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with roller expansion bearings so that the structure could expand laterally in response

to temperature . Becaus e th e existin g wrough t iro n ancho r bolt s wer e to o shor t t o

accommodate th e fitted expansion bearings used in the new design, the wrought iron

anchor bolts were spliced to steel anchor bol t extensions by means o f threaded, stee l

collar couplin g assemblies . (Grim m 1901 ) Th e colla r couplin g assemblie s wer e

encapsulated b y larg e diameter circula r washers , an d were consequentl y obstructe d

from view prior to the collapse. (Figure 1)

Figure 1 - Wrough t Iron Anchor Bolt Extension via Threaded Collar Coupling

Assembly

As the 20
th

 centur y progressed, nearb y coal resources wer e depleted, an d rail traffi c

diminished. Th e viaduct remained in service but activity was light. Finally , in 1959

the railroa d compan y sol d th e structur e fo r scrap t o th e owne r o f a  private salvag e

company. Realizin g its value as a historic resource, the owner chose not to dismantle

the structure, but instead, sold it in 1963 to the Commonwealth o f Pennsylvania, wh o

then established a t the sit e a  stat e par k tha t feature d th e bridg e a s it s centerpiece .

Listed in the National Park Services National Register of Historic Places in 1977 and

designated a  civil engineering landmark by ASCE in 1982, the viaduct was used by a

private railroa d concessionair e fro m 198 0 throug h earl y 2002 . Tha t year ,

Pennsylvania Department of Conservation an d Natural Resources closed the structure

after a  routin e inspectio n uncovere d sever e deterioratio n i n observabl e structura l

elements o f the towers. I n 2003, repair work that focused solel y on the restoration of

these visibly deteriorated tower elements began and was progressing at the time of the

collapse.
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Board of Inquiry of Investigation

The Commonwealt h o f Pennsylvani a ha s establishe d guidelin e procedures , i n
Pennsylvania Department o f Transportation Publication 22 0 dated Jul y 2001, which

govern the investigation of a catastrophic collapse. Th e intention of these procedures
is t o provid e a  thoroug h forensi c an d analytica l investigatio n o f a  catastrophi c

collapse b y a  team o f specialists, wh o ar e entirel y independen t fro m an y ongoin g

design, maintenance , construction , o r rehabilitatio n activitie s associate d wit h th e
structure. Withi n th e framewor k o f thes e guidelin e procedures , th e followin g
methodology was established for conducting the forensic investigation.

Methodology of Investigation

Strict protocol s wer e established t o suppor t th e fiel d an d analytical phase s o f th e

investigation. Thes e protocol s were established withi n 2 4 hours o f the incident and
set in motion a rapid chain of events. Withi n one week of the collapse, [1 ] a team of

specialists, skille d i n forensics , meteorology , an d fractur e interpretatio n wer e
assembled and placed unde r contract to the Pennsylvania Department of Conservation

and Environmental Resources , [2 ] all arrangements were made to conduct a  one day

field investigatio n includin g al l logistica l suppor t necessar y t o freel y transpor t al l

investigative personne l ove r th e rugge d terrain , an d [3 ] hig h resolutio n aeria l

photography o f th e 120 0 m (400 0 ft ) win d impacte d are a wa s obtaine d b y th e
Commonwealth of Pennsylvania, Department of Transportation. (Photograp h 2)

Photograph 2 - Hig h Resolution Aerial Photograph - tower numbers indicated

The fiel d investigatio n phase relied upo n the assembly o f a team comprising a  wide
range o f engineerin g an d scientifi c disciplines , wh o conducte d a  singl e da y

examination o f th e site . Th e tea m wa s delegate d wit h specifi c investigativ e

inspection responsibilities to complete the investigation in a single day as required by

the Commonwealth' s guidelines . Th e sit e wa s cordone d an d th e debri s fiel d wa s

treated as evidence which was permitted to be observed but otherwise was to remain
untouched, with the exception o f select material samples taken of f site for laboratory
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examination. Th e team wa s subdivide d into thre e squad s whic h wer e individuall y

tasked wit h (a ) th e examinatio n o f th e 120 0 m  (400 0 ft ) roughl y circula r win d

impacted are a o f th e par k surroundin g th e structure , t o asses s th e gros s scal e

meteorological implications , (b ) the examination o f the 32 0 m (1250 ft ) debri s fiel d

on a  spa n b y spa n basis , t o systematicall y recor d al l damage d element s o f th e

structure, observe and record obvious forensic markers and develop initial hypotheses

regarding the sequence o f collapse, an d (c) the examination and selection of limited

fractured sample s fo r furthe r laborator y investigation , t o suppor t th e follow-o n

analytical phas e o f th e investigation . Additionally , eyewitnes s testimony , wa s

recorded fro m al l park maintenance personnel and all construction laborers who were

present o n the site durin g the stor m event an d subsequent collapse . Th e eyewitnes s

testimony wa s taken with the understanding tha t accounts likely wer e emotionall y

charged and were taken fro m individuals without scientific backgrounds.

Physical an d mechanica l propertie s a s wel l a s chemica l compositio n an d

metallurgical microstructure were determined through laboratory investigation fo r the

fractured wrought iron anchor bolts, the fractured steel collar coupling assemblies and

the steel anchor bolt extensions.

Subsequent analytica l investigatio n include d bac k calculatio n o f win d velocit y

necessary t o induc e a  rotationa l failur e o f a  towe r element , base d o n visua l

observations evidence d a t th e sit e durin g th e investigativ e phase . Th e bac k

calculation relie d o n th e strengt h o f connectio n betwee n substructur e an d

superstructure determine d fro m laborator y testin g an d utilize d publishe d win d

coefficients (ASCE-7) . Th e back calculation additionall y considered inertia l effects .

In addition , th e analytica l investigatio n relie d o n carefu l examinatio n o f th e hig h

resolution aeria l photograph y a s wel l a s eye-witnes s testimon y t o synthesiz e a

complete an d consistent explanatio n o f the initiatio n and sequence o f the collapse .

The analytical investigation concluded with the preparation of a comprehensive report

accompanied b y animate d compute r rendering s demonstratin g th e sequenc e o f

collapse. Upo n presentation t o responsible government agencies, the complete Board

of Inquiry  repor t an d animation s wer e mad e availabl e t o th e genera l publi c o n th e

Pennsylvania Department of Conservation and Natural Resources' we b site.

fhttp://www.dcnr.state.pa.us/info/kinzuabridgereport/kinzua.html )

Findings

In the course o f a  forensic investigation, there ar e many indicators, tha t when take n

collectively, decode the event. (Leec h e t al. 2004) At the Kinzua site, the followin g

four distinct forensic markers were apparent:

Order markers -  includin g the ordering of materials clustere d withi n a  debris field .

The inversion of clustered materials within a debris field allows the reconstruction of

the direct order of collapse. Orde r marker s were apparent during the fiel d inspectio n

enabling the determination of the precise order of tower collapse.
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Directional marker s -  includin g bot h th e directio n o f falle n tree s an d collapsed

towers. (Figur e 2 ) Directiona l marker s wer e eviden t throug h hig h resolutio n

photography and revealed win d directed i n two orthogonal directions (initially fro m

the east , the n fro m th e south) . Th e observatio n o f thes e marker s confirme d th e

sequence o f collaps e a s wel l a s th e contributio n o f bot h "vorte x leadin g edge "

(easterly) wind s accompanie d b y "inflow " (southerly ) wind s occurrin g i n rapi d

sequence in this extreme weather event.

Figure 2 - Depiction of Wind Streamlines (Directional Markers)

with "leading edge" wind streamlines - directed westward;

and "inflow" wind streamlines - directed northward

Separation markers - includin g all evidences of "clean" breaks. (Figure 3) During the

field investigative phase, it was apparent to the investigative team that the initiation of

failure occurre d a t boundar y between superstructur e (o f trestl e ben t configuration )

and substructure , mos t likel y a t th e specifi c boundar y o f th e 188 2 (origina l

construction) and the 1901 (reconstruction).

At this boundary, the original wrought iron anchor bolts and masonry were preserved

in th e reconstruction. Fracture s wer e observed withi n certai n wrough t iro n anchor

bolts (188 2 construction) an d a  majorit y o f expansion bearing, steel colla r coupling

assemblies (190 1 construction) , tha t provide d connectivit y betwee n th e origina l

masonry an d reconstructe d superstructure . Consistentl y "clea n breaks " wer e

observed at the interface of the 188 2 and 1901 construction. Th e separation markers

were observe d durin g th e fiel d inspection . Th e separatio n marker s evidence d

distinctive separation of the superstructure from it s roller bearing assembly at the base

of the superstructure for all eleven collapsed towers.
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Figure 3 - Illustration  of separation failur e at substructure/superstructure interface

Fracture markers - includin g steel evidence of consistent patterns of small sub-critical

fractures withi n members . (Photograp h 3 ) Consistently , smal l sub-critica l fracture s

were observed in the steel collar couplings connecting the 1882 construction an d the

1901 constructio n o n th e windwar d sid e o f th e towers . Subsequen t fractographi c

examination using a light microscope and microscopic examinatio n using a scanning

electron microscope, revealed evidence o f long term fatigu e crack propagation . Th e

visual appearance o f the fracture s wa s characteristi c o f fatigu e fractur e wit h a  flat ,

smooth surfac e withou t an y evidence o f plastic deformatio n i n th e fractur e region .

Microscopically, th e fractur e morpholog y als o appeare d fatigue-lik e wit h smoot h

featureless regions, typically found in high sulfur steels. (Photograp h 4) N o evidence

of fatigu e beaq h mark s o r striation s wer e observe d i n thes e regions , however , th e

absence o f evidence o f brittle fractur e b y a  cleavage mechanis m o r ductile fractur e

mechanism b y dimpl e fractur e suggeste d tha t th e fla t region s wer e mos t likel y the

result of stable crack propagation by a fatigue mechanism.

Based o n th e fou r forensi c markers an d subsequen t analysis , th e Board  o f Inquiry

investigation conclude d tha t failur e initiate d a t the "weak-link" of the system -  th e

anchor bol t syste m o n th e easter n faces , whic h wa s initiall y installe d i n th e 188 2

construction an d subsequentl y modifie d i n th e 190 1 construction . Th e 190 1

construction provided a collar couplin g assembly which included a  series of washers

that surrounde d th e ancho r bolt s an d couplings . Consequently , th e throug h wall -

cracking o f th e colla r coupling s wa s hidde n fro m vie w durin g routin e conditio n

inspections.
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Photograph 3 - Delineating Through-Wall Cracking

The Board o f Inquiry  investigation concluded that the circumstance of a nearly north-

south structur e alignmen t an d fracture s withi n th e colla r coupling s a t th e easter n

tower legs resulted in a structure which was specifically vulnerable to winds fro m the

east but not otherwise vulnerable to prevailing westerly winds. (Leech et al. 2003)

All eleve n collapse d tower s wer e fitte d i n th e 190 1 reconstructio n wit h expansio n

bearings secure d t o the existin g masonr y vi a (1882) wrough t iro n bolt s an d (1902)

collar couplin g assemblies. Base d o n site observation tha t fo r the majorit y o f these

locations, three ou t of fou r o f the anchor bolt assemblies a t each tower leg displayed

complete separation of the superstructure fro m th e substructure a t the collar coupling

connection, the immediate failur e at the expansion bearings may be characterized a s a

separation failure . A s this separation failur e resulte d i n a  rotational failur e o f each

tower abou t th e fixe d (o r opposite) towe r bearings , a  back calculatio n o f th e forc e

effects necessar y t o overtur n th e structur e becam e th e basi s fo r predictio n o f th e

limiting wind velocity. (Figur e 4) This back calculation derived uplif t capacity based

on th e fractur e o f on e ancho r bol t ou t o f fou r (wit h n o strengt h attribute d t o th e

remaining thre e ancho r bolt s withi n a  typical fou r bol t tower location) an d utilized

limit strengths derive d fro m specime n samples . Thi s back calculation subsequentl y

derived an applied wind velocity of 42 m/s (94 mph) accompanied b y a wind pressure

of 1. 9 kPa (39 psf ) an d recognized two distinc t mode s o f failur e o f the ancho r bol t

system.
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Figure 4 - Illustratio n of Rotational Failure Mechanis m

Failure Mode 1  - Couplin g Failure at the Boundary of 1882 and 1901 Constructio n -

Expansion Bearin g Ancho r Bol t Colla r Coupling . Thi s mod e account s fo r

approximately 3/ 4 o f observe d separatio n failures . Al l colla r coupling s observe d a t

the sit e exhibite d a  radia l crackin g pattern , alon g wit h multipl e longitudina l "splits"

within th e anchorages . Th e equiangula r "splits " completel y penetrate d th e colla r

couplings . Th e colla r coupling s foun d throughou t th e debri s fiel d exhibite d simila r

fracture indications . Couplin g failure s showe d evidenc e o f fatigu e fractur e wit h

secondary fracture s occurrin g b y overloa d presumabl y durin g th e collapse .

(Photograph 4 ) Th e Board  o f Inquiry  investigatio n conclude d tha t th e couplings ,

which separated fro m the bearing assemblie s and which were strewn withi n the debris

field, experience d lon g ter m fatigu e crac k propagatio n prio r t o th e tim e o f th e

collapse incident . Becaus e the cracks propagated through the entire thickness o f the

coupling, these colla r coupling s were judge d to be ineffectiv e for the transmissio n o f

uplif t force s to the substructure . (Kaufmann an d Connor 2003 )

Mode 2 - Ductil e Failur e withi n the existing 188 2 ancho r bolt s - Expansio n Ancho r

Bolts. (Photograp h 5 ) This mod e accounts fo r approximatel y 1/ 4 of observed failures .

Fractographic examinatio n o f fracture d origina l 188 2 ancho r bolt s showe d tha t th e

fracture resulte d fro m tensil e overloa d an d wa s a  full y ductil e fracture . (Kauffman n

and Connor 2003 ) The estimated tensil e capacit y of a single (1882) , 31.7 5 mm (1-1/ 4

in) anchor bol t at failure , considerin g a  20% corrosio n loss , was determine d to be 13

kN (3 0 tons) base d on Brinnel Hardnes s evaluation . Base d o n the observed , 3: 1 ratio

of colla r couplin g failur e t o ductil e ancho r bol t failures , an uplif t capacit y o f 1 3 k N

(30 tons ) wa s attribute d t o eac h tower . Thi s capacit y establishe d a  lowe r bound ,

critical win d spee d o f 4 2 m/ s (9 4 mph) , whic h wa s sufficien t t o initiat e failure .

(Leech et al. 2003) Th e failur e was sudde n and catastrophic .
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Photograph 4 - Laborator y Investigation of Through-Wall Cracking
(demonstrating long term fatigue crack propagation)

Photograph 5 - Wrough t Iron Anchor Bolt - Ductil e Fracture

The collapse of eleven supportin g towers and twenty-three o f the forty-on e structure
spans was rapid and proceeded in three distinct and separate episodes as illustrated on
the accompanying figures. Al l girders and towers between towers 3  and 15 collapsed.
Separation of the structure into three distinct collapsing segments is attributable to the
arrangement of the wind locks within the girder system and to the nature of the wind
event. (Figur e 5 ) The 190 1 design introduce d expansion joint s (an d accompanyin g
wind locks) at irregular locations within the structure. Th e collapse of the structure in
three distinct episodes was controlled by the location of these wind locks.
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Figure 5 - Structur e Elevation View Demonstrating Wind Lock Location

The following occurred in Episode 1  in the sequence indicated. (Photograph 6)

1. Tornad o touched down - easterly (or "vortex leading edge") winds grew rapidly -

local win d speed s (fro m th e east) exceede d 4 0 m/s (9 0 mph) -  a s wind speed s

grew, the towers oscillated laterally in response to their natural frequency .

2. "Separation " failure s occurre d withi n th e "expansion" ancho r bol t syste m o f

Towers 10 , 11,12 , 1 3 and 14 .

3. Rotationa l failur e accompanied b y collaps e o f Tower s 1 0 and 1 1 an d adjoinin g

spans occurred.

4. Tower s 12 , 1 3 and 1 4 initially become airborn e an d "jumped" a  small distanc e

north and westward. Tower s 12 , 13 & 14 momentarily came to rest in the upright

position on the ground, not initially collapsing. Th e rails and wooden decking for

a brief period of time remained affixe d t o several spans and held the three towers

in a vertical position, initially preventing immediate catastrophic collapse.

Photograph 6 - Debris Field - Episode 1 - tower numbers indicated
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The following occurred in Episode 2 in the sequence indicated. (Photograph 7)

1. Tornad o moved northward - easterl y ("vortex leadin g edge") winds grew rapidly
- loca l wind speeds (fro m th e east) exceeded 40 m/s (90 mph). A s wind speed s
grew, al l towers oscillate d laterall y in response t o their respective natura l latera l

frequencies.
2. Woode n decking and rails (spans 1-18 ) separated fro m the structure.
3. "Separation " failur e occurre d i n sequenc e withi n th e "expansion" bearing s o f

Towers 9, 8, 7, 6, 5 and 4.
4. I n sequence , rotationa l failur e o f Towe r 9  occurred , shortly , followe d b y

rotational failur e o f Towers 8 , 7, 6, and 5 . Collaps e was progressive fro m Sout h
to North.

5. Towe r 4  wa s initiall y restraine d b y Towe r 3  an d th e connectin g girde r span .
However, afte r elongatio n o f th e girde r span' s connectio n t o Towe r 3 , rapi d
collapse and clockwise twis t o f the tower occurred . Towe r 3 , although standing ,
was visibly distorted.

Photograph 7 - Debris Field - Episod e 2 - tower numbers indicated

The following occurred in Episode 3 in the sequence indicated, (Photograph 8)
1. Tornad o moved northward - rapi d and confined southerly ("inflow") winds attack

from the south.
2. Th e wooden deckin g an d rails , momentarily connected t o Towers 12 , 13 and 1 4

during Episode 1 , separated fro m the structure.
3. Tower s 12 , 1 3 an d 1 4 an d adjoinin g girde r spans , havin g separate d fro m th e

bearings durin g Episod e 1 , twisted an d subsequently collapse d i n a  southerl y

direction.
4. Th e fina l remainin g girde r span , momentaril y affixe d t o Towe r 15 , oscillate d

laterally severa l time s a t th e Towe r 1 5 connection , eventuall y separatin g an d
rotating upsid e dow n befor e impact . Th e rail s remaine d attache d an d "hung"

from Tower 15.
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