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Introduction

The collapse of the Twin Towers is among the wbuslding disasters of the world and

over 3000 people lost their lives on Septembel00D].

This work focuses on the structural analysis ofdbkkapse of the external tube of the
Towers and specifically on the role of the intemections of the panels that made up
the tube in the stability of the tube walls whepmart is lost from the building floors.
The Towers in fact were built as 2 boxes one infli@eother: the core and the external
tube. The report begins with an overview of thectire of the buildings, giving special
attention to the three main parts of the strucftire core, the tube and the floors) and a
summary of the outlines of the collapse (the ssmioms of the events and the

contribution of the fire to the collapse).

The analysis studies the buckling of one face efekternal tube of the Twin Towers.
First of all the panels, the main structural comgrae of the tube, are described. A

finite element model solved with the software SABRG used to analyze this feature.

The results obtained are compared with simplescaserder to check the reliability of
the analysis performed. Conclusions regarding tte of panel interconnections are

presented.



Chapter 1  The structure

The World Trade Center 1 and World Trade Center é2ewdesigned by Minoru
Yamasaki as the chief architect and the strucemglneering were John Skilling, Helle,
Christiansen, Leslie Robertson

The complex consisted of seven buildings, domindtgdhe twin 110-story towers
rising more than 1,360 feet (415 meters) abovepam plaza.

Each building had a 63.1m by 63.1m square floon pléth corner chamfered 2.1m.
The service core was rectangular with dimensioreppfoximately 26.5m by 41.8m.

A total of 59 perimeter columns were present aleagh face of the building. In
alternate stories an additional column was pres¢rihe center of each chamfered
building corner [1,Chapter 2].

In this design, the support structure is spreadujnout the entire building. There were
built long "tubes,” where all the support columnerev around the outside of the
building and at the central core of the buildingck tower was a box within a box,
joined by horizontal trusses at each floor.

The outer box, measuring 208 feet by 208 feet (83r%, was made up of 14-inch (36-
cm) wide steel columns, 59 per building face, sga&&éeet (1 m)apart. On every floor
above the plaza level, the spaces between the oslumoused 22-inch (56-cm)
windows. Metal beams are settled end to end to f@artical columns, and at each floor
level, these vertical columns are connected tazbatal girder beams.

The support columns were all internal, so the detsf the building doesn't have to
hold up anything but its own weight.

The columns were covered with aluminum, giving tiers a distinctive silver color.
The inner box at the core of each tower measuredtal85 feet by 85 feet (41x26 m).
Its 47 heavy steel columns surrounded a large a@pea housing elevators, stairwells

and restrooms.

This design had two major advantages:

- First of all, it gave the building remarkable stai In addition to supporting
some of the vertical load (the weight of the bunlg)i the outer steel columns
supported all of the horizontal forces acting om tibwer (the force of the wind).
This meant the inner support structure was comigletedicated to the huge

vertical loads.



- Secondly, with the support structure moved to thiess and center of the
building, there was no need to space bulky coluthreighout each floor.
The vertical support columns at the core of thddmg went down below the
bottom floor, through the basement structure, ® s$pread footing structure
below ground. In the spread footing design, ea@psu column rested directly
on a cast-iron plate, which sited on top of a ggé. The grillage is basically a
stack of horizontal steel beams, lined side by s&idavo or more layers. The
grillage rested on a thick concrete pad poured tmn dolid bedrock deep
underground. This pyramid shape distributed thecentrated weight from the
columns over a wide, solid surface. With the stegdlace, the entire structure

was covered with concrete [4].
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Figure 1. Basic spread footing design. 2002 Hoffisturks “The World Trade Center Tube

Near the base of each tower, at the plaza levelntirowly spaced perimeter support
columns rested on "column trees." The column trgeead the weight from the
narrowly spaced columns over thicker columns spateulit 10 feet (3 m) apart. Each

of these columns rested on additional, smaller stgpotings in the foundation [4].

The buildings were formed by three main parts:
- The core
- The tube

- The decks and connector



1.1 The Core

The core of each tower measured about 135 feeblfgdd (41x26 m) and it consisted
of 47 columns.

The core consisted of 5 inches concrete fill onain@¢ck supported by floor framing of
rolled structure shapes, in turn supported by coation of wide flange shape and box
section column, some very large 14 inches wide3hihches deep.

Core columns were built in hollow sections up t§ 8or, made of A36 (fy=248MPa)
steel grade, while above the"8floor, rolled or welded I-shaped sections wereduse

Figure 2. Rectangular box columns that in the ugpmies transitioned into heavy rolled wide
flange shapes. FEMA report 2000

Between 108 and 118 floors, a series of diagonal braces were placéd fmace
frame. These diagonal braces together with thedimgjl columns and floor framing
formed a deep outrigger truss system that extebéédeen exterior walls and across
the building core framing. A total of 10 outriggeuss lines: 6 extending across the
long direction of the core and 4 extending acrbssshort direction of the core

[1, Chapter2].
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Figure 3.0utrigger truss sytem at tower roof. FEMport 2000

Outrigger truss system provided stiffening of thenfe for wind resistance, mobilized
some of the dead load weight supported by the wrovide stability against wind

load induced overturning, and also direct supparttie transmission tower on WTCL1.
WTC2 didn’'t have transmission tower but the outeigdrusses were designed to

support anyway this tower.

1.2 The Tube

The towers were high rise buildings constructediiliie concept of a structural TUBE
as lateral load resistance. The building perimetarsed to resist wind loads and the
central core carries the gravity loads.

The tube behavior is achieved by arranging closglsiced columns connected by
spandrel beams around the perimeter. The 4 exteradls, acting as huge Vierendeel
truss, formed a cantilever beam (Framed Tube) wgihare box section, internally

braced by the floor system.

Vierendeel action occurs in rigid trusses that @b mave diagonals; the stiffness is
achieved through the flexural (bending) strengthtre connected members. In the
lower seven stories of the towers, where there i@ner columns, vertical diagonal

braces were in place at the building core to prevhds stiffness. This structural frame



was considered to constitute a tubular system. Uthdeeffects of lateral wind loading
the buildings behaved as cantilevered hollow stmattubes with perforated walls.

In each building the windward wall acted as a t@mdiange for the tube while the
leeward acted as a compression flange. The side a@kd as the webs of the tube, and
transferred shear between the windward and leewatld$ through Vierendeel action
[1,Chapter 2].
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Figure 4 . Structural tube frame behavior. FEMAor¢2000

The high efficiency of the Frame tube system inistegy wind loads, the use of
viscoelastic damping system and the optimized eynpémt of 12 different steel grades,
allowed for reducing of 40% the structural stedieTweight of structural steel was 1,77
KN/m? This structural system allowed to keep the intefloor plan column free,
increasing the net area of the building.

Another major design issue was: the control ofedédhtial axial shortening in the
columns for preventing uneven settlement throughibet structure as loads were

applied.

PERIMETER COLUMNS had built in sections made of dladed plates, for an area of
355.6 mm sectionplaced at 1016 mm distance. Twelve grades of steg used for

these columns with yield strength ranging from 28Pa to 690 MPa and different
thickness along the height were adopted: 6.35mméhirh.
Adjacent columns were linked at each floor leveltigh spandrel plates. The same

steel grade adopted for the connected columnsypéasat adopted also for spandrels.



1.3 Floor System

Floor construction typically consisted of 4 incloddightweight concrete on 1-1/2inch,
22 gauge non composite steel deck. In the core, afteh thickness was 5 inches.
Outside the central core, the floor deck was supgoby a series of composite floor
trusses that spanned between the central core xaadoe wall. Composite behavior
with the floor slab was achieved by extending thisg diagonals above the top chord so
that they would act like shear studs. Trusses \pkreed in pairs, with a spacing of 6
feet 8inches and spans of approximately 60 fe¢teosides and 35 feet at the ends of
the central core. Metal deck spanned parallel ® rttain trusses and was directly
supported by continuous transverse bridging truspeged at 13 feet 4 inches and

intermediate deck support angles spaced at 6 fieeh@s from the tranverse trusses.

¥ i Exterior Yall Interior VWall ™

Figure 5. Exterior wall and interior wall FEMA rep@000

The combination of main trusses, transverse trussesdeck support enabled the floor

system to act as the grillage to distribute loathovarious columns.

t=— Canterline of Extarior Column

3/8" Gussel Plate Welded fo
Column and Top Chord

b Two 5/8° Diameter Bolts
in Siotted Holes FloorLine. | 3-4" (Typical)
P E B L SR R - R 1.4
= Rod Diagonal ~—10 ;
] (Diameter Varies) Dlameter -—=
o I &
tal M= Two 1 Diameter 00’ Duameter Eij
:Bo&ts (A 480)
Damping Unit am Pla

Two 7/8" Diameter Bolts |

Figure 6. Exterior wall end detail. FEMA report 200
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Figure 7. Interior wall end detail FEMA report 2000

At the exterior wall, truss top chords were suppwinh bearing off seats extending from
the spandrels at alternate columns. Welded plateesiions with an estimated ultimate

capacity of 90 kips (620MPa) tied the pairs of sesto the exterior wall for out of

plane forces.

10,000 viscoelastic dampers in each building wetereled between the lower chords

of the joists and gusset plates, mounted on theriextcolumns beneath the stiffened.

The dampers are attached to only one end of eash.tlhese dampers were the first
application of this technology in a high-rise builgl and were provided to reduce

occupant perception of wind-induced building motibrChapter 2].
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At the central core, trusses were supported ors bt girder that crossed trough and

was supported by the core columns. Out of plan@ection was provided between the

trusses and these girders.
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Floors were designed for a uniform live load of Jiflnds per square foot (psf) over
any 200-square-foot area with allowable live loaductions taken over larger areas. At

building corners, this reached a uniform live I¢gadreduced) of 55 psf.
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Figure 9. Cross-section through the main doublesirshowing transverse truss (shear stud
added). FEMA report 2000

Pairs of flat bars extended diagonally from theeagt wall to the top chord of adjacent
trusses. These diagonal flat bars, which were geaiwith shear studs, provided
horizontal shear, transferred between the flodr aled exterior wall.
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Figure 10. Representative structural framing plgoper floors. FEMA report 2000
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The diagonal flat bars are V-like features. Theeren24 x 18 inch metal plates that
were covered with shear studs and also set indherete slab. These plates, together
with the 6 foot long diagonal bars and the welded #&olted truss connections,
provided a strong connection between the floor st the perimeter wall
[1,Chapter2].
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Figure 11. Location of subterranean structure. FEfgort 2000

A deep subterranean structure was present undeNf@ Plaza and the two towers.
The western half of this substructure, was 70 fl®etp and contained six subterranean
levels. The structure housed a shopping mall anldlibg mechanical and electrical
services, and it also provided a station for thefRAubway line and parking for the

complex.

Before the construction, the site was covered bgpdeeposits of fill material. The
perimeter walls for the subterranean structure veerestructed using the slurry wall
technique. After the concrete wall was cured atairsd sufficient strength, excavation
of the basement was started. As excavation prodegolenward, tieback anchors were
drilled diagonally down through the wall and gralt@to position in the rock deep
behind the walls. These anchors stabilized the agdinst the soil and water pressures
from the unexcavated side as the excavation cordinon the inside. After the
excavation was made, foundations were formed angreplo against the exposed
bedrock, and the various subgrade levels of thetsire were constructed.

Floors within the substructure were of reinforcednarete flat-slab construction,
supported by structural steel columns. Many of éhsteel columns also provided
support for the structures located above the plazal. After the floor slabs were

13



constructed, they were used to provide lateral sudpr the perimeter walls, holding
back the earth pressure from the unexcavated Shietiebacks, installed temporarily,
were took out by removing their end anchorage rapdiring the pockets in the slurry

wall where these anchors had existed [1,Chapter2].
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Figure 12. Tower Foudations. FEMA report 2000

Tower foundations beneath the substructure comlsisfemassive spread footings,
bearing directly on the massive bedrock. Steellaggs, consisting of layers of
orthogonally placed steel beams, were used tofeatiee immense column loads to the

reinforced concrete footings [1,Chapter2].
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CONSTRUCTION OF THE PERIMETER-WALL FRAME:

The external tube was made of modules consistinthafe columns, 3 stories tall,
interconnected by spandrel plates. Cap plates weraded at the top and bottom of
each column to allow bolted connections with highersgth bolt (A365, A490).
Connection and strength capacity varied along thédibg height, with 4 bolt

connections at upper stories and 6 bolts connecabiower stories.

e I
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;jl‘-—-'-—_—.-_-:: Floor

Figure 13. Presents a partial elevation of thigmat wall at typical building floors. FEMA
report 2000

The figure above illustrates the construction ofpidgl modules and their

interconnection. The construction of the perimetal frame was made of extensive

use of prefabricated modules [1,Chapter2]. Eacarmxtwall module consisted of three

columns, three stories tall, interconnected by $pandrel plates, using all-welded

construction.
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Cap plates were provided at the tops and bottomsaoh column, to permit bolted
connection to the module above and below. Connedirength varied throughout the
building, ranging from four bolts at upper stortessix bolts at lower stories. Near the
building base, additional welds were also used.

Side joints of adjacent modules consisted of higérgth bolted shear connections
between the spandrels at mid-span. Except at tlse loh the structures and at
mechanical horizontal splices between modules wenebined in elevation so that not
more than one third of the units were spliced in ame story.

Where the units were all spliced at a common leadtitional welds were used to
improve the strength of these connections. At thidimg base, adjacent three columns

combined to form a single massive column, in addak formation [1,Chapter 2].

Figure 14. Base of exterior wall frame. FEMA re@002. FEMA report 2000

Twelve grades of steel, having yield strengths warypetween 42 kips (289 MPa) per
square inch (ksi, kilopound per square inch) an@l k& (689 MPa), were used to
fabricate the perimeter column and spandrel pla®ate thickness also varied both
vertically and around the building perimeter, tstdbute the predicted loads and
minimize differential shortening of columns acrake floor plate. In upper stories of
the building, plate thickness in the exterior walls generally 1/4 inch. At the base of
the building, column plates were 4 inches thicke Grade and thickness was neither
exactly symmetrical within the two towers.

The stiffness of the spandrel plates, created byctmbined effects of the short spans
and significant depth created a structural systheat tvas stiff both laterally and
vertically. Under the effects of lateral wind loagj the buildings essentially behaved as

cantilevered hollow structural tubes with perfodatealls[1,Chapter 2].
16



Figure 15. The erection of the prefabricated camepds, forming the exterior wall and floor
deck units. FEMA report 2000

This is the perimeter wall and the steel deckingwdnich the concrete floor slab is
poured. The top chords of the trusses (yellow) @oned diagonal bars (the V-shaped
features) and the rows of shear studs run perpeladito the main trusses.
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Figure 16. The erection of floor framing duringgsnial construction. FEMA report 2000
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These are the mechanical floors, the only floorswhich the prefabricated perimeter
wall units were not staggered. The mechanical $odnere not supported by trusses but
by solid steel beams. Composite action betweeretheams and the concrete slab was
by welded shear studs[1,Chapter2]. The concreteveds apparently considerably thick
and specially reinforced with steel beams. Sucbriovere necessary to enable the
towers to resist the significant lateral force africane force winds.

On the 41st and 42nd floors, both towers housechamecal equipment. To sustain the
heavy loads, the floors were designed as structiesl frame slabs. All other floors
from the ninth to the top, except for 75 and 76,clwhwill also carry mechanical
equipment, had typical truss floor joists and stieslking.

The office floors had 4-in (10.2 cm) thick slabsa@mposite construction using top
chord knuckles of the trusses, which extended th&slab, as shear connectors. On

mechanical floors, composite action was provideavbided stud shear connectors.

The perimeter wall was composed by orthotropic [samwath different axial and
bending stiffnesses in the horizontal and vertaiedctions. At the end, the perimeter
wall, lost the lateral support of the floors, agtias bracing for the external wall,
buckled maybe aided by weaker connections betwaempanels. In this work | study
the buckling of one face of the Towers. To represenly one face of the building |
considered the external edges of the structurelgisypported but | didn’t put much
attention on it because | was interested in thekere@eonnections between the panels as
a possible cause of the collapse. Particularly dngred the extreme case of weak

connections using pin connections.
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Chapter 2 The Collapse

On the morning of September 11, 2001, two hijackaehmercial jetliners were flown
into the WTC towers. The first plane, American Aes Flight 11, originated at
Boston's Logan International Airport at 7:59 a.fhe plane crashed into the north face
of the north tower, WTC 1, at 8:46 a.m. The secplathe, United Airlines Flight 175,
departed Boston at 8:14 a.m. crashed into the daathof the south tower, WTC 2, at
9:03 a.m. Both flights, scheduled to arrive in LArsgeles, were Boeing 767-200ER
series aircraft loaded with sufficient fuel for ttnanscontinental flights [1,Chapterl].

The north tower was struck between floors 94 andwd® the impact centered on the
north face. The south tower was hit between fld@&snd 84 toward the east side of the
south face. Each plane caused damage across mdltipts. The speed of impact into
the north tower was estimated to be 410 knots,4ifésmer hour (mph), and the speed
of impact into the south tower was estimated tobb@ knots, 590 mph. As the two
aircraft impacted the buildings, fireballs eruptma jet fuel spread across the impact
floors igniting fires. The term fireball is used describe deflagration, or ignition, of a
fuel vapor cloud. The fires spread throughout tphpeu floors of the two WTC towers,
thousands attempted to evacuate the buildings.:2Q &.m., 56 minutes after it was
struck, the south tower collapsed. The north togesttinued to stand until 10:29 a.m.,
when it, too, collapsed. The north tower had swdil hour and 43 minutes from the

time the jetliner crashed into it [1,Chapterl].
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Figure 17. FEMA report 2000
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Debris from the collapsing towers fell down on sumding buildings, causing
structural damage and starting new fires. The sudd#apse of each tower sent out air
pressure waves that spread dust clouds of builshaggrials in all directions for many
blocks. Portions of WTC 3 were severely damageddiyis from each tower collapse,
but progressive collapse of the building did notw§l,Chapterl]. However, little of
WTC 3 remained standing after the collapse of WTGNIC 4, 5, and 6 had floor
contents and furnishings burn completely and seffesignificant partial collapses from
debris impacts and from fire damage to their stmatframes. WTC 7, a 47-story

burned for 7 hours before collapsing at 5:20 p.m.

The building's structural system, composed of theerer load bearing frame, the
gravity load bearing frame at the central core, #redsystem of deep outrigger trusses
in upper stories, was highly redundant. This pdeditthe building to limit the
immediate zone of collapse to the area where skestmes of exterior columns were
destroyed by the initial impact and, perhaps, taigas of the central core [1,Chapterl].
Following the impact, floor loads originally supped by the exterior columns in
compression were successfully transferred to otbad paths. Most of the load
supported by the failed columns was transferreadjacent perimeter columns through

Vierendeel behavior of the exterior wall frame.

20



The extra vertical load on the perimeter columnsildkdhave been distributed around
the whole perimeter frame and would not have bemtentrated mainly on adjacent
columns. The columns on the impact side would Haeen in greater compression and
the columns on the opposite side would have bearaater tension. The columns on
the other two sides would vary from greater congmgsto greater tension. This is
Vierendeel behavior and this is what enabled thets to resist the lateral force of the

wind. The towers were designed to distribute elktaging in this way [1,Chapterl].

The loss of the columns resulted in some immedikieg of the structure toward the
impact area subjecting the remaining columns aedsthucture to additional stresses
from P-delta effects. Also, exterior columns abdive zone of impact were converted
from compression members to hanger-type tensionbaesnso that, in effect, a portion
of the floors' weight became suspended from theggdr trusses and were transferred
back to the interior core columns. The outriggasses also would have been capable of
transferring some of the load carried by damagec @wlumns to adjacent core

columns.

Central Cora Outrigger System Central Core

Exterior Tube Frame

Wall Above Impact Area Hangs in I INRAN i
Tonsion, and Remaining Frame Acts ||| 1|1 |
as Vierendeel Truss {o Distribute i i
Loads to Other Elements

Wall Above Impact Area

e t— Perimeter Columns Resist 40% of [RENEN RN NS RNENOR N t
L Building Weight, Equally Distributed (BERNNAERE ‘ T T

t e t H ]i
<—— Core Columns Resist 60% of
I Building Weight, Equally Distributed I
Perimeter and Core Columns Columns —=
Near Impact Zona Carry More Load
Before Aircrafl Impact After Aircraft Impact Load in Wind

Figure 19. Redistribution of load after aircrafipact and in wind. FEMA report 2000

The primary load path for the redistribution of thwad from missing perimeter
columns, was through the deep spandrel plated theatemaining perimeter columns.
The World Trade Center towers were specificallyiglesd to spread the load to all the
remaining perimeter columns, through both compoesaind tension. The primary load
path for the redistribution of the load from migsrore columns, was through the cores

rigid three dimensional grid of beams and colunims|l the remaining core columns.
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Following the aircraft impact into the buildinggtistructure was able to redistribute the
building weight to the remaining elements and tonta@n a stable condition for 1 hour
and 43 minutes following the impact. However, thrucgure's global strength was
severely degraded. Although the structure may bhaes able to remain standing in this
weakened condition for an indefinite period, it Hadited ability to resist additional
loading and could potentially have collapsed agsllt of any severe loading event,
such as that produced by high winds or earthquak@< 1 probably experienced some
additional loading and damage due to the collaps¢he adjacent WTC 2. This
additional damage was not sufficient to cause pe#a The first event of sufficient
severity to cause collapse was the fires that\ia@lbthe aircraft impact [1,Chapter2].

2.1 Structural response to fire loading

The impact of the aircraft into WTC 1 degraded #steength of the structure to
withstand additional loading and made the buildmgre susceptible to fire-induced

failure. Among the most significant factors:

1- The force of the impact and the debris and firabpibbably compromised the
applied fire protection of some steel members eithmediate area of impact.
The exact extent of this damage will probably ndwerknown, but this likely
resulted in greater susceptibility of the structiarére-related failure.

2- Some of the columns were under elevated stategesfssfollowing the impact,
due to the transfer of load from the destroyed@darmdaged elements.

3- Some portions of floor framing directly beneath thertially collapsed areas
were carrying substantial additional weight frone tilesulting debris and were
carrying greater loads than they were designedesistt As fire spread and
increased the temperature of structural membeses, sthucture was further
stressed and weakened, until it was unable to stugpddig weight. Although
the specific chain of events that led to the evantollapse will probably never
be identified the following effects of fire on sttures may each have
contributed to the collapse in some way.

4- As floor framing and supported slabs above and fineaarea are heated, they
expand. The towers were designed to survive muaie serious fires than those
that occurred on September 11. Their design wasalgtput to the test on
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February 23 1975 when the fire occurred in the WN&th Tower. The North
Tower suffered no serious structural damage froms thtense fire. As a
structure expands, it can develop additional, pathy large, stresses in some
elements. If the resulting stress state exceedsapacity of some members or

their connections, this can initiate a series dfifas.

Concrete takes a long time to heat up, and usuathains relatively cool until the fire
has burnt through an area. In intense fires of ldungtion, the concrete slabs maximum
average temperature is usually a few hundred degless than that of the steel
[1,Chapter 2].

Building Lead Buisding Load
From Abowe From Abowe

Figure 20. Expansion of floor slabs and framirgutes in outward deflection of columns and
potential overload. FEMA repod0P

In figure above seems that the fire caused thé ®t@xpand and push the exterior walls
out, however in figure below the fire caused theekto sag and pull the exterior walls
inward. This was explained saying that at relagivelv temperatures the beams/trusses
expand axially until they buckle. Once they bucklee thermal expansion is
accommodated by sagging. This buckling of the bé&ansses allows the thermal
expansion to be accommodated by sagging. The kafigd restraint due to the trusses
composite action with the concrete and the redtdaie to the end columns, means that
sagging was the predominant feature. At 500°C ngpé&zature that the slab probably
never reached, the 60 foot sections of concreter flab between the core and
perimeter wall would expand by about 3 inches, harethis extra length was easily

accommodated by the sagging of the slab.
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Figure 21 Buckling of columns initiated by failupéfloor framing and connections. FEMA
report 2000

In the figure below is shown that as the tempeeatdrfloor slabs and support framing
increases, these elements can lose rigidity andirgagcatenary action. As catenary
action progresses, horizontal framing elementsflmd slabs become tensile elements,
which can cause failure of end connections, arevatlupported floors to collapse onto
the floors below. The presence of large amountdetiris on some floors of WTC 1

would have made them even more sensible to thiaviah

Bullding Load Building Load
From Above Fram Above

Exterior
Cotumn

Figure 22. Catenary action of floors framing owesal floors initiates column buckling
failures. FEMA report 2000

To study deeply if the thermal expansion of thenmedtrusses was due to the axial
expansion or by sagging, was performed a test adi@gon in which was
demonstrated that the thermal expansion was accaoliated by downward deflection
and not by the forcing of the exterior walls awagnfi the core, axial expansion

[1,Chapter2].
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Figure 23. Test fire at Cardington FEMA report 2000

There was also no failure of the end connectionenBhough the beams could only
contribute as catenary tension members (the beaans reduced to 3 or 4% of their
room temperature strength), the concrete floorspleegh strength to the structural
system by membrane action and no collapse occufiesl beams/trusses were not fire

protected.

2.2 Progression of the collapse in the WTC 1 and WC 2

In the construction of WTC 1 and WTC 2 there wasesi more than 4 x 1bjoules of
potential energy over the 1,368-foot height of streicture. Of this, 8 x f0joules of
potential energy were stored in the upper parhefstructure, above the impact floors,
relative to the lowest point of impact. Once codl@pnitiated, much of this potential
energy was rapidly converted into kinetic energg. the large mass of the collapsing
floors above accelerated and impacted on the flbeftew, it caused an immediate
progressive series of floor failures, punching eachturn onto the floor below,
accelerating as the sequence progressed.

As the floors collapsed, this left tall freestargliportions of the exterior wall and
possibly central core columns. As the unsupportadht of these freestanding exterior
wall elements increased, they buckled at the batddmn splice connections, and also
collapsed. Perimeter walls of the building seemhdawe come off and fallen directly
away from the building face, while portions of there fell in a somewhat random
manner. The perimeter walls broke apart at theedatbnnections, allowing individual
prefabricated units that formed the wall to fall ttee street and onto neighboring
buildings below [1, Chapterl].
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These studies suggest that the perimeter wall efttibe lost lateral support and
buckled, maybe aided by weaker connections betweeels. | focus my attention to

study the buckling of one face of the external tibsee how it collapses.
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Chapter 3  Buckling basic theories

3.1 Thin plates

Thin plates are flat structural members boundetiayparallel planes, called faces, and

a cylindrical surface, called an edge or bound@he distance between the plane faces
is the thickness (h) of the plate. It will be assdinthat the plate thickness is small

compared with other characteristic dimensions efféites (length, width, diameter,..).
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Figure 24 Thin plates and shells-Theory, analgsi$ applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part I: Thin plates

The loads carried by the plates are predominamttggndicular to the plate faces.
The load-carrying action of a plate is similar batt of beams or cables and it can be
approximated by a gridwork of an infinite numberliams or by a network of an

infinite number of cables, depending on the flekumadity of the structures [2].
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3.2 General Behavior of plates

The plate bending theory based on the Kirchhoffypdtheses is referred to as the
Kirchhoff's plate theory.

Tl mididle plane

/’! 1 Lefore deformation
¥{w) l | middle plane
“— after delvrmation

{middle surlaced

Figure 25. Thin plates and shells-Theory, analgsis applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part I: Thin plates

The fundamental assumptions of the linear, elasti@ll-deflection theory of bending
for thin plates are the following [2]:

1. The material of the plate is elastic, homogesgeand isotropic.

2. The plate is initially flat.

3. The deflection (the normal component of the ldispment vector) of the midplane is
small compared with the thickness of the plate.

4. The straight lines, initially normal to the midglane before bending, remain straight
and normal to the middle surface during the defdionma and the length of such
elements is not altered. The vertical shear strainsndyyz are negligible and the
normal strainez may also be omitted. This assumption is referredas the
“hypothesis of straight normal.”

5. The stress normal to the middle plasg,is small compared with the other stress
components and may be neglected in the stressy-sttations.

6. Since the displacements of a plate are smal, @ssumed that the middle surface
remains unstrained after bending.

These assumptions result in the reduction of setdmmensional plate problem to a two-

dimensional one.
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Figure 26. Thin plates and shells-Theory, analgsi$ applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part I: Thin plates

a. Governing equation for deflection of plates

The components of stress generally vary from ptmnpoint in a loaded plate. These
variations are governed by the static conditionedfilibrium [2]. Considering a very
small element dx dy of the plate subjected to a vertical distributead of intensity
p(x,y) applied to an upper surface of the plate, firce and moment components may
be considered to be distributed uniformly overntidplane of the plate element.

The following three independent conditions of efuilm may be set up:

1- The force summation in the z axis gives:

30 . 0.

{_Q'\ dxdy + {‘LL dxdy + pdxdy = 0,
dx dy

from which

00, 90,

d,(‘i—l— {F"'" +p=0.

dx dy

2- The moment summation about the x axis leads to
aM

B

ax

aM
5 dxdy — Q,dxdy =0

Xy

dxdy 4

or

M, oM,

— ===,

dx ay :

3- The moment summation about the y axis results in
M, M,

dy dx
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M, | My,

ox ay

Q.=

Xy

aM aM
)y =t
: dx dy

Taking into account lyk= Mxy

It is obtained:

M, M., M,
[i ‘ 1_\ Ef‘ '.x_s +1’ 1._; s _.”{-"‘-‘ ."'J‘
ax: dxdy dyv-

Substituting in it the expression ofxMMy, Mxy follows the governing equation for the

deflections of thin plates bending analysis base#&iocchhoff’'s assumptions.

i'}4n' 5 53—1:1' fﬁ"l=£.
ax*  Tax?a @t D

This equation was obtained by Lagrange in 1811.hkfaatically, the differential
equation can be classified as a linear partialebfitial equation of the fourth order

having constant coefficients.

Once a deflection function w(x,y) has been deteeahjrthe stress resultants and the
stresses can be evaluated. In order to determénddfiection function, it is required to
integrate it with the constants of integration degent upon the appropriate boundary
conditions.

The expressions for the vertical forces Qx and iQgy now be written in terms of the

deflection w:

= dy \dx= oy

0, - _Di(mﬁ) — b2,

dy \ox? - 0y?

3 (Fw Fw -
Q.= —D‘—(‘ AR ':) = —D—(Vw),
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b. Boundary conditions

The boundary conditions are the conditions on tiréases of the plate which must be
prescribed in advance in order to obtain the smiutof the deflection equation
corresponding to the particular problem [2].

1- Clamped edge
At the clamped edge y =0 the deflection and slopearo:
By
w=0|,_p and &, E{‘l = ﬂ‘
' dy
2- Simply supported edge
Deflection and bending moment aggo:
W= 0ly—gy M, = —D(QJr 1"—“) =0

ax? ay?

x=da

The first of these equations implies that alongdtige x=a all the derivatives

of w with respect to y are zero, #x and w=0, then

Fil_rf'n:[}

ay
It follows
=0y —5=0
A
3- Free edge

Bending moment and shear foezeszero

My=0| 5 @y="0 . M;;=0] ;
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Figure 27. Thin plates and shells-Theory, analgsi$ applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part I: Thin plates

3.3 Rectangular plates

These plates represent a good model for developamehas a check of various methods
for solving the governing differential equationwill consider the solutions in the form
of double trigonometric series applied to rectaagsimply supported and continuous
plates. | will explain two methods to find the dodms of rectangular plates: one, the
Navier's method which find the solution in the forwh double trigonometric series.
Then | will study the buckling of simply supporteectangular plates and to solve it |
used software: SAP2000.

| started to study in Sap2000 a rectangular plateply supported subjected to a
uniform load p(x,y) in order to see how is it theckling behavior of a plate and after |
built a simplified model of one face of the Worlda@le Center to study the collapse.
The complicate thing of this design is the reprdiduncof the connection between the
panels. When | started | thought that the main leralof the collapse was in the kind of
connection between the panels. To see this peadjaect | studied 2 different kinds of
plates: one with continuous panels and one witlgddnpanels as the extreme case. At
the end of the experimentations performed | sawttif@buckling in the two cases isn'’t
so different. At the beginning | expected that giate with the hinged panels would

buckle faster than the continuous plate, aftenrgetiff one, 1, 2, 3, 4 floors. In reality |
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got almost the same buckling in the two cases.lllexplain later in more detail this
aspect, now | want to introduce the behavior ofreangular plate and the buckling of

the plates. After | will show the models that Ilhui

Navier's method

Navier found the solution of bending of simply sopgpd plates by double
trigonometric series [2]. The boundary conditions & simply supported rectangular
plate subjected to a uniform load p(x,y) are:

Fw | am
w=10] i s =0 and w=_0_;

wasdl o bl b

The solution of the governing differential equatisn
ol ok ad
d'w aw aw p
+ 2 2 e ey
dx?t axZay  a* D
The expressions of the deflection surface, w(xand the distributed surface load,
p(x,y), have to be sought in the form of an inBritourier series, as follows:

= . JTIT. "1 5 rr oy
WX, V= E E LAy
Yorm 3

meez] n—

. HOTX- _ HAY
plx, li—ZEI.'J,.-,'iln '-.ll'.lll.—.

m=1mn

where wnn and pnnrepresent coefficients to be determined. It capdsaly verified that
the expression for deflections satisfies the presdrboundary conditions.

To determine the Fourier coefficientsip each side of the distributed load equation is
multiplied by sin tix/a sin kiy/b and integrated twice between the limits 0,a @d as

follows:

ey

1

l pix, ¥) un -.m dvdy =

'L_..r_

a h
= porx . onmy . Imx . kwy

y E P | | 510 sin sin—sin——dwd .
....i' : b i 'E]

M [l
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Figure 28. Thin plates and shells-Theory, analgsis applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part |: Thin plates

It can be shown by direct integration that

a 0 ifm =1
.omrx . [nx
]Sln sin —dxy = {

a o

o af2if m=1{

k Difmzk
4 l i my 'ink'q'rdr X
an I 3 —ﬁ 5 —ﬁ =

B2 n=%L

[}

+
The coefficients of the double Fourier expansianthe following:

Max . nmy
3in —— dady.
a Fi :

e ii | RS
Pom = ||'|r3ll .l,l'j X, yhan

[{]

a b
4 ) . mmrx _ nmy
. El ,I'HI'-L'”MH ; 5in Td.‘.d.l'.

i

Since the representation of the deflection sasistitee boundary conditions, then the
coefficients wnhn must satisfy the governing differential equati@ubstituting the

w(X,y) equation into the differential equation riesun the following equation:

[Ej— l(?j](’mj]— (-ra_nz]-='| _ Pon | \__mm.rr.\ ﬁnﬂ: 0.

o0 O
; IZ;‘ |hl"'"' |\ a Y, \'h / D a h

This equation must apply for all values of x andie conclude that

=5 ) 2
m Porn
| | .'fs g - = “I.
1."I..I ('H_ Ir:l_) }'_:I

from which

o Prmn
."!':'_EJ [l_ 'i'!.-'lfl'?: - ”i‘ln"lr:I}:]-

W

Substituting the above into w(x,y) equation, on¢éaois the equation of the deflected
surface, as follows:

o0

= . mMEX .y
wix, ¥) = U—Z ﬁ"l' i —sin sin-
b e B 1[[!?1,-"r”' + [,,I,',l';.],-]' ' ]
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It can be shown, by noting thdtsin mux/a| <1 and| sin my/b| <1 for every x and y
and for every m and n, that the series is convérgen
Substituting w(x,y) we can find the bending momeants the shear forces in the plate,

and then determine the stress components.

B [(m/a¥ +wn/BY] . max . nmy
M, =— g —————————————— 50 sin——,
o ’EEZE# = + (n/By i ]

3
ma=l n=1 l“”"'“lr

(n/ B + vimiar] . mmx | mwy
M, :_-'ZZ'“H'-”%:‘JHIF s ——
S [(mfay + (n/B)} a b

m=1n=]

A . i i mn BT ey
M,=—-—2% Pot — S C08 ——C08——.
2 L e e ab(m/fay + (nfby T i b

The infinite series solution for the deflection geadly converges quickly; The accuracy
can be obtained by considering only a few termscé&ithe bending moment and the
shear forces are obtained from the second and dlenigatives of the deflection w(x,y),

the convergence of the infinite series expressajfribe internal forces and moments is
less rapid, especially in the vicinity of the pladges. This slow convergence is also
accompanied by some loss of accuracy in the proafesalculation. The accuracy of

solutions and the convergence of series expressibtiee bending moment and shear
forces can be improved by considering more termghénexpansions and by using a

special technique for an improvement of the consecg of Fourier’s series.

3.4 Buckling of plates

Buckling or elastic instability of plates is of gtamportance.

The buckling load depends on the plate thicknémsthinner the plate, the lower is the
buckling load. In many cases, a failure of thintplalements may be attributed to an
elastic instability and not to the lack of theirestgth [2].

a. The theory of stability of plates

The stability analysis of plates is similar to thaler stability analysis of columns.
Depending on values of the applied in-plane loadsinitial, state of equilibrium may
be stable or unstable. The initial configurationetdstic equilibrium is stable, if when
the plate is displaced from this equilibrium sthtean infinitesimal disturbance, as a
small lateral force, the deflected plate will teiodcome back to its initial configuration
when the disturbance is removed. The initial camtigion of equilibrium is said to be
unstable if, when the plate is displaced from #gsilibrium position by a small lateral

35



load, it doesn’t return to its initial configuratiavhen the load is removed. The unstable
plate will find other new equilibrium states, whiolay be in the vicinity of the initial
state or may be far away from the initial equililoni configuration.

If the plate remains at the displaced position eafégr the small lateral load is removed,
it is said to be in neutral equilibrium; thus, thlate in neutral equilibrium is neither
stable nor unstable. The transition of the pladenfthe stable state of equilibrium to the

unstable one is referred to as buckling or strattmstability [2].

The smallest value of the load producing bucklsgalled the critical or buckling load.
The importance of buckling is the beginning of dlettion, which if the loads are
increased above their critical values, rapidly ted@d very large lateral deflections.
Consequently, it leads to large bending stresses.eaentually to complete failure of
the plate.

It is important that a plate leading from the stald unstable configuration of
equilibrium always passes through the neutral stétequilibrium, which is the state
between the stable and unstable configurations.

Neutral equilibrium is associated with the exiseewt bifurcation of the deformations.
The critical load can be identified with the loagstresponding to the bifurcation of the
equilibrium states, or the critical load is the #egwt load at which both the flat
equilibrium configuration of the plate and deflett®nfiguration are possible.

The goal of the buckling analysis of plates is &edmine the critical buckling loads
and the corresponding buckled configuration of Eopium [2].

The linear buckling analysis of plates is basedhenfollowing assumptions:
1

Prior to loading, a plate is ideally flat and d&létapplied external loads act in
the middle plane of the plate.
2- States of stress is described by equations dirtear plane elasticity. Any

changes in the plate dimensamesneglected prior to buckling.

w
1

All the loads applied to the plate are dead loHus; is, they are not
changed either in magnitudenatirection when the plate deforms.
4- The plate bending is described by Kirchhoff’s plaending theory
The linear buckling analysis of plates based osdlessumptions makes it possible to

determine accurately the critical loads, which ianportant in the stability analysis of
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thin plates. This analysis gives no way of desngbthe behavior of plates after
buckling, which is also of considerable interest.

Buckling problems of plates can be formulated usihg equilibrium method, the
energy method, and the dynamic method. | focusaiention on the equilibrium

method.

b. The equilibrium method of rectangular plates

Considering a plate subjected to the external doggs acting in the middle plane of
the plate, the in-plane stress resultants in thialistate of equilibrium are X Ny; and
Nxy. They may be found from the solution of the platess problem for the given
plate geometry and in-plane external loading.

For the plate, the in-plane external edge loadsrésalt in an elastic instability as in the
case of a beam column, are independent of thealdtexds. The governing differential
equation of the linear buckling analysis of platesobtained from the differential
equation by making p equal zero [2]. We have thieviong:

i'w Fw w1 Fw  Pw - Fw
+ 2 + = — _,-"\.'l_‘_‘_"l\l. T sl

o “a 2 2 . i 2Ny 7 s ]
ax* axlayr oyt D ix= " dxdy Ty

Where N; Ny; and Ny are the internal forces acting in the middle stefaf the plate
due to the applied in-plane loading. The right-hailg can be interpreted as a fictitious
transverse load.

The mathematical problem is to solve this equatth appropriate homogeneous
boundary conditions. In general, this problem haly a trivial solution corresponding
to the initial state of equilibrium @w0). However, the coefficients of the governing
equation depend on the magnitudes of the stresdtalts, which are connected with
the applied in-plane external forces, and we cad ¥alues of these loads for which a
nontrivial solution is possible. The smallest vabfethese loads will correspond to a
critical load.

A more general formulation of the equilibrium medhoansforms the stability problem
into an eigenvalue problem. It is multiplied a refece value of the stress resultants
(N’x; N'y; and Nxy) by a load parameter
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Substituting it, is obtained an alternative formtloé governing differential equation of
plate buckling problems

A o= ‘J:n' < H:n' = fi:n'
vw+Z [N E2E LN ZY LoN, =i
W D( 5 gz P ey

The solution of w(x,y), obtained by the analytiaal numerical methods involves
arbitrary constant coefficients Ci (i =1, 2, .n),to be determined from the prescribed
boundary conditions.
So the differential equation is reduced to a systérhomogeneous, linear algebraic
equations in Ci. For an existence of a nontrivadlison of the system, its determinant
must be equal to zero. This results in the chargtiteequation irk.
Solving this characteristic equation, we obtain s@pecific valuedl, A2, . . . An (the
characteristic numbers or eigenvalues) and theesponding non zero solutions, called
characteristic functions or eigenfunctions. The I&saof the characteristic numbers or
eigenvalues not equal to zero will be the critigalue, Acr, and the corresponding
eigenfunctions will be the buckling modes. Therg tritical load is calculated by
multiplying Acr and the corresponding reference value of the. loa

Pcr =\cr*Pref

c. Buckling of rectangular plates

According to the equilibrium method, the criticalwes of applied in-plane forces may
be found from the solution of the governing differal equation which is a
homogeneous, linear partial differential equatioithwariable coefficients. It is
impossible to find its analytical solution in theergeral case [2].. | illustrate the
equilibrium method for obtaining the exact solusomssociated with determining the

critical forces in simply supported rectangulanesa

In my work, to become familiar with the plates,ddon to study the critical buckling
load for a simply supported plate subjected toigotmly distributed compressive edge
load gx acting in the x direction and | solved ithwthe software SAP2000, but | want
explain the basic theory of this problem.
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For this case Nx=gx and Ny=Nxy=0.
The differential equation becomes

aw

e o
e

DV'Vw+ N, 0.

e

| |
Qx | | As 1y,

I — | 3

Figure 29. Thin plates and shells-Theory, analgsi$ applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part I: Thin plates

| seek the solution that satisfies the simply sufgabboundary conditions. Inserting this

solution into this equation

e dw w1 Fw - Fw Fw
+2 =—|N,—=+2N N

LT 7 =g — LAYy +2\— Ny —= ]y
axt EJ_\'EE{!'E EJ}A D ax? * dxay ‘ ”.1'2

leads the following equation.

o oo 2 2 2
afm n 5 M .o mmx . Amy
E E Da'| =+ —= | —¢. 1 — | W, SIN sin——=10.
a b a- a b

One possible solution isyy =0; however, this represents the trivial solutimix,y)=0,
and corresponds to an equilibrium in the unbuckktdie of the plate and is of no
interest. Another possible solution is obtainedsbiting the quantity in square brackets

to zero

From which

-

D (mb +H:EJ )
=== — B
L b= a mb
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The constants w, remain undetermined. This expression gives alueslof ¢
corresponding to m=1,2,3, ; n=1,2,3, . . . as iptsdorms of the defected surface.
From all of these values one must select the sstaliéhich will be the critical value.

The smallest value ofigs obtained for n =1. For n=1 gx becomes

N,= i (ﬂ+ i)

b i mb

Or

,TT:'U
gr= K 2

Where K is the buckling load parameter which isrosf as:

K= (mb+ a )3
o a mb
For a given value of m, the parameter K dependg @mlthe ratio a/b called aspect ratio
of the plate. The smallest value of gx and the evaluthe critical force xgr, depends on
the number half sin waves in the longitudinal diet m. For a given aspect ratio the

critical load is obtained by selecting m so than#ékes the equation of gx a minimum.

Since K depends only on m, we have the following:

dK mb a b a
am = (_+_b)(__—b) =0
Since the first factor in the parentheses of threvalis nonzero, we obtain
a
m=-
b
This provides the following minimum values of théical load
412D
bZ

Mingx = gxcr =

The corresponding value of the buckling load patame K=4. The corresponding
critical stress is found to be

"

Neew oo 47D TE h)"
YR R bR 3(1-1P) (h L

40



The critical values of gx andx correspond to a plate of a width, b, length, he T
variation of the buckling load parameter K as acfion of the aspect ratio a=b for
m=1,2,3,4 is shown in the figure below.

The magnitude of gxcr and the number of half-wawesn the direction of the applied
compressive forces, for any value of the aspea n readily be found. If a/b=1,5,

K=4,34 and m=2 and The corresponding critical lisad

D
Gree = 4347

h-

m=1

e e

= I UV R R
g |
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| | R
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Figure 30. Thin plates and shells-Theory, analgsis applications. Edward Ventsel, Theodor
Krauthammer. 2001 Marcel Deklec, Part I: Thin plates

The plate buckles under this load into two half-e&wn the direction of the applied

compressive loads and one-half in the perpendiclitaction.

Short and broad plates ( a/b < 1) a minimum valuthe critical force is obtained for

m=1. For a/b << 1, that is for very short and brp&ades, the ratio a/b can be neglected

compared with the ratio b/a and~#t¢/a’

The value of the critical force is:

-

a D
K
Thus, in this case, the critical force does notedepon the plate width, depends only

upon its length. The above expression represeat&uter critical load for a strip of unit

Grer = 4.34

width and of length a, and the smallest value eftdtal rigidity, El, is replaced with the

flexural rigidity of the plate, D.
Et3
D=——"0T5x
12(1 -V9)
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Chapter 4 Model of the tube collapse

4.1 Finite Element Model

| solved the structure with the Finite element wafe SAP2000 which allows to
perform:

- Static and dynamic analysis

- Linear and nonlinear analysis

- Dynamic seismic analysis and static pushover arsalys
| performed a static and linear buckling analydisme face of the external tube of the

Twin Towers.

In this work my goal is to study the structurallapke of the Twin Towers. To study it |
focused the attention on one face of the externbke.t My model consists of a
rectangular plate simply supported on the latedgles and fixed at the bottom with a
live load applied at the top of the plate. | pemied the analysis with SAP2000. |
started with the linear static analysis and themnlitear buckling analysis through the
eigenvalue problem.

To study this type of structure | implemented 2faé#nt models with different
characteristics to be able to compare the resntist@ see the different behavior of the
collapse if we consider the structure with diffdrennditions. In fact my goal was to
see how the collapse changes if we have a structade with single continuous panels

or with single panels but with weak connectiongespnted by hinges.

My work consists of the study of 2 cases of plates
1- A plate with continuous panels: this case is imgartbecause it allowed to
compare this one with the model in which the paastsconnected with hinges.
2- A plate with hinged panels: this is the case theiteb represents the actual
structure of the Twin Towers. Implementing this mbdobtained results that
doesn’t show a very big difference with the continsi case. Later | will explain

more detailed the behavior of this plate.
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4.2 Construction of the model

First of all |1 defined the dimensions of the plalde dimensions of the plate | studied
aren’t the actual one of the World Trade Centere Téal dimensions of the external
tube of the Twin Towers were 63x63 meters wide 4bh8 meters high. | studied one
face of the structure but smaller in order to sifpghe calculations and the analysis.

The plate | considered has the following measures:

Width= 24m
Height= 120 m

Panels dimensions:

W=4m

H=12m

Floors height: 4 meters
Axial stiffness:

Ax/Ay=0.5

Bending stiffness Kx/Ky=0.1

Figure 31. Construction of the model UF@32. A zoom of the model to see the gap
between tipanels

| decided these dimensions to simplify the desigthe panels. In the x direction | put 6

panels 4 meters wide and in the y direction 10 [sari® meters high, respecting the
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ratio with the actual structure, in which the panehere 3 meters wide and 11 meters
high.

Each panel is 3 stories tall and 4 meters wideal®e it includes three columns of 1
meter wide. In my design | didn’t built the columA® take them into considerations |
took a different stiffness in the horizontal andtial directions in terms of bending
and axial stiffness. The horizontal axial stiffneshalf than the vertical axial stiffness.
The panels are staggered, each one begins in téienof a floor. The beginning and
the end of two near panels doesn’t coincide.

After having defined the geometry | chose the malter

Material:

Steel: A992Fy50

E: 199947 Mpa

v: 0.3

Thickness: 0.025m taking into account the ridbe0.006
Width=4m

t/w= 0.025/4=0.00625

Material Property Data

Mateiial Name and Display Color [emszrsn [
Material Type [sear ]
Material Notes Maciy/Show Notes
Weight and Mass Urits
Weight per Unit Volume rE372.59) [Wme <]
Mass per Urit Vokime 7843 0474
Isohiopic Property Data
[TessEt

; E—
Cosficient of Themnal Expansion, & [r7eos
Shear Modulus, G [7B30E10

FamEds
T
FrEm
e

I~ Switch To Advanced Propery Disglay

Cancel

Figure 33 Material property Data.Sap2000

| applied a reference load:

10-30
24.5

Then | had to decide the section type of my plathose the shell thin because is more

Po = = 12.25 KN/m

flexible than the thin plate.
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Shell Section Data

Section Name: WSECT
Section Motes Madify/Show

Display Color [l
Type
@ Shel - Thin
 Shel - Thick
 Plate-Thin
" Plate Thisk
© Membrane
€ Shell - LayerediMoniinesr

|
Material

Material Mame + |[asszrys0 -

Materal ngle o
Thickness
Membrane 0025
Bending 0025
Stliness Hodiers
Sl bodifiers... | |

Figure 34 Shell Section Data.Sap2000
Shell elements

I chose the shell element because it is used tehpldte behavior in planar and three
dimensional structures.

The Shell element is a three- or four-node formaotatthat combines separate
membrane and plate-bending behavior. The four-jeietnent does not have to be
planar [3]. The membrane behavior uses an isoparanfermulation that includes
translational in-plane stiffness components andtational stiffness component in the
direction normal to the plane of the element. Tlaepbending behavior includes two-
way, out-of-plane, plate rotational stiffness comguts and a translational stiffness
component in the direction normal to the planehefélement.

Each Shell element may have a quadrilateral ondttar shape. In my model | used
guadrilateral shape because it is more accuratethigatriangular one.

Face 6: Top (+3 face)

Face 5: Bottom (-3 face)

Figure 35. Four node quadrilateral shell elemept&arence

The difference with the plate element is in the bamof degree of freedom in fact the
plate has 3 degree of freedom and the shell elentavie 6.
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The Shell element always activates all six deg#dseedom at each of its connected
joints. When the element is used as a pure mempiae important to ensure that
restraints or other supports are provided to tlggaes of freedom for normal translation
and bending rotations. When the element is usedpase plate, it must be ensured that
restraints or other supports are provided to thgreks of freedom for in plane
translations and the rotation about the normal If8imy model | used both membrane

and plate behavior because it is recommended lfthrak-dimensional structures.

Then | decided the boundary conditions and the.ld&e plate is simply supported in
the lateral edges and clamped at the bottom. Thieulies that | faced in my work
have been to find the type of connections betwherpanels. The panels are connected
with hinges in the horizontal direction to have thement release about the x axis, and
in the vertical directions they are connected agtioaous panels, so the displacements
and the rotations are the same in all the diresti®udying the manual | found that for
my work the best choice was to apply welds constisaiA weld can be used to connect
different parts of the structural model that arérel using separate meshes. A weld is
not a single constraint, but a set of joints frorhickh the program automatically
generate multiple Body constraints to connect adamtt Joints.

Constraints are used to enforce certain typegyaf-body behavior, to connect together
different parts of the model, and to impose cerntges of symmetry conditions.

Joints are considered to be coincident if the distabetween them is less than or equal
to a tolerancepl, that has to be specified.

One or more Welds may be defined, each with its tsderance. Only the joints within
each Weld will be checked for coincidence with eatter. In the most common case, a
single Weld is defined that contains all jointstive model; all coincident groups of

joints will be welded [3].

121 221 *+
Mesh B

122 222

123 124 125

223 224 225

Mesh A

s

Figure 36. weld constraints. Sapreference

Then | started to compute the analysis and | begé#mn the linear static analysis and
then | performed the linear buckling analysis.
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Linear static analysis

The static analysis of a structure involves thetsmh of the system of linear equations
represented by:

Ku=r
whereK is the stiffness matrix; is the vector of applied loads, ands the vector of
resulting displacements. For each Load Case defthedporogram automatically creates
the load vector and solves for the static displacementsn my model | set the linear

and the buckling load case [3].

Linear buckling analysis through the eigenvalue prblem

A linear buckling analysis is an eigenvalue probkmd is formulated as follow:

([K] + ler [Kg]){d} = {0}

[K] is the stiffness matrix

[lcr] is the eigenvalue for buckling mode

[Kg] is the stress stiffness matrix. This matrixcluides the effects of the membrane
loads on the stiffness of the structure. The stetgfening matrix is assembled
based on the results of a previous linear statyars

[d] is the displacement vector correspondinghliuckling mode shape

The eigenvalue solution uses an iterative algorithat extracts firstly the eigenvalues
Acr and after the displacements that define theesponding mode shape. One set of
these is extracted for each of the buckling modethe structure. The displacements

given by the solution aren’t real displacements.

Acr= buckling load/applied load

The eigenvalue is a safety factor against buckligeigenvalue less than 1 indicates
that a structure has buckled under the applied. |#ad eigenvalue greater than 1
indicates that a structure will not buckle.

Only the membrane component of the loads in thecitre is used to determine the
buckling load, since the formulation of KG is basedy on the membrane loads. This

means that the effect of the prebuckling rotatidms to moments is ignored [5].
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4.3 Case 1. Plate with continuous panels

| started with the continuous case. First | decitheddimensions and the material of the

plate.
Width= 24m
Height= 120m

6 panels in the horizontal direction
10 panels in the vertical direction
Reference load:

Po =1225KN/m

Joints Restraints

Joint Restraints

Restiaints in Joint Local Directions

[¥ Translation 1 [~ FRotation about 1

[ Rotation about 2

v [ Rotation about 3

Fast Restraints

oA | e | |

Cancel
Figure 37. Joints restraints

On the top: On the right side: On the bottom [ fixed it:
Ux=0 Uz=0 Ux=0
Uz=0 Uy=0

Uz=0

| chose the thickness following this ratio: t/w=060according to the real dimensions of
the Twin Towers in which the ratio was: 63/0.4=@&00
Consequently if w is the width of my plate and meas 24m because is formed by 6

panels of 4 meters wide, the thickness | took i®d25m

At this point | introduced the connections betwées panels. As | mentioned before |
used weld connections which allow having the sarnsplacements and rotation
between two coincident joints of two separate mesBelow | reported a sketch of the
panels in which it is shown the gap between theslsaThe gap is of 0.1m and | put a
tolerance of 0.2m. The conditions of the constsaame the same in the both directions.
Ux1=Ux2 Rx1=Rx2
Uyl=Uy2 Ryl=Ry2
Uz1=Uz2 Rz1=Rz2
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Figure 62. Panels detail

In this case the buckling capacity is Pc.

Acr=13.8
Pc =13.8-12.25 =169 KN/m

Figure 63. Buckling mode shape Figure 64. Line selection buckling mode shape
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Figure 67. Distribution of live load stresses

The stresses increase in the connections betweepatiels. The tolerance used for the
welds is of 0.2 m because the gap is 0.1m and ve ke effect of continuity the
tolerance must be higher than the gap.

To verify if the connections works as continuousaeen the panels | chose 2 joints in
the x and y directions

Figure 68. Detail of the stresses at the staggaetettonnections

50



Then | looked at their displacements and rotatiassshown in the table below.
Horizontal joints

Joint case u1 uz uz R1 R2 R32
m m m Radi Radi Radi

3484 L 4.051E-08| -0.00028 0 0 0| -5.5E-08
3434 BUCKL 0 0| -1.7E-07| 7.82E-03| 1.24E-08 0]
3434 BUCK1 1.454E-19 0| 0.000342| -7.5E-06| -3.4E-05| 1.9E-20|
3434 BUCKL 0 0| 0.000121| -2.2E-07| -1.3E-05 0]
3484 BUCK1 -1.038E-13 2E-14| -0.00004| -1.9E-07| 4.34E-06| 1.42E-15
3484 BUCK1 1.039E-13| 4.06E-14| -0.00026( -5.4E-06| 0.00003| 1.66E-14
3484 BUCK1 3.832E-14| 1.09E-14| 0.000581| -1.6E-05| 9.97E-06| -3.6E-14]
4106 L 4.601E-08| -0.00028 0 0 0| -5.5E-08
4106 BUCK1 0 0| -1.7E-07| 7.82E-03| 1.24E-08 0]
4106 BUCK1 1.435E-19 0| 0.000341| -7.5E-06| -3.4E-05| 1.9E-20|
4106 BUCK1 0 0| 0.000121| -2.2E-07| -1.3E-05 0]
4106 BUCK1 -1.039E-13 2E-14| -0.00004| -1.9E-07| 4.34E-06| 1.42E-15
4106 BUCK1 1.022E-13| 4.06E-14| -0.00026 -5.4E-06| 0.00003| 1.66E-14
4106 BUCK1 4.192E-14| 1.09E-14| 0.000579| -1.6E-05| 9.97E-06| -3.6E-14

Table 1. Displacements and rotations in two caoiewct joints
Vertical Joints

4109 L 5.193E-09 -0.000284 o 0 0 -6.735E-08]
4109 BUCK1 o 0 -1.255E-07 0.000000103 3.41E-10 0]
4109 BUCK1 1.178E-19 0 0.000277 -0.00022 -0.000015  -9.93E-20)|
1109 BUCK1 o 0 0.000101 -0.000079 -0.000006694 0|
1109 BUCK1 -8.558E-14 -6.677E-15 -0.000034 0.000026  0.00000232 -B.573E-15
4109 BUCK1 2.175E-13 -3.039E-14 -0.000225 0.000171 0.000017 -1.324E-13
1109 BUCK1 6.948E-14 5.482E-15 0.000341 -0.000266 0.000092 -8.659E-15
1187 L 5.193E-09 -0.000284 o 0 0 -6.735E-08
1187 BUCK1 o 0 -1.255E-07 0.000000103 3.41E-10 0|
1187 BUCK1 L178E-19 -1.153E-20 0.000273 -0.00022 -0.000015  -9.93E-20|
187 BUCK1 o 0 0.000102 -0.000079 -0.000006634 0]
187 BUCK1 -8.558E-14 -7.534E-15 -0.000034 0.000026  0.00000232 -8.573E-15
187 BUCK1 2.175E-13 -4.363E-14 -0.000227 0.000171 0.000017 -1.324E-13
1187 BUCK1 6.948E-14  4.616E-15 0.000332 -0.000266 0.000092 -8.659E-15

Table 2. Displacements and rotations in two coiegigoints

I can conclude that the displacements and rotatimasqual for each pair of joints, so
the continuity assumption is respected.

Now | continued with the same procedure as in therocases to see how the structure
buckles getting off 1, 2, 3, 4 floors and look whappened.
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Lost 1 floor

ACr =8.6

Pcl1 =8.6-12.25 =105 KN/m

which is a reduction of the 38% of the buckling aefy Pc

Figure 69. Buckling mode shape FigitbeLine selection of the buckling mode shape
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Figure 71. Distribution of buckling load stresses  Figure 72. Live load stresses

Figure 73. A zoom of the stresses in the flooraqmkd

The tensile stresses are concentrated in the maoidléhe compression stresses are near
the supports. Close to the connections of the pahele isn’t a different distribution of

stresses because they are continuous.
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Lost 2 floors

rcr=4.7
Pc2 =4.7-12.25=57.6 KN/m

which is a reduction of the 66% of the buckling aefy Pc

Figure 74. Buckling mode shape Figure 75. Distribution of the bliok
stresses
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Figure 76. Live load stresses

From this figure is possible to see that the terstilesses decrease and increase the

compression stresses.
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Lost 3 floors

acr=3
Pc3 =3-12.25=37 KN/m

which is a reduction of the 79% of the buckling &aepy Pc

Figure 77. Buckling mode shape Figure 78. Distribution of the buckling stresses

————————————————————

77777

Figure 79. Live load stresses Figure 80. A zoom of the stresses in the
failure zon

The compression stresses increase spreading indide middle of the floor while the
tensile stresses become more concentrated in tiverad the floor.
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Lost 4 floors

Acr=2.2
Pc4 =2.2-12.25 =27 KN/m

which means a reduction of the 86% of the bucktiagacity Pc
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Figure 81. Buckling mode shape Figure 82. Distribution of the
buckling load stresses
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Figure 83. A zoom of the stresses Figure 84. Live load stresses

The compression stresses are concentrated in tlitenof the floor and there are no

tensile stresses, which are now concentrated heaupports.
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4.5 Case 2 Hinged panels

Now | wanted to see the difference of buckling catyain the case in which all the
panels were continuous and the case of the hingeelf The presence of hinges
affected significantly the buckling capacity of tiall but removing the floors the
reduction of the buckling capacity doesn’t diffeotmuch from the continuous case.
This means that the reduction of the buckling capatoesn’t affected the collapse of
the structure but it is due to the strength ofdbenection and to the loss of the support
of the floors.

This one is the last case | studied, which is the doser to the structure of the Twin
Towers. In this case | put the condition of conitinietween the panels only in the

vertical direction and in the horizontal directidiput the hinges as follows:

Vertical boundary condition between panels oritbntal boundary conditions

Ux1=Ux2 Rx1=Rx2 Ux1=Ux2 R¥Rx2
Uyl=Uy2 Ryl=Ry2 Uyl=Uy2 Ryl=Ry2
Uz1=Uz2 Rz1=Rz2 Uz1l=Uz2 Rz1=Rz

Figure 85. Vertical welds between the panelsFigure 86. Horizontal welds between the
pine

56



Horizontal constraints

Joint CaseType|U1 u2 U3 R1 R2 R3

m m m di di di
3484 LinStatic | -1.2E-08| -0.00027 o 0 0| -4.5e-07
3484 LinBucklin o 0| -0.0008%| -0.00048| 0.000049 0
3484 LinBucklir] o 0| 0.001054| 0.00055| 6.3E-06 0
3484 LinBucklir o 0| 0.000124| 0.000068| 4.01E-07 0
3484 LinBucklin 1.17E-16| -5.3E-17| 0.001315| 0.00074| 7.16E-06| 6.57E-17
3484 LinBucklin 1.51E-16| -4.4E-17| 0.00174| 0.00099| 0.000015| -5.2E-19
3484 LinBucklir -1E-16| 2.49E-17| 0.000616( 0.000358| 0.000013| 9.04E-17
4106 LinStatic | 3.32E-08| -0.00027 o 0 0| -4.5e-07
4106 LinBucklin o 0| -0.0008%( 0.000488| 0.000049 0
4106 LinBucklir] o 0| 0.001054| -0.00061| 6.3E-06 0
4106 LinBucklir o 0| 0.000124| -6.8E-05| 4.01E-07 0
4106 LinBucklin 1.11E-16| -5.3E-17| 0.001315| -0.00072| 7.16E-06| 6.57E-17
4106 LinBucklin 1.51E-16| -4.4E-17| 0.00174| -0.00095| 0.000015| -5.2E-19
4106 LinBucklin -1.1E-16| 2.49E-17| 0.000616| -0.00033| 0.000013| 9.04E-17

Table 3. Displacements and rotations of two coieeidoints

The conditions are all satisfied, in fact the omhe which is different is the rotation in
the x axis. All the other displacements and rotegiare the same in the 2 coincident

joints.

Vertical constraints

4109 LinStatic -7.364E-09 -0.000274 0 0 0| 1.204E-07
"109 LinBuckling o 0| -0.000394| 0.000389 0.000054 0
r4109 LinBuckling o 0| 0.000336) -0.000359 0.000114 0
"a109 LinBuckling o 0| 0.00004) -0.000041 0.0000L 0
"a109 LinBuckling| 2.549E-16| -6.227E-17| 0.000427| -0.000433 0.000097( -2.474E-16
Ta109 LinBuckling| 1.331E-16| -3.765E-17| 0.000563| -0.000564 0.000124( -3.826E-17
"109 LinBuckling| -5.671E-17| 2.163E-17| 0.000195| -0.000183 0.000042( -2.015E-17
T187 LinStatic -7.364E-09 -0.000274 0 0 0| 1.204E-07
187 LinBuckling o 0 -0.0004| 0.000389 0.000054 0
"187 LinBuckling 0 0| 0.000325) -0.000359 0.000114 0)
187 LinBuckling o 0| 0.00003%| -0.000041 0.00001 0
"187 LinBuckling | 2.549E-18 -8.7E-17| 0.000417) -0.000433 0.000097( -2.474E-16
fa187 LinBuckling| 1.331E-16| -4.148E-17| 0.00055| -0.000564 0.000124( -3.826E-17
"187 LinBuckling | -5.671E-17| 1.961E-17| 0.000191] -0.000183 0.000042( -2.015E-17

Table 4. Displacements and rotations of two coiecidoints

Also from this table it is possible to see that¢baditions are satisfied because the

displacements and the rotations are the same ¢brjesnt.
Now | run the linear buckling analysis and | obtairthe following results:
Acr=7.8

Pr=78-1225=955KN/m

which is a reduction of the 44%o0f the buckling aapaPc in the continuous case
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Figure 87. Buckling mode shape iguFe 88. Line selection of the buckling mode
shape

The critical load is lower than the continuous daseause of the presence of the
horizontal hinges. The buckling capacity is almuaf than that one in the continuous
case, in fact Pr: 95.5KN which represents a redoaf the 46 % of the critical load in
the continuous case (Pc=169KN).

But when | will go to get off the floors the ratd the buckling load doesn’t change

very much. It doesn’t buckle faster than the cardums case.
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Figure 89. Distribution of the buckling loads Figure 90. Live load stresses
Stresses
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Figure 91. A zoom of the stresses

The distribution of the stresses decreases fronotnéo the bottom. The stresses are
more different than in the other cases becaudeedfiinges between the panels. There is
an alternation of compressive and tensile stre3$estensile stresses are concentrated
at the corner of the panels and the compressigssss are in the middle of two

adjacent panels.

Lost 1 floor

Acr=16.7
Pr1=6.7-1225=82KN/m
which is a reduction of the 15% of the buckling aeipy Pr.

Figure 92. Buckling mode shape
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This value isn’t too lower than that one in thetommous case, so the hinges don't affect
too much the buckling capacity of the floors. Theges affect significantly the

buckling capacity of the wall but not too much tagpacity of the floors.
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Figure 93. Distribution of the buckling load stress  Figure 94 Live load stresses
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Figure 95. A zoom of the stresses

Almost all the tensile stresses are concentratéadeimlamaged part of the structure, in
the middle between the two floors and the compoessiresses are spread

symmetrically along the height of the plate
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Lost 2 floors

Acr= 3.8
Pr2 =3.8-12.25 =46.5KN/m

which is a reduction of the 51% of the buckling aaipy Pr

Figure 96. Buckling mode shape

Removing another floor the ratio of the bucklingekases. Now the ratio is of 0.56Pr.

So the biggest difference is getting of 1 floomthiabuckles slowly.
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Figure 97. Buckling load stresses Figure 98. Live load stresses
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Figure 99. Stresses in the failure zone

The distribution of the stresses is changed. Ircdmger of the central panels there are
compression stresses but near the connectionseamndhe supports there are tensile

stresses.

Lost 3 floors

Acr=2.5
Pr3 =2.5-12.25 = 30.6KN/m

Which is a reduction of the 68% of the buckling @apy Pr

Figure 100. Buckling mode shape
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Figure 101. Distribution of the stresses Figure 102. Distribution of the lilead
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Figure 103. A zoom of the stresses

The tensile stresses starting from the edge ofdheections are increased, spreading
between the two floors, with the higher value ia tdenter. The compression stresses are

more concentrated near the supports of each floor
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Lost 4 floors

Acr=1.8
Pr4 =1.8-12.25=22KN/m

Pr=18 KN which is a reduction of the 77% of the ldiung capacity Pr

Figure 104. Buckling mode shape
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Figure 105. Distribution of the buckling load sses  Figure 106. Live load stresses
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Figure 107. A zoom of the stresses
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The distribution of stresses isn't so differentnfradhe last one. The tensile stresses

starting from the edges of the panels are spreathenmiddle of the floors. The

compression stresses are more concentrated nmnherts.

Below | reported a table to summarize the resuditaioed in the 2 cases

Continuous panels| Hinged panels
Pcr 169 KN/m 95.5 KN/m
Pcrl 105 KN/m 82 KN/m
Pcr2 57.6 KN/m 46.5 KN/m
Pcr3 37 KN/m 30.6 KN/m
Pcr4 27 KN/m 22  KN/m
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Chapter 5 Discussion of the results

After the obtained results | wanted to check if tmealysis performed were good
because | hadn’t anything to compare with it. Tatdanade small plates with different
conditions. First of all | made a continuous platgh continuous panels because |
wanted to see how much the value of the criticatllchanges in this case compared
with one, with only horizontal welds and anotheeawith only vertical welds. | also
studied for each model the orthotropic and isotragse. The Orthotropic plate has
different axial and bending stiffness in the x gndirections. The Isotropic plate has the
same stiffness in the 2 directions.

This table below is a brief summary of the results:

Orthotropic model Isotropic model
Horizontal central welds 113 KN/m 161 KN/m
Horizontal lateral welds 126 KN/m 168 KN/m
Vertical welds 143 KN/m 160 KN/m
Vertical welds on the lower | 137 KN/m 161 KN/m
right side
Continuous plate 144 KN/m 174 KN/m

For each plate | used the following properties:

Material

Steel A992Fy50
E: 199999 Mpa
Poisson ratio: 0.3

Width=6 meters
Heigth=12 meters
Gap=0.1m
Tol=0.2m

Panels dimensions:

Width=2 m
Heigth=6 m
Reference load:

7-1
Po :T: 116KN/m
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Axial stiffness in the x direction/Axial stiffness the y direction= 0.5
Bending stiffness in the x direction/bending s#&f$s in the y direction= 0.1

51 Case 1

a. Orthotropic continuous plate

| started with the continuous plate and after thtempared the critical load with the
same plate but with isotropic behavior. | will siat the difference in the stiffness
affects the value of the critical load, there reduction of the 18% of the buckling load

compared with the isotropic case (Pc=174 KN/m)

The value of the critical load is:
Acr=124

Pc=124-1.16 = 144 KN/m

Figure 108. Buckling mode shape — continuous ortipat plate

Figure 109. Distribution of the buckling load sses Figure 110. Distribution of live load
stresses

The compressive stresses are concentrated at ttwenbof the plate and the maximum

value is achieved in the central panel. The terstilesses achieve their maximum in the
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central panel in the upper part of the plate. Tis&idution of the stresses is comparable
with the one of the continuous panels (compressimh tensile stresses alternated at

each floor)

b. Isotropic continuous plate

The isotropic plate, with the same stiffness in2hgerpendicular directions, shows a
higher value of the critical load.
Acr=150

Pc=150-1.16 =174 KN/m
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Figure 111. Buckling mode shape-isotrgpate  Figure 112. Buckling load stresses
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Figure 113. Live load stresses

The compressive stresses are also in this caseminated in the bottom of the plate
and in particular in the central panel. The tenstlesses reach their maximum in the
top central panel.
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5.2 Case 2
a. Isotropic plate with Vertical welds

In this model | put the vertical welds in the uppedt panel. In the other entire panel the
welds are continuous. The results obtained ate bit lower than the continuous plate
and present a reduction of the 9% of the buckloagl|Pc(174KN/m). This means that
the introduction of the hinges in the model doesffect too much the buckling

capacity.

Vertical welds conditions on the upper left panel

Ux1=ux2 Rx1=Rx2
Uyl=uy2 RsRy2
Uzl=uz2 Rz1=Rz2
Acr=138

Pr=138-1.16 = 160 KN/m

Figure 114. Buckling mode shape-isotropic plate

The presence of the hinges doesn’t change too itingctialue of the critical load. This
explains the result obtained in the study performetlich means that the weak

connections doesn't affect significantly the redutiof the buckling capacity.
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Figure 115. Buckling load stresses Figure 116. Live load stresses

The distribution of the stresses is almost the sasne continuous plate. In the bottom

there are compressive stresses and in the topetastEsses.

b. Orthotropic plate with vertical welds

In this case the critical load is lower than theevious one because the plate is
orthotropic with different axial and bending stéfs in the 2 perpendicular directions
and the value is:
Acr=123

Pr=123-1.16 = 143 KN/m

Figure 117. Buckling mode shape-orthotropic plate
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Figure 118. Buckling stresses Figure 119. Live load stresses

The distribution of the stresses is the oppositihefisotropic case.

c. lIsotropic plate with vertical welds on the lower rght side

In this case | considered the same plate but vi¢hvertical welds in the lower right
side. In this way | wanted to see if the criticahd changed. The value is little bit
different because in the case with the welds inughger side the value was 174 KN/m
and here is 161KN/m. This difference is due todHferent restraints in the top and in
the bottom of the plate. The hinges in differensipon don’'t change too much the

critical load, so the model is good.
The critical load is

Acr=139

Pr=139-1.16 = 161 KN/m

Figure 120. Buckling mode shape-isotropic plate Figure 121. Buckling stresses
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Figure 122. Live load stresses

d. Orthotropic plate with vertical welds on the lowerright side

Now | studied the same plate but orthotropic. Tdhiange causes a lower value of the

critical load and consequently the structure buskigh a smaller critical load.
The critical load is:

Acr=118

Pr=118-1.16 = 137 KN/m

Figure 123. Buckling mode shape — orthotropic plate  Figure 124. Buckling stresses

The distribution of the stresses is almost the sasn@e previous case.

Figure 125. Live load stresses
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5.3Case 3

a. Orthotropic Plate with Horizontal central welds

Now | considered the hinges in the horizontal eofgie panel as in the simplify model
studied in which the hinges are only in the hortabrdge of the panels. The other
properties remain the same and | started takirggaansideration the different stiffness
in the 2 directions and then | considered the castsisotropic behavior in the x and y
directions and with the hinges not in the centealgd but in the lateral one. | compared
this value with the results of the continuous pldtethis case the horizontal welds

boundary conditions are:

Ux1=ux?2 RxARx2
Uyl=uy2 Ryl1=Ry2
Uz3=uz3 Rz3=Rz3

The obtained value of the critical load differsrfrahe buckling load in the continuous
plate Pc (144.6KN). In the real structure the pmeseof the hinges affected the buckling
capacity of the wall but the weaker connectiongvarthe main cause of the collapse
because the reduction of the buckling capacity witenfloors are removed doesn’t
dramatically reduces. This means that the coll&psdfected by the loss of the bracing

of the floors

Acr=97

Pr=97-116 =113 KN/m

Which is 0.78Pc in the continuous case
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Figure 126. Buckling mode shape-orthotropic plate Figure 127. Buckling load stresses

The compressive stresses are concentrated in iber c# the plate. The weakness of

the connections is due to the high compressiesss.

Figure 128. Live load stresses

c. lIsotropic plate with horizontal central welds

In this case | considered the same plate but ismtrevith the same stiffness in both
directions. This is another verification that withe same stiffness in the two
perpendicular directions the value of the buckliogd is higher, so the stiffness is a

factor that affects the stability of the structure.
The value of the critical load is:
acr=140

Pr =140-1.16 = 161 KN/m
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Figure 129. Buckling mode shape- isotropicelat  Figure 130. Buckling load stresses

The distribution of the stresses is the same #seimther case. Near the horizontal
hinges there are tensile stresses and the com@etsesses are concentrated in the

center of the top and bottom of the plate

Figure 131. Live load stresses

d. Orthotropic plate with lateral horizontal welds

In this case | studied the same plate but withhibriizontal hinges in the lateral side and
not in the center. In this case the value of thtecat load is different from the previous
one because | put the hinges only in two joints aoidin 3 joints as before because in

the lateral side there are the restraints. Forr#dg@son the value is lower.

The critical load is:
Acr=109

Pr=109-1.16 = 126 KN/m
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Figure 132. Buckling mode shape — orthotropic platé-igure 133. Buckling load stresses
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Figure 134. Live load stresses

e. Isotropic plate with horizontal welds on the otherside

In this model | considered the same stiffness ith lokirections. The value of the critical
load is also in this case higher than the prevmnes because of the change in the axial
and bending stiffness. This is another proof thatdhanges in the stiffness bring to a

lower value of the critical load.
The critical value is:
acr=145

Pr =145-1.16 = 168 KN/m
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Figure 135. Buckling mode shape- isotropatepl Figure 136 Buckling load stresses

The distribution of the stresses is similar to dtteer case. The compressive stresses are
at the top of the structure and the tensile steesse in the bottom reaching their

maximum value in the central panel.

Figure 137. Live load stresses

These simple cases studied, allow saying that teeepce of the hinges affects the
buckling capacity of the wall but not dramatically.the study performed we saw that

buckling capacity isn't affected by the weaker rntanections between the panels.
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Conclusion

The floors in the Twin Towers provided lateral sogdor the walls of the outer tube at
each floor level. The loss of that bracing for tiwe perimeter walls when floors
collapsed greatly reduced the buckling capacitthefwalls and their ability to carry the
weight above. It was thought that the staggeredrdonnections between panels
comprising the tube walls might have introduced kmeases that further reduced the
buckling capacity after the loss of bracing frore floor, but the results of this analysis

show that it was not a significant factor.

A Simplified model was analyzed to investigate tiduence of the staggered

interconnections between the panels. Two main cases considered:

In the first case the Panels as orthotropic plat® connected rigidly to represent one
wall of the tube; in the second case the same pawéh the extreme case of moment
releases at the staggered connections, to reprasextreme condition.

This study shows that the loss of bracing from to#lapse of successive floors
significantly reduces the buckling capacity of thentinuous wall. The buckling
capacity of the wall with continuous panels is Bed it decreases when it is lost the
bracing of the floors. The ratios of the bucklirapacity of the removed floors, P€¢,
Pa, Pa, over the buckling capacity of the wall, Pc, i$2).0.34, 0.22 and 0.16
respectively.

Comparing this case with moment releases at pairgkj the buckling capacity of the
wall is also significantly affected, showing a \valof the critical load Pr reduced to
0.54Pc, which implies a 46% reduction of the buakicapacity in the continuous case.
However for the case of the loss of one, two, tlaeeé four floors, critical load, Rr
Pr,, P, P, Pr reduced to 0.85, 0.49, 0.32, 0.23 respectively.

The results obtained from the 2 different cases jflate with continuous panels and the
one with hinged panels) show that when the stredtses the support of the floors, the
critical buckling load decreases with almost themsaatio in the 2 cases. This means
that although the panel interconnections, constiélre as the extreme condition of

hinged connections, do affect the buckling capactythe tube significantly, the
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reduction in buckling capacity that results fronsdoof support from the floors is not
reduced to any great extent.

The analysis shows that the perimeter wall, lostlétteral support of the floors, buckled

and the weaker connections between the panelstdidntribute to the reduction of the

buckling capacity as supposed initially. The wegkearts between panels are reflected
in the eventual failures of those joints during ttidlapse so that the panels could be
clearly identified in the rubble.

In conclusion, from the study performed followstttiee main factor which brings to the
entirely collapse of the buildings is the loss loé tateral support of the floors. In fact
when one floor buckles it falls on the floor belgwing it an additional load. The floor
can’'t carry an additional load and this is whyatl§ down on the other floor. This

process continues as a chain of events until alsthucture collapses.
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