss
	WTC 2 Global Analysis Results
	Results from Global Analysis of WTC 1
	Vertical Displacement of Exterior Walls of WTC 1
	Vertical Displacement of Core of WTC 1
	WTC 1 South Wall Out-of-Plane Displacement
	Elastic + Plastic Strain in Columns Maximum between Floor 93 and Floor 99
	Elastic + Plastic + Creep Strain in ColumnsMaximum between Floor 93 and Floor 99
	WTC 1 Hat Truss
	WTC 1 Global Analysis Results

