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6.  DEFINITION GF LOADS AND SHELL ANALYSIS

6.1 Tneroductisn and Backzround Information

Criteria and rationale for the definition of loads acting at the time
of the collapse are developed in sectionms 6.1 through 6,8 faf use in the
analytical investigations of the ghell pfasented in section 6.9. A rotal
of five basic sources of loading (load cases) and the manner of their dis-
tribuﬁion on the shell are identified for this analysia az follows:

1) weipht of the tower - conmtinnous

2) welght of tha gcaffclding — 96 ribs

3} live loads on the secaffolds - 94 ribs

4) weight of cathead agsemblies = 12 ribs

5) hoisting loads - 2 ribs.

Loads attribured to the weight of rhe t&wer are generatad internally
by the shell anaiysis programs used in this iﬁﬁestigatien from the tower
geometry and unit weight of concrete preseribed in the input. The proce-—
dura for evéluating loads from the other sources citad abaye 1s discussad
in sections 6.4 through B;f; Assumptions made with regard to dynamic
loading in the derivarion of loéds are discussed In section 6.8. QCeometrie
congiderations for thekdéfinition of loads and éhe mechanism for their
conversion inro férces directly applied to the shell are discussed in
sactlon 6.2 and 6.3, fespactively.

The various steps used in the conversien of externally applied loads
into equivalent forces acting directly on the shell structure may not be
readily obvioys te those having ne prior familiarity with the construc-
tiog scﬁeme used, Thereforg, some background information for the material
c;ntained in subsequent sect%ans ig 1In mrder?
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The scaled line drawing shown in figure 6.l.i$ a key sketch rhat
should assist the reader in understanding the construction scheme used
at the Willow Island site, It répresents a typleal sectional profile
of the scaffolding, the cathead assembly, the static and hoist lines,
and the concrete bucket, The position of the bucket shown at the top
is that QQSumed at the time concrete iz unloaded into Georgia buggies
(not shown) located on the fop deck of the inside scaffold. The sketeh
of the bucket shown by thé dotted lines trepresents an intermediare pogi-
tion during delivery;

The hoist line rides over two sheaves suapended from the cathé;d beam
ag indicated. On the outside, it continues on dewn to the ground ;evel

(fig., 2,17) where it is wound around a hoist drum which cdntrmls its

rs

movement, The hoisted loads (concrete bucket, bundled bars, construction
hardware, etc,) ate attached to the inside terminal of the hn;gt line,
and, in addition, by means of a pulley mechanism (point K), ride on the
static line GKB supported at points G and B. The statie line provides
stability against laterai‘muvement during delivery of materials. The
hoisting loads exert a trﬁnaverse pull and thereby induce a tensile force
in the static line. As hoisting of marerials proceeds up from the ground
level, the tension inm the static line increases to a maximum somewhere
close to but below the halfway mark, gradﬁally diminighes thersafter,
and vanishes enrirely when the hoist line becomes vertical, At tha; point
the statiec line is referred to as becoming slack (i.e., tgnsionlesé,-or
stress~free) but without play, | |

To determine the hoisting lcads acting at the time of the collapse,
a brief note of explanation is needed about the situation just prior to
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the collapse., All reinforcing bars and various construction-ralstad
equipment wera delivered to the top. The firat buckst of concrate

was delivered to cathead no, 4, Worker statements indicated that when
the first tucker was delivered to the top, adiugtments in the length of
the static line wers made at the grip-hoist below (paint Iin £ig. 6.2 -
sec, 6.2) to reﬁave exeessive slack, if any, with the asafistance of the
worker who unloads the buckst at the top. Therefore, if the £irst
delivery of comerete was used as a trial to ad just (tighten) the static
line for subsequent runs, the force in that line would be higher durigéﬁ‘
the delivery of the second bucket of concrete to carhead no. 4. The &
collapse, in fact, did gcour during the second delivery., In the meantime,
the first bucket of concreta was delivered to cathead no. 5 and unloaded
into Georgia buggies, This bucker had not ccmmeﬁced its descent at the
time of the collapse, a situation which was estaﬁlished on the basiz of
the field data (fiz, 6.3 - sec, 6,2), No other hoist lines were in
operation at the time of tﬁgﬂédilgpae s0 that hoiszting loads (lead

caze 3) cceurred only at the twc‘ribs flanking cathead no, &,

In sectian 6.7, the ﬁoisting*loqda at cathead no, 4 are caleulated
based on the assumption that the static line becomes slack when the bucket
reaches 1ts unloading position as shown in figure 6.1, so that its stress-
free length is represented by the solid line GKB. This assumption 1=
further verified by direct measurements of the length of the static 1ihe
obrained ar the site ﬁftar the collapse, and used ia the subsequent
lnvestigation of hoisting loads,

Referring to figure 6,1, iz i3 noted that smost of the exﬁernally

applied lcads (load casas 2 to 5) ars transmitted to the pair of oppesite
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jacking frameg present at each of the 96 rib locations (the exceptions
are discussed im sec., 6.3), The jacking frames transmit these loads
to the jumpform beams which in turn transmit them to the copcrete shell
through a searias of interconnecting anchor boltz. The cathead forces,
including_the weight of the cathead assembly (load case 4), and the forces
exXerted by the static and hoist lines (load case 5), are transmitted to
the shell thrqugh the cathead leg support brackets attached to the Jacking
frames, and through the counterstatic line which bears against a wide
flange 5eamﬂand is attached to the lower diagonal as shown.

Before the analysis of construction loads could be carried our, 1t
was uecegsary to gather a substantial amount of information about the
construction scheme, including sizes, lengths and material composﬁeious

of the various components compriéing the scaffolding, hoisting and cathead

r
|

assembliesn All of this information was assembled through numefOus site
inVEstigatioﬁs and laboratory testing of components recovered from the
wreck&ge,‘aupplemented and corrcborated by information from pfaject
drawings and worker statements. ‘The source and nature of this informa-
tion is cited at the appropriate places in subsequent discussions.
6,2 Geometry

To evaluate the hoigting lnadé on the tower, it is first necessary
to define the geometric configuration of the hoisting ecables used for the
delivery of construction materials to the top of the shell &t the cathead
locatrions (fig. 2,18). The cables of particular interest are those serving
catheads no., 4 and no. 5 where concrete was being hoisted at the t%ﬁg of
the collapse., The required information was developed on ihe'basis of data
obtained from the site following the collapse,
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Part of the field survey data 1s presented in figures 0.1 through
6.3, Figure 6.1 igla sectional profile (through a vertical plape of
revolution) of the seaffolding and hoisting systems at a typlcal cathead
location, The scaffolding, jecking frames and Jumpform bheams occur ar
each of the %6 ribs while the gix catheads, including rhe static, counter=-
static and hoist lines, the skid board and the wide flange beam, ocenr
at equal intervals (avery 16 ribs) along the circumfersnce of the gheli,
Each cathead is located between two ad jacent ribs and transmits itz loads
to these ribs through the counterstatic line (fig. 6.1) and two pairs of
Inclined lags at the interior and exterior of the ghell, rvaspectively.

In plan, the hoisting layout for catheads no, & and ﬁo. 5 is shan
in figure 6.2, In elavation, the layout for cathezd no. 4 (others ax?
similar) is shown ia figure 6.3. These figures are helpful in visualf;ing
the mechanism for the delivery of materials fa the top of the parrially-
completed tewer shell where the casting operations for 1iftr 29 were being
carried out, The lifting of materials at cathead me. 4 iz controlled by
the holst drum operator stationmed at U, Starting-from the drum, the hoist
line proeeeds toward and arpgnd an interior sheave attached to sheave
block T on the.groﬁnd, toward and around exterier sheave (, up and arcund
the two sheaves suspended from the cathead beam and, before hoigting
commence®, all the way dewn to a éoncrate hopper at B near center A of
the tower, A starionary static line is attached to point G ont ths
cathead beam at the top, Ar the lower end, it pasges through a clevia
secured to a concrete hopper at B, and terminates at grip heist I which

-

in turn is zecured to the Zround,
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The space coordinates of, and distances between, points given in
figure 6,2 were established by double triangulation for independent veri-
fication of results, Note that the cathead is radially aligned (along AQ)
but the horizontal projection BGifahown‘dotted) of the chord of the static
line is mot, Xven though this introduces a herizontal force component of
the static l4ne acting on the cathead beam in the direction perpendicular
to the beam axis, its effect is not significant and has been ignored in
Buﬁsequent.caiculations of holsting loads (sec. 6,7). In figure 6,3,
dimensions such as those along the carhead beam, the diameter and pivotal
distances of the sheaves, the lengths of the cathead legs, the location
of their bases relarive to the shell, and the height of 1ift 28, ﬂéf;
obtained by direct measurement in the field and were verified agaggat the
drawings. The lengths of the hoist lines for catheads no, 4 and no, 3 ’
shown in figure 6.3 were likewise obtained by measurement in fhe field,
They represent the -length from the hoist drum U to the point of attachment
of the concrete bucket (point K in the figure). The cathead leg dimenaimné
shown are the projectiona of the actual lengrhs of the cathead légs which
are inciined with respect to the plane of the figure, Likewise, line BG
in figure 6.3 is the projeection qf the chord lemgth of the static line
which is inclined relative ro thé plane of the figure (i.e., point B lies
outside this radial plane).

The results shown in figure 6.3 were obtained from the foregoing
data assuming the cathead beam to be level (see sec. 6.6 For explanation),
They define the coordinates of the top support points for the statié
lines for catheads no. 4 and no, 5 as well as their chord langtﬁs and

corresponding horizontal and vertieal projections. They also indicate
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By at the top, a force which may he re501ved into components normal and
parallel to the shell, The normal component 1s tranemitted to the Jumpform
beam wh;lé the jacking frame receives the parailel component through a
pinned exztengion., Similarly, the lower diagonal to which the counterstatic
line is attached exerts a fﬁrée through its lower counection Fy;+ The mor-
"mal and parallel components of this force are transmitted respectively to
the jumpform beam and rhe Jacking frame. In addition, the connection at
this point develops a horizontal pull normal to the plane of the figure
due to the inclination of the counterstatic line with respect to that plane,

The jumpform beams receive forces throeugh twu gets of end rol;é}a and
a pawl attached to each jacking frame (see fip., 5, appendixz A), T@é pawl
ig méchanically engaged to one of the lugs on the outstanding flange of thé,
jumpform béam. The rollers are free to slide along the flange but are
constrained againgt movement in the normal direction, The forces on the
Jumpform beam ware calculated by treating the jacking frame as a two=sgpan
continuous beam on two exterior roller supports and an interior pin %upport
{at the pawl) as indicated in figure 6,4a.

Figure 6.5 identifies forces and. couples acting on the outstanding
flanges 'of opposite jumpform beams at a rib. Pointé A through F (also
appearing in £ig. 6.4a) define the location of the Jacking frame supports
relative to the jumpform beams., The two exrerior diagonals notad above

are connected to points By and F,. Forces Fys Ty F, and circunferential

¥y
mement My are identified by reference to trhe Lloeal coordinate axes (x,
Ys z) as shown, Check marks and zeros shewn in tabular form indicate
respectively those actions (force component or moment) that can or cannot

develop at each point, Actions F, and MY occur in opposite pairas ag
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noted iq‘;h@ figure, and develop as a ras#lt of the inclipation of the
cathead legs and counterstacic line reslative to the plane of the figura.

The final étage in.the conversion pf external loads (load cases 2
to 5) into equivalent actions applied directly to the shell leads ro the
results tabulated in figure 6.6, The pminté Dflapplication of these
actions, designated by the letters I, J, K and L (also appearing in
figure 6.5}, are located on the middle surface of the shell, Actisms
pecurring at F and F’(refaflto fig, 6.5) are converted into thelr stat-
ically equivalent counterparts and placed at K. Actions at F, ars con-
vertad in a similar mapper and placed at L. The resultants of Fy forces
and MY moments acting on the cantilever portion of the jumpform beam5 ﬁ
{points A, B, C, D and B;) are distributed equaily to rhe two ancher_j
bolts at I and J. The F, forces at I and J induced by the forces acging
oo the céntilever portion of the jumpform beams are palculated by treating
the anchors at these juncticns as simpla supports,

The preceding steps involve certaim assumptions regarding the distri-
bution of forces to the ancher bolts. For instance, the equal distribu-
tion of Fy forces to anchqr”ﬂdlté at T and J implies that the jumpfc%m
beams are axially rigid and no frictioﬁ can develop at the shell intex-—

face, The other extreme situation would oceur if the axial rigidity of
!

'

the jumpform beams were negligible zelative to that of the shell, in
“which casa, nearly all of the FY {orees from fhe cantilever portion would
be transferred to the top anchor bolt., In realiry, \the axial stiffness
of the shell is many times that of the jumpform beams and thgrefore,;
the actual distribution will be somewhere between the £wWo éxtremes with
the greater portiocn of the force going to anchor bolt L. However, the
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net effect of the two extreme assumprions on the results of the shell
analysis is not significant, In fact, after examining the combined effact
of all the assumptions made in the conversion of loads from the jumpform
beams to the shell, it was determined that additional refinements will

. not alter the conclusions of this investigation,

6.4 Weight of Scaffolding - Load Case 2

The scaffolding assembly, ineluding formwork and steel jolszt suﬁports
(fig. 2.5) is axigymmetric so that it transmits aqual forees to the 96
peripheral ribs of the shell (fig, 3, appendix A). The procedure for eval-
uating the forces at a rib due to tha weight of a repetitive geaffolding
section (see fig, 6.7) is straightforward and involwes no ma jor assumptions,
The weights of the individual components, evaluated from data on sizes and
waterial composition obtained from the site and the drawings, wereéplaced

1.

at their respective centroids and are indicated by vertical arrowsfin
figure 6.7 (arrows wirh potarion are for other lopad cases). These include
planks used for decking ana supporting brackets, diagonalszs and sLraps,
formwork and,joists, railings and posts, safety nets, hydraulic actuators,
lines and jacks, stiffbacks, jacking frames, jumpform beams and miscella-
neous other hardware. In the analyéis3 the junctions of the lower deck
brackets and suspended suter straps (fig. 6.7) were assumed pilnned =6

that with the exeeption of the diagonally braced bracket at rhe exterior !
of the shell (second deck from the top), the system was rendered stat-
ically datermi;ate. This bracket, together with the two diagonals was

treated as a pinned truss with one degree of redundancy., The final forcas

on the shell resulting from cage 2 loading are tabulated in figure 6.6,
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6.5 iiVE Loads — Ioad Case 3

Live lovading consisted of the walght of 51 workers, reinforcing bars,
Georgia buggies, electrical and welding equipment, gas cylinders, water
drums, tools, groutiﬁg materialé, frash éoncrete, o scellaneocus hoses,
wires, cables and other hardware, The live loads were applied equaily
to the top decks of the interior and exterior scaffolds (designated by
Py in fig, 6,7) and were aQSUmed te be uniformly distributed arpund the
pefiphery of the shell, Afrer examining all the evidence at haad {fteld _
observations at the Willow Tsland, W. Va. and Berwick, Pa. sitss, plus
worker statements), ir was comeluded that live load distributions o?ﬂér
than trhose éssum&d cannot be reascmably justified so that large Qonéénv
tration of such leading occurring at any one locatiom, including in the
vicigity of catheads no. 4 and no, 3, were ruled out, Furthermore, it
is noted by reference to figure 6.6 that‘lhe contribution of live loads
Lo the total load on the shell is relatively small go that variations in
Iive lcad distribution will not significantly affect the shell analysis
results, The procedure f;; éﬁaluating shell forces induced by live loads

(fig. 6.6) is the same as load case 2 discussed in the foregoing section,

6.6 Weight of Catheaﬁ Assamhly — Load Case 4 _

fhe fraa-hody diégram of 2 cathead in the radial plane is shown in
figure 6.8, Withour both the staric and counterstatic lines acting
(at G aand C, regpectively), the cathead assembly is rotationally unstable.
If, for any reason, rhe static line were abgent, the cathead could still
tetain its stability provided the resultanr overturning moment due to
gravity loads about fictitious point O (point of intersection of cathead
legs a and b) is counterelockwise so that the countarstatic line is in
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tension. Using the values for the gravity load components W, Wy, Wy and
W and their locatlions specified in figure 6.8, it can be.readily shown
‘that the corresponding cverturning moment is, in 'facr, counterclockwisa
if the cathead beam is assumed to be in ﬁorlzontal alignment. It can
also be‘shcwn that it does not take much backward tilting from this

level position (and this can be manipulated by means of the chain hoistr —
fig. €.7) to cause a rotational ccllapse of the cathead in the clockwise
direction (autwérd) in the absence of the statile line,

Referring to figure 6,1, it is noted that, with the cathead beam
level, the proximity of the bucket to the top deck of rhe inner scqf%dld
is sufficient to permit unleading of the concrere into on-deck Geofgia
buggies by means of a chute pivoted to the bottom of the bucker (see
figure 6.9 for chute detail). It should be noted that the positionm of
the tucket relative to ;he-dack'can Le contfolled, in additian to the
chain hoist, by the special bolt on the slide plate assembly to which
the static line and the inside sheave of the hoist line are attached
(fig. 6.7). The positioﬁ of this plate was established by measurement
of dimensions of the component parts found among the wreckage at the é;te.

The assumptions that the cathead beam was leLel at the time of the
collapse is based on the fgregoing arguments and iz further corroborared
by the alignments observed at the Berwick, Pa. site.

| The gravity loads which are trénﬂmitted to the six pairs of ad Jacent
ribs at the six cathead locations around the shéll are designarad in L
figure 6,7 (shown in parentheses) and figure 6.8. They consist of the
weights of the cathead legn Wl, Wz, WB’ the weight of the cathead beanm

asgembly W, whiech includes the weights of the sheaves, the weight of the
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line due to itz own weight, It sheould be poimted out that tension T

hoigt 1iné Wy but oot the hoisting loads, the welght of the steel skidbcard
Pﬁﬁl the weight of the wlde flange beam Pup, and temsion T, in the ztatic

o
depends on the stress=fres length of the static lipe azsumed. The cri-
tarion used in determining this length =s well as the corresponding cable
forcez T, Fy and F, due to hoisting loads {load pase 5) are discussed

in section 6.7.

Having established the cathead position and component forces of the
asgembly, the corresponding leg reaction componenﬁé at supports A and‘E"
(figg é#S) aﬁd the forces ¥_, P_ and Q, {(figs. 6.4 and 6,8} transmittedl
by the counterstatic 1ine were determined by statics. The Tinal fﬂrceg
on the shell corresponding to load case & are tabulated in figure 6.6,

6.7 Hoisting Loads - Load Casa 5

Cnee the geometry of the cable profiles are defined (zec. 6.,2), cable
forcea and displacementa induced by the hoisting loads ¢an be derearmined,
To minimize the human compu:gpignal aeffort invelved, a2 computer program
was developed for that purpuse.l The program iz based on the‘representatiqn
of the static lime by the simple cable model deplcted in Ifigure 0.10,

: N .

The model assumes the static and hoist lines to be weightless {the
welght of these lineg ars considersd elsewhere - see sec. 6.6), The hoiat
line is very nearly paralleilto segment KG of the statie iine when the
bucker iz ahoui midway to the top (lecation for maximum tension in the -
static line) and the program asaumes it to be parallel se that force fb\
acts in the same direction as XG for all locatlons of point.K. ' The inﬁut_
parametars are as defined in figure 6,10. The fixed input parameters

{the values of which are indicated in the figure) are chord lemgth 1,

50



Apr.21. 2008 5:13PM | No.2447 P. 14

conordinates XG and ¥, of support point G relative to‘support point B,
and thE‘ErOES“EEEtional area A and moduluslof elasticity E of the static
line, The wvariable input parameteys are, position K of the bucket along
the static line as defined ﬁy chord length segments Li and Ly, the normal
distance of that point from the chord as defined by parameter D, and the
hoisting load WB' Two of‘the values used for Wy were 2900 1b (1314 kg
and 5800 1b (2627 kg)., They represent, respectivély, the weight of the
bucket assembly and conerete (calculations shawn in fig. 6.9), and twice
that weight-to aésass the effect of a 100 percent dynamie amplification
of hoisting loads on cable forces., |
Figure 6,11 ﬂﬁows in notation form a partial listing of the equations
used for calculating the desired output parameters which‘are 1ndicated'b§
asterisks., Not shown are the equations for calculating the cathead lgg
reaction éompanents Ap, Bp, Ag, Bo and tansion F. in the counterstatic
line (fig. 6.8), and a refinement intraduced in the program to account
for changes in the output parameters reasulting from the displacément of
suppart point‘GHduelto the elastic deformation of the cathead assembly,
Note that Bg» the stress—free length of the static line, is an
output value, The pProgram was uséd in an iterative fashion by ad justing
the input parameter D to anduce the value of s, that matched the true
stress-free length of theJ}ine, The true stress—free lenpgth is dis-
cussed below,
The cathead leg reactions and the forece in the counterstatiec line
are determined using the free body diagram of the cathead {(fig. 6.8)
.und@r the action of the static line force T and hoist line forcea Fp )
and F . The cathead sheaves are assumed to be frictionless so that
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Fo = Fpu By raference.gs figure 6.3, note that cathead.lag reactions

Ay and B, are nermal to the plane of the figure and o¢cur in oppositas
pairs; reactions Ap and Bp act along prejections a and b of rhe respac-
tive inside and ocutside cathead legs im the plane of the figure; and
reacgiona Ay 2nd By are zero because mno intermediate loads (such as,

Wi, Wy and Wq) are acting in this case (refer to sec, 6.6). Thus, the
resultant cathead leg reactions are axial. Figures 6.12 and 6.13 should
further assist in visualization of the spatial configuration of the car—
head lega, the counferstatic lipe, and reaction components (alao see

fig. 9, appendix A).

For a given location of peint K (fig. 6,10), the program Outputs
two sets of results, The first get corresponds to the assumption that
paint!G is fized in space, The second set is obtaimed by an iteratfée
process in which successive trials are based on rhe ad justed position
of G correzponding fo the‘elastic deformation of the cathead assembly
under cable fof;es from the preceding trial,

Figures 6.13 through 6.15 show the analytical formulations for
caleulating the movement of point G attributed to the elastic deforms-
tion of the catihead assembly under the action of the static and hoist
line forceg. 'The exprassion for the displacement 4. of the counterstatie
ltne under tengion F. is derived in figure 6,13, In figure 6114, small
rotational displacamen% geometry is used to develop the Expreésinn for
{&ks Yé), which represent the movement of point G, due to the alongatrion
of the counterstatic line, The axial daf;rmations of the cathead legé
are smaller than the elongation of the counterstatic line 5y about one

order of magnitude, and thersfore, their contribution to the movement of

32
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point G iz negligible, Figure 6.15 shows the formulation for displace-
ments (X3, Y.) attributed to the flezural deformation of the cathead beam.
As iﬁ the case of the legs, the effect of the axial deformation of the
beam is neglected so that X5 is assumed to be zero. The total displace-
ment (XG, YG) then is\obtained by adding the digplacements due to the
elongation a, of the counterstaric line at the top and fiexiral deforma-
tion of the cathead beam.

In this casé, superposition of temsion T0 in the static line due to
self weight and tension T caused by loads Wy glves results that are not
appreciably different from the tension in the static line (at support QT
on the cathead beam) that would be obtained from a2 solution based on
both loads acting simultaneously, A more rafined analysis was perforﬁéd
for a few cases to verify this fact, The refined analysis considers
simultaneously the weight of the cable and the holsting loads using an
approach similar to that advanced by Harrison [6.1]. The reasons for the
amall difference between the two analyses are obvious. The distributed
weight of the static lime (100 1b or 45.3 kg) is only about 3 percent
of the weight of the bucket (2900 1b or 1314 kg), 1In addition, with
sufficient slack in the static line (this was the case to enable unloading
of comcrete at the top of the tower), differences in the results (tensicu
in the statiec line as well as tension FD in the hoist line - fig. 6.8)
from the two alternate procedures tend to disappear.

A glance at the results tabulated in figure 6.6 will indicate that
by farﬂtha major portion of the forces acting on the shell is produced‘
by the hoisting loads (load case 5). In partiecular, tension T in the
static line is the major source of the bending moments in the shell (hoist

53
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line forees Fr and ¥, = Fp remain nearly constant as T varies and balanes
cut 56 that they contribute mostly to axial loads Fy but not to normal
forcas F_ - figs, 6.5 and 6,8). Tension T in turn is quite sensitive to
veriations in the tautnesa (or, conversely, in the amount of slack) in the
gtatic line. Thus, the criterion for estimating the actnal stresa—free
length of the static line at the time of the collapse wﬁuld affect signifi-
canfly the results of the analysis,

As mentioned in section 3.2, the length of the static line of cathead
no. 4 (the llne was regovered from the wreckage) was measured on two |
separate occasions in the field. The measured lengths wers within 2 i%
(51 mm) of each other. The averase measured lengtrh, after deducting the
length of the porriom from grip hoist I to clevis B (fig. 6.2), was
219.17 fr (66,85 m), With the bucker =t the unloading pesition shown
irn figure 6.1 and the atatic line assumed tenzienless but without plaw
for that position, the stress-frae length 5, 18 represented by the solid
iline GKB as shown, This leﬁgt£ can be caleulated from the space coor-
dinates of points B and G (figs. 6.2 and 6.3) with the known position
of point K (the bucket is hanging vertically down). The computed length
is 219,19 fr {&7.46 m}; which is almeost identical to the langth maasured
in the field,

If a certain amount of plav in the sratic line ware allowed when
the bucket is st the unloading positicn, it would permit workers on rhé
top deck to manipulate the bucket or pull it in, if need be, without
ancauntering‘resistance from the static line. However, eaven without
such resistance, a worker will have to exert a pull of about 400 1b

(3780 ®) to bring the bucket in a distance of 1. ft {0.31 m), From the



Apr.21. 2008 5:15PM ' No.2447 P. 18

layout shown in figure 6,1, with the bucket at the unloading position,
it is apparent that concrete can be discharged without difficulty into
Georgla buggies on the deck by means of the chute projecting fnward
above tﬁe top rail, Thus, there 12 no reason to believe that such mani -
pulation with the bucket was hecessary. Furthermora, if there ware any
play in the statie iina.at the discharge level, the line would become
s8lack below Ehat level and the pessibility of the bucker gwaylng and
impacting the scaffold while being pulled up would inerease accordingly,
Conversely, with no play at the discharge position, the staric line will
develop tension at lower levels and will pull the bucket away from the
scaffeold thus diminishing the likelihood of severs impact,

The foregoing arguments led to the conclusion that the field méa—
surad iength was the actual length being used at the time of the collapze
and, pherefora,ﬂwas adepted as the basis for the Btress~free length used
in the calculations of hoisting loads (load cage 5) and the static line
tension due to self weight (load case 4),

The analysis of forces induced by hoisting loads leads to the results
tabulated in table 6,la. The resulrs obtained by comsidering the elastic
deformation of the cathead were used to develop the forces for load case 5
tablulated in figure 6,6, For purposes of comparison 6nly, table 6,la also
shows computer resultg obrained by asswming support G to be fixed in spaca,
It should be noted that the forces‘in this table correspond to the location
of the bucket which produces maximum tensfon in the static line. Thié\is
about 123 fr (37.5 @) below the cathead beam which is at vafiance with
the GO;ft (18.3 m) position estimated from the field data (fig. 6,3),

From manufacturer’s specification and worker statements the speed at which
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the holst line was being pulled in was estimated ta be about 19 te 12
fr/sec (3.1 to 3.7 m/a). Hence, it appears‘réasanable to aSSumé that
failure was {nitiated whem the temsion in the static line was approaching
or at, its maximum, and during the next several seconds while collapse
was in progress, it ended up at the 60~-ft (18,3-m) mark beloew the cathead
beam,

Table 6.1b tabulates forces produced by twice the weight of the
buckat which is equivalent to 100 percent impact ou the hoist load (or
100 percent dynamic amplificatiom of the hoist loads). These valueg are
only used to demonstrate that distrass conditions would not have occurred
in the mechanical system even if theres had been reason to believe that |
100 parcent impact conditions were present (sae chap, 5).

£.8 Other Effects

The posture adopted 4in the foregoing derivations was to use lower
bound values for loadg in situations wheare they were not known precisaly.
deisting loads, for instance, were treatad as though rhay wera‘statianary
because not enough informa:ionlwas available to assess the ipherent dynamj ¢
effects of the hoisting sysﬁem ugéd. The reasoning behind this approach
wae that should such lead; lead to structural distress conditions (which
turns out t; be the cas; — see sec. /), the distinct possibility of higher
lsads having occurred ar the time of tha collapse will not change rhe
final conelusions of this investigation., The following pardgraphs discusa

Y

the assumptions made with regard to dynamic loading,
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Dynamic amplification of loads occurs as a result of construction
activities on the scaffolds (load case 2) and during hoisting of mata-
rials (load case 5). ODynamic amplification of live loads (load casge 2)
is negligible because, foc the most pcrt, tcey are stationary and well-
dispersed (see cee. 6.5).

Dynamic amplification of hofsting loads occurs principally as a result
of the initisl acceleration of the haist line to bring the bucker up to
spead from ac—rest position on the ground, fluctuations in the speed with
which the bucket iz lifted as the speed of the drum hoist varied, uneven
winding of the hoist line on the drum, or any other changes In speed cadc
by the hoist drum operator for whatever reasons during the bucket's j&ﬁrmey
to the top., An increase in the speed of the bucket will cause a rise in
tension in both the static and hoist lines while a drcp in speed will
have thc cpposite effect.

The dynamic loading condition induced by start-up acceleration
depends on how fast the bucket is brought up to speed and the damping
characteristics of the hoisting system. This and the other factors
noted above could possibly produce substantial amplification of hoist-
ing 1oads However, not enough in;crmatlcn 13 available to make a
quantitative assessment of thege cffects with sufficlent accuracy to
Justify their use ag part of thc basis for arriving at the conclusion

drawn.

It should be pointed out that the path of the bucket is curvilincéc
and therefore, even when moving at a constant speed, the bucket will exert
4 transverse dynamic.furce (outward normal to the path) on the statie
line, The path will be elliptic with foci at supports B and G (fig. 6.3)
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if the cable iz inextensible and nearly se 4f it is elastie., Placing
the buckat at midspan, assuming a apeed of 10 £i/sec or 3.1 n/sec (see
sec, 6,7)‘an& using the esquation of the =llipse yields an fncremeutal |
tension of about 60 1b (267 ®) in the statié line, which 1a negligible‘
compared with the 4772-1b (21235-N) rension (table 6.1) used in this

investigation,

£.9 Apnalysis of Shell

Aﬁ analysis of the cooling tower shell-sﬁhjected to the construction
loads described in the precading sections was made with SHORE-III [6;é]?
& finite element program developed for the atatic and dypamic analysi%l
of axisymmetrie sheils., The cooling tower shell was discretized by a’
series of curved ring elements, starting at the top of lifr 28, Modeling
was consistenﬁ with the shell structure described in Chapter 2 of rhis
report. Detaills of the SHORE-IIT asnalysis and a verification analysis
using SAP IV [6.3] are presentad in Appendiz B. Conmstruction loads were
applied to the shell model and the resultant maXimum forcas in therhell
were determined along with tﬁeir.location.

The finite element model used 1m the cooling tower analysis i3 shown
along with aﬁ expandad Gieﬁ of the model for the top 3 1ifta, in figures
£.16, The tower structure is diseretized by a series of nineteen closed
ting elements and one open type element at the bottom which models the
column supports., In order to obtain bettar streés distriburions and
properly load the tower, the top two 1ifts (28 and 27) were subdivided
into elevaen elements. The other elemenﬁ divisions wers genefally chcsgn
to aceount for gither changes in shell thickness or changes {in the modulus

of elasticity of the shell matarial. Poinrs for load application werea
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located at the elevations in 1ifrs 28 and 27 whera the form system was
"bolted to the tower, Figure 6,16 showa the elevationg, radii, thiéknesa,
and elastic moduli used for each element in the model., While the elastic
modulus’remains constant for an elemept, the thickness may vary lingarly
from the top to the bottom of the element as dictated by the shell geometry.
Material properties (elastic‘mmduli) used in the analysis were obtained
frowm the test data presented in chapter 4 of this report using the

maturity of the concrete in the various l1ifts on the day of collapse,

The construction loads presented in figure 6.6 are applied to the
shell wodel at the load points indicated as distributed line loads by
means of a Fourier Series. This distributed line loading technique i;fw‘
depicted in figure 6.17 for the normal, meridiomal, and tangantial foéées,
Fx,’Fy and F,, respectively, and for the meridiomal moment My, The x,v,z
coordinate system shown applies ta the canstruction loads as described in
section 6.3 while the corresponding u, v, w System {s the element coordi-
nate system used in SHORE-ITT,

The loading function used in the SHORE-III analysis is developed by
first distributing the concentrated loads about the centerline of the
jumpform beam over 0,358 degree circumferentially (10 in or 254 mm at
1ift 28) for load cases 2 and 3 and 1.875 degrees circumferentially
(4.3 ft or 1.31 m at lift 28) for load cases 4 and 5. The 10 in (254 mm)
distribution widph is the surface contact length between the shell and
jumpform beam. This distribﬁted load 1is then expanded in a Fourier Serias
which applies the load at the required points around the circumference %E
the tower for the particular construction load case. The larger distriby-
rtian angle used in load cases 4 and 5 was chosen because it reduced the

number of Fourier series harmonics required to adequately define thé loads.
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Ideally, a 0,358 degree distzibution angle should have been used for all
cages. However, when the 0.358 dagres distributigﬁ angle was chosen forl
load cases 4 and 5, 150 harmenics wers ra&uired to produce a load funeriom
with an acceptable shape. Increasipg the distribution angls to $.83%9
degree made ir possible to generata a load function with acceptable shape
uéing ﬁnly 596 harmonics; tha?eby, reducing: computer time and cost by

about two thirds. A comparison analysis using both the 0.358 =zad 0,559
degree distribution angles showed that the maximmn gtresses differed by
only a few pevcent and the stress distriburisng were essentially the same;
Consaquently, the compromise betwean distributicn angle and computer znaly-
sis ftime 1s jusrified. Figure 6,18 illuatrates the loading fumetion for a
normal forece zpplied to the shell by the jumpform beams at a cathead, -
This load would rhen be repeated at all six (6) cathead locatious in icad
case2 4 to produce a symmetric loading condition. “

The development of 2 convergent Fourier Series with only a few har-
monics was found to be a difficult task for load case 3 which is applied
only at cathead po. 4, This 13 because 22 the number of application points
decreases {two points or ribs for casa 5) the number of harmonies required
for a convergent séries intcresses rapidly. In addition, the computer time
raquired for solution of 3 load caze is ralated to the number of haymonics
in the series. 4n investigation of the gtrass distributions that cecurred
in load case & where the gix catheaﬁ gantr; loads are applied to the zhell
indicated that the internal shell forcas of interest decayed rapidly to a

small value at approximately 20° from the carhead. The BAF IV verification

-
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analysis alsu exhibited this stress ﬂisfribution (see appendiz B). Thus,
it was concluded that since the catheads are 60° apart, the loads applied
at a cathead have little influence on the internal forces at the catheads
on either side. Consequently, the loads fotr load case 5 were applied at
all six cathead locatioms instead of just at cathead no. 4.

The loading functions were developed for each construction load
(cases 2 to 5) and a separate analysis was made for each case, including
case 1 Which was ilnternally generated by the prqgram. Since SHORE-III is
a linear elastic finite element program, the principle Ofdsuperposition
applies and ;he results for each load case may be combined algebraically
to find the resulfant stresses for any combination of the constructimﬁ
loads., The gffect of using a line lpad with a distribution angie ratﬁer
than a conqent;at&dlload is to predict stress magnitudes which are lower
than those that occur in the shell,

Table 6.2 presents the stress resultants in lift 28 at cathead no. 4
for the sum of load caseslg 2,3,4,and 5 at & = 0% and 2°, respectively.
Figure 6.19 shows the sign conventions for the respective stress resultants.
Valqes at 8 = 0° occur midway between the jumpform beams to which cathead
no. 4 is attached while rhe values at 8 = 1,87 occur ar the meridiaﬁ :
along which the jumpform beams are attached to the shell.

Figures 6.20 through 6.23 exhibit the distribution of the wmeridian
stress resultant, N¢, the hoop stress resultant, NB” and the moments, ﬁ¢,
M., with & for selected elevations in lift 28 (refer to fig. 6.17) for, -
the sum of load cases 1, 2, 3, 4, and 5. Because they are symmetric
about the cathead, the distributions are shown for only cne side of the
cathead, It should be noted that the values of the meriditnal stress at

8 = 1.8750, figure 6.20 and also table 6.2, increases significantly at
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elevaéioua of 165.721 and 162,125 ft {50.512 and 49.416 m respectively)
due te the loads being applied at poinzs I and J (fig. 5;6). The shape

of the stress distribution for N¢ ahout the circumference of the shell,
figure 6,20, can be understood by considering the way the léads are applied
ta the shell. The loads prageribed in cmses 2 zud 3 are applied st each
vib and the resulring stress dfstzibution 4a symmetric about each rib and,
.furthermmre, ig identical between 3ll ribs., On thg cther hand, the_laads
prescribed in cases 4 and 5 are applied only at the cathead locations,

The streas distributions {llnstrated in figure 6.20 reflectad the super-
pogition of these cases and the stresses due fo load cazses 4 énd 3 gontrol
tha aéapa of the distributions shown. The Loop stress,'Na, 25 sgan f#um
figure 6.21 ia highest Ar tha top of 1ift 28 znd decreases with decreé&img
elevation. Finally, the maimum values Ear N¢ and'NB occur near the top
holt in 1ift 28 at the jumpform beams on either side of cathead 4. A
rzlative mazimum for N¢ occurs near the bottom bolt in 1ift 28 ar the
jumpform beams. The maximm moments M& and M& also occur at the leoeation
of the. jumpform beams (8 =flw875°) with Ma a maximum near the top of 14ft
28 and M¢ 2 maximum near the bottem of 11ft 28 2 chown in figs, 6.27 and

6.23.

.
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7. INTERPRETATION OF SHELL ANALYSIS

7.1 Introduction

The overall safety and the reliability of the construction method
uzed at the Willow Island site depend on the integrity of the partially
compiated shell structure to resist all construction loads, This
demands that sufficient atrength.must be developed in the previously
caat shell so that the structural resistance exceeds the consttuction
load effects by a reasonable margin of safety, Obviously, the shell did
not have adequate strength to resist the applied load. In order to deter-
mine to what extent the applied load effects exceeded the capacity of the
shell, the results of the analysis of the shell at a number of critical’
locations are compared with the resistance values determined by applyiﬁé,
existing strength theories, It should be pointed ocut that no dynamic
amplification of the hoist load was-included in the ghell analysis.
Dynamic amplification is known to existr Iin hoisting systems such as tha
one used at the Willow Island site, and inclusion of the dynamic effects
would have increased the féicea in the shell over those determined in

this report.

7.2 Btrength of the Shell Under Combined Axi;l Load and Bending Moment
For a given cross section and reinforcemént, an interaction diagram
guch as the one shown in figure 7,1 can be constructed in terms of ulti-
mate axial forces as ordinates and ultimate bending moments as ;bscissa.
For various combinations of axial forces and bending moments, the inter—
action curve defines a failure envelope in that all points lving on andd
outside the interaction curve conatitute failure, On the othar haﬁd,

combinations which fall within the area bounded by the interaction curve
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reprasent a safe condition., In this seaction & number of cross sections
in the critical region of the shell are examined using the inrsraction
diagramé. It was shown previously inm the analysis of the shell that
maximum forces im 11ft 28 would oeccur in the vicinity of the two ribs
where the legs of cathead no, 4 ware positioned. This critieal region
includes the section between the twe ribs as well as the immediate
vicinlty aleng the ribs,

In daveloping the interaction diagrams for the eritical cross
sectlons, a shell section of unit width (1 ft) was treated as a rectap-
gular column., In an acrual shell element the forces and moments occur
in adjacent cross sections parallel and perpendicular to the méridiana‘

By treating a shell element as a column—~tike element, the forcea and
moments in each direction are dealr with separately. Any effac; on tné
comprassive strength of conecrete due to biaxial compression ig2 small [7,2],
Furthermore, the forces acting normal to the reinforcement have lirtla,

1f any, effect on the stress that can be daeveloped in the reinforcament, -
Thus, the treatment of z shell elemenr as an oniaxial element iz copsidered
& reasonable and expedient approach,

The cross sectional diﬁéﬁsians of the ghell sectiona used for deter-
mining interaction diagrams are shown in figure 7,2, The vartical section
has two no. 4 bars and the horizontal section ha; two bars wirh an equiva-
lant stsel area for a 12-inch {305 mm) wide cross section. The actual
shell cross seetion in lift 28 had #4 vertical bars spaced at 8,7 in
on center (220 mm) on each face and #4 horizontal bars spaced at 12 in

(305 mm} on center on each face (see fig. 2.2). .
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Because the strength~gain characteristics of the 1ift 28 concrete ag
shown by the results of eylinder tests wate significantly different from
that of the NBS specimens (fig. 4.3), it was decided to usge the lifr 28
test data to eatimate the concrete strength. The strength of concrere at
the time of the c;llapse, approximately 20 ﬁr after placement of concrete
(sec. 4.2), iz estimated to be 220 pei (1.52 MPa) based on the results of
24 and 25 hr tests, 283 psi (1,95 MPa) and 299 psi (2.06 MPa), respectively
(Table 4.5 a and b), The procedure followed to establish the concrete
strength is shown in figure 7.3, It is seen that a linear interpolation is
mada betwgen the time of set (6 hr) and the time when the field cured
cylinders were tested, The time of set was established by the experimﬁntal ’
results with cement mortar, with consideration given to the inclusionfaf
flyash and water reducing admixtuge in the lift 28 concrete, Approximately
the same value of the compressive stremgth can be obtained from the
strength~maturity plot shown in figure 4.3 with a value of 43 degree F-
days being the maturity at the time of collapse., It should be pointed
ocut that ﬁhe actual concrete strength at the top of 1ift 28 could have
been lowe? than 220 pai (1,52 MP2) due to the tempetrature condition of
1ift 28 was different than that of the test cylinders which were cured
on the ground level énd due to the rise of free water to the top of the
wall both of which ténd to lower the concrete strength., If these factors
were taken info consideration, the concrete gtrength could have heen as
Low as 200 psi (1.38 MPa) rather than 220 psi (1.52 MPa). However, in -
the evaluation of eross-sectional strengths, 220 psi was used. i

. The reinforecing steel must be embedded adequately in the concrete to

develop its yield strength. The length of embedment requited to develop
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vield is proportiomal to thé sdquars root of the strength of concretre,
According to ACI 318-77 [4.4], at a strengrh level of 220 psi (1.32 MPa)
the embedment length for a no, 4 bar in compression is 40.5 in (1029 mm),
Because the ACT code requirement incorporates a 25 perceht increase in
embedment length over that required to develop yield [7,1], the value
obtained from the ACT code should be raduced by 25 percent to reflsct
the actugl necded embedment 1ength.. Thus, the corrscted compression
embedment length for a no. 4 bar becomes 32,4 in (823 mm).

The maximum amount of stress that can be devaloped in the steel was
computed based on available lemgth of embedment. The bars in the circum;
ferential direction, which are in compression, could develop full yiald;
strength of 60 ksi (414 MPa) except at lap splices. At the locations
where lap splices occur the maximum stress that can be developed in trhe
bar is limited by the lemgth of splice. For the splice length of 22 in
(359 mm), which was provided for ne. & bars (fiz. 2.2}, the maximum com—
prassion stress in the steel is limited to 60 ksi x 22/32.4 = 40,7 kei
(281 MPa). For the bars in Ehéwmérfdian direction the available length
¢f embedment varies depending on the distance from the top edge of lifr 28
to cross sectfons being considered., For a cross séctionilncated 32,4 in
(823 mm) below the top of 1ift 28, the steel can developito yield {60 ksi,
414 MPa), {Under combined bending moments and axial forces, some bars
were in temsion. For these bars embedment length of 28.8 in (732 mm) was
computed using the pullout teasr resulrs, However, at all locations whéré‘
thg tension embedment length would be a governing factor, the magnitude
cf these moments and axial forces ara relatively low and their combined
effects fall well within the interactrion diagram,
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For the shell cross sections of unit width shown in figure 7.2 and
using the limiting concrete and steel stresses described above, interaction
diagrams for axial load and bending moment are obtained for critical loca-
tions in 1ift 28 (fig, 7,4), In developing the interaction diagram, it
was assumed that the crusghing strain of concrete is 0,003 in per in&j and
that the reinforcing steel has an elastic-perfectly plastic stress—-strain
relationship with a nominal yield strength of 60 ksi (414 MPa).

Figure 7.5 shows an interaction diagram for a cross section resisting
meridiunal forces (hereafter referred to as the horizontal cross section)
for all cross sections 32.4 4in (823 mm) below the top of 1lift 28, Béldw
this point a sufficient embedment lenmgth is available for the vertié;l
bars to develop yield. 1In 1ift 28 the meridional faf&e and'banding moment
are maximum at cross sections along a liﬁe-through points BAB as éhown‘in
figure. 7,4, - Maximum force and moment combinations for cross sections along
this line are plotted in figure 7,5 in which the point corresponding to
location A 1s shown as a square and the point corresponding to iocation B
a5 a circley Tt is to be noted in this fipgure that at baih locations the.
cross section 1= controlled predominantly by bending moment, Because the
cathead gantry loads are supported at the rib locatioms, the bending moment
is substantially greater at this location than at the center of the panel,
exceeding the capacity of the shell cross section. This indicates that a

compression failure of concrete would initiate at the inside of the ghell

-

AJIH rectangular beam tests, strains 0.003 te 0,004 have been measured
near maximum load carrying capacity. Many tests of beams and colymmsg
have shown that a satisfactorily accurate prediction of ultimate
strength can be made using the crushing strain of 0,003 [4,4], Limited
rest data are available for concrete strength of 220 psi (1,52 MPa),
However, a mors accurate determination of the concrete strain at
maximum registance was not made in this Investigation because the
effect on the interaction diagram is not large,
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at tha rib‘locatimns and propagate along the circumference ar a distance
1 £t (0.2 m) above the bottom of the panel,

Thellocatians of lap splices of the horizontal bars were not known
for the eross se;tion teaizting hoop ferces (hereaftar refarrad to as the
vertical cross section). Hencs, two iateraction diagrams were prepared
depending on the maximum stress that can be developed inm the steel. 1If
lap splices of the bars are a sufficieqt distance away from a section
being considered, the steel can develop yield (60 ksi, 414 MPa), TFor
£ross secticns where lap splices occurred, the maximum stress that can be
devaiaped is limitved by the length of the splice (40.7 ksi, 281 MPa),

The interaction diagrams obtained using these two steal stresses are shqﬁﬁ‘
in figure 7,6, These diagrams give the combinarions of the hoop fercs ﬁ-
and bending moment for failure of the cross section, In 1ift 28, the haop
force and associated bending moment are maximum zt locarions O and D. They
are plotted on the interaction diagram for these sectionsg in figure 7,6

in which the peint corresponding to location C are shown in square and the

corresponding to leocatdon D in cirela. It 1z seen in this figure that with

point D lying considerably cutside of the imteraction curve s compression

failure of concrets at the top of the shell would take place aé.the rib loca-

tions, points D, due to combined affect of high mnﬁent and axial force with
!

or without the presence of lap splices, Ar the center of the panel, the

shell seetion ig subiectad predominataly to axial force.

7.3 Strength of Shell Under Shear

In the presence of axial compregsiom the shear capacity of a rein~ ~
ferced comcrete section inereases. This complex interaction between shear
and axial compression is not fully understood, In the abgencs of a suit-

able means of determining the shear strengrh of a shell section, the
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expressions 'in the ACI code [4.4] are used for insight inte the stremgth

of the shell in shear. Those expressions are:

Ve = 2[1 +-u £L bd
e - 2000 Ag': ¢ '

and not greater than
N:
Vo = 3,54/ + % £ bd
; 500 Ag

where

V. = nominal shear strength provided by concrete

N = axial normal load to cross gection

u
Ay = gross area of section
fé"=‘comprésai¥e'strangth of concrete in péi

b = width of section

¢ = distance from extreme compression fiber to centroid of
tension reinforcement

Radial shear values in the vertical and horizonal cross sections of
elements at the top of 1ift 28 are given in table 7,1 together with cor-
respoﬁding shear capacitias computed in accordance with the above formulasg,
It may be seen in the table that the radial shears in thg vertical and
horizontal sections (Qa and Q¢) are very high at the top of lift 28 along
tWo ribs; while the radial shears at the center of the panel are either
2ero or very small, The radial shear in both the vertical and horizontal
sections in the region near the top of 1ift 28 along the ribs, points D.in
figure 7.4, exceed those values computed by the formulas., Although ;he
calcylated shear values may be influenced by the distribution of concen-
trated loadsalong a line, as disecussed in section 6.5, this clearly indicates
that relstively high radial ghear forces were present in this region of the

shell.
: &80
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7.4 Probable Mode of Failure

It was shown in the previous secticns that mawimm stresses occur im the
region of the panel boundéd by the two riha wﬁare cathead gantry no. 4 was located.
The analysis showed trhat a cofipression failure of conerete would have isdtiated
in 1ift 28 aleng the circumferance of the shell ar a distamce 1.0 ft (0.3 @) aba%e
the bottom of 11ft 28, the line through poiugs BAB in figure 7,4. Im additicn,
because both the large h&bp forces and moments along the ribs, 2 band of the
compression failure would also have spread along the rib of the panel,. The
prasence of high radial sheay in the panel could have furthér weakened thé‘éhell
where combination of high axzial loads and mements occurred anmd could havélinitiat#

rs

ed the faliure before the capacity in axial forces and moments was. reached,
fherefore, it may be gonaluded that the failure of 1ift 28 resulted
from inadequate strength of the shell section where cathea& no. 4 was
lacateﬁ Lo resist the applied construction loads. The failure was brought
abuut'by compressive crushinghaf the coacrete due to combinations of

axlal forces and moments, and/or eracking due to the high radial shear.
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8.,  SUMMARY AND} CONCLUSIONS

As a result of the cooling-tcwaf cénstruction collapse at Willow
Island, West Virginia, the Natiomal Bureau of Standards (NBS) was ragquested
by the Oaaﬁpational Safety and Healrh Administration (0SHA) to carry out
a detailed study aiming at the determination of the most probable cause
of the collapse, 1In respénsE to this request, NBS has undertaken a compre-
hénéive field investigatiom, laboratory tests of conatruction assembly
components and concrete specimens, and chemical analyses of concrete,
In addition, mathematical models of the tower were prepared and analyae&
by computer using shell apalysis program. The findings presented in ﬁhis
report are based om the results of these field, laboratory and analyrical
studies with other information such as structural drawings of the tower
and OSHA case recérds, |

1. At Athe time of failure the conerete bucket was in transit
from the base of the tower to carhead mo. 4, The measured
length of the hoiaﬁ cable indicated that the bucket was about
60 £t (16.4 m) below the cathead beam, This also agrees with
eyewitness accountg. _Therefmre, it is believed that the con-
crete bucket did ﬁgt hit the cathead to cause ir to fail.

2. Although the hoist cables for catheads no, 4 and 5 were broken,
field observations anﬁkthe laboratory tegt indicate that the
breakage of the cables occurred after the onset of collapse ;'
of 11ft 28. Thus, the breakage of the cables did not trigger

the failura,
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Fleld and laboratory investigations revealed that thﬂlﬁajor
components of the hoisting, scaffolding and formwork systems
did net fail prior to the collapseQ Thus, the collapze Eid
net initiate due to any compoment failure of these systems,
Baged on the results of field cured cylinder tests, the com—
pressive strength of comerete of that part of lift 28 where
cathead no. 4 was locared was estimated te be about 220 psi
(1,52 Mpa) at the time of the collapse.

The analysis of the shell as well as eyewitness accounts
indieated that the collapse initlated in lift 28 at the area ;
where cathead no, 4 was located. The analysis showed that
calenlated stress resultants at several pointz in this area
equaled or exceeded the strength of the shell in compression,
bending and shear, Faillure at any of these points would have
propagated causing the collapse of lift 283,

These results of fﬁé“éﬁalysié indicate that the most probable
cause of the eollapse was due to the imposition of comstruction
loads on the shell before the concrete éf lift 28 hgd gaﬁned

adequate strength to support these loads, ;

P.

30



Apr.21. 2008 5:27PM No.2447 P. 36

¢

9. ACKNOWLEDGMENTS

IThe authors acknowledge tﬁe contribuﬁions made by the following
parsons: | . e o

Dr. E. 0. Pfrang provided technical guidance and.construecrive eriticism,

Dr, E, V. Leyendecker, Mr, J. R, darris and Dr. B. Ellingwood critically
reviewed the report.

Mr. R. Williams coordinated the laboratory tests and Mesars, F. Rankin,
J. Owens and T, Ruschell performed the tests. ” -

Mr. C. Mullen coordinated graphic work and prepared figures.
Mrs, A. Salazar typed the several drafts of this Teport manuscript.]ﬂ

Mr,. Rﬂ?.MEle and Mr, John Day carried out the graphie work. ;E



