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PREFACE

An investigation of the construction fallure of the naturai—drafe
conerete cooling tower at Willow Island, West Virginia cn April 27, 1978
was carried out by the National Burean of Standards (NBS) at the request
of the Occupational Safety and Health Administratioa {0SHA), the Depart-
ment of Labor. This investigatiorn was conducted pursuant to an interagency
agreement between OQSHA and NBS.

The NBS field investigation team consisted of B. O, Pfrang, J. O.
Buyson, E. Anderson, 8. G. Fattal, B. J. Hunt and H. S. Lew. Throughmt
the course of thig investigation, the team received full cooperation from
the O0SHA reginmal and area offices. Assistance provided by Mr. David H.
Rhone, Regional Administrator and Mr. Stanley Elliot, Area Director, is

gratefully acknowledged by the NBS team.



ABSTRACT

The collapse of the natural-draft hyperbolie conerete cooling tower
unit no, 2 at the Pleasants Power Statlon at Wiilow Island, West Virginia
was Investigated by the Naticnal Bureau of Standards. The investigation
included onsite inspections, laboratory tests of construction assembly
componentg and concrete spacimens, and analytical studies.

Based on the regults of these field, laboratory and amalytical inves—‘
tigations, it was concluded :hat the most probable cause of the collapse
was due to the imposition of comstruction loads on the shell before the
concrete of 1lift 28 had gained adequate strength ta support these loads.
The analyesis of the shell indicated that the cecllapse initlated at the
part of the shell in 1ift 28 where cathead no. 4 was located. It further
showed that calculated siress resultants at several polats in that part
equaled or exceeded the strength of the shell in ceomnression, bending and
and shear. The failure of these points in that part of the shell would

have propagated to canse the collapse of the entire 1ift 28,

Key Words: Collapse; concrete; concrete strength; construction;
cocling tower; failure; hyperbolic shell; sheli,
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1. INTRODUCTION
1.1 Background

Two natural-draft hyperbolic concrete cooling towers were being
constructed at the Pleasants Power Station which is located on the Chia
River at Willow Island, West Virginia. The shell of the first unit of
the tuwo towers was completed in August, 1977, 1t has a base diameter
of 358 ft (109 m) and stands 430 £t (131 m) above the ground level.
Shortly after 10 a.m. on April 27, 1978, the top portion of the second
unit which had reached a helght of 166 ft (51 m} collapsed during con-
struction. Figure 1.1 is a photograph taken after the fajlure which
shows the completed tower unit No. 1 and partially completed -tower unit
No. 2 in the foreground. A four-level scaffclding system wnich was
anchored to the collapsed portion of the shell fell with it killing all
51 workers who ware on thz scaffold,

The shell was constructed through the use of a patented 1ift form tech-
nique. Except for the lower and upper portions of the tower, the comstruc-
tion procedure at Willow Island utilized a scheme to place a 5-ft (1,5m)
lift per day. At the time of failure, 28 lifts had been completed with the
most recent one having been piaced the previous day, The formwork which
suppoxted the less than one day cold concrete of 1ift 28 had been raised
into place for 1lift 29. According to eyewltness accounts by workers,
lift 28 began to collapse when the third bucket of concrete was being
hoiéted up to the working plarform. Tt was estimated that about 1,0 yd3
(0.8 m®) of concrete had been placed for lift 29 at that time., According

to an eyewitness the entire section of 1lift 28 collapsed into the tower

within a few minutes,



On the day of the cecllapse, an inspection team from the Occupational
Safety and Health Administration (OSHA), Department of Laber, arrived at
the site and began an investigation into the collapse. A team from the
National Bureau of Standards (NBS) joined the OSHA team two days later.

1.2 Objective and Scope of the Investigation

The National Burezu of Standards was requested to assist the field
investigation conducted by the Occupational Safety and Health Administra-
tion at the site of the collapse and to carry out a detalled study aiwming
at the determination of the most probable cause of the collapse.

In response to this request, NBS carried out field, laboratory
and analytical studies. The NBS investigators also used data obtained
from onsite inspections, OSHA case records, the patent for the forming
system and drawings showing details of the tower egnstruction,

1.3 Organization of the Report

The report is organized in ten chapters:

Chapter 2 presents dimensions of the tower and the material used for
construction. It also describes the construction method employed for
erection of the tower and the holsting system used to transport construc—
tion materials from the ground level to the top of the tower,

Chapter 3 describes observations made and measurements taken by the
NBS investigation team at the Willow Island site. It also describes

typical daily constructlon activities and the chain of events which took

place prior to the collapse.

Chapter 4 presents the results of concrete tests which were used

to determine the strength and stiffness gaining characteristics of the



concrete, The test results of anchor bolts, heist cable, chain hoist
and grip-hoist are also presented,

Chapter 5 examines possible component failures of the hoisting and
scaffolding systems with the aid of the test results presented in
chapter 4 as well as data obtainsd from the onsite inspection presented
in chapter 3.

Chapter 6 describes criteria and ratlonale for defining the loads
which were acting on the shell at the time c¢f the collapse. It also
presents analysis of the shell by meane of finite element computer
programs,

Chapter 7 compares the resu}ts of the shell analysis with various
strength parameters of the shell and discusses the most probable mode
of failure.

Chapter 8 summarizes the findings of the investigation and presents
conclusions drawn on the based of field, laboratéry and analytical studias,

Chapter 9 acknowledges those in&ividuals who made contributions to
various phaseé of the investligation and to the preparation of this report.

Chapter 10 lists the references clted in the text.



2, COOLING TOWER CONSTRUCTION

2,1 Introduction

This chapter describes dimenéions of the tower and the materials used
for construction. It also describes the method of construction and the
hoisting system, The formwork and scaffolding systams used for construc—
tion of the tower were supported only by the previovsly cdmpleted portion
of the tower. They moved up as construction progressed with no support
other than from the partially completed structure, Because such complex
self-1ifting formwork and scaffolding systems were used, they are described

in some detail,

2.2 Physical Sescription of Cooling Tower Unit No. 2 at Willow Island

Figurez 2,1 shows the elevation and plan view of cooling tower unit
no. 2. 1t may be noted that both the dismeter and the shell thickness
changad along the neight of the tower. At the Eime of failure, the tower
elevation‘had resched 166 feet (51 m) as indicated by the dotted line
on the elevation. The shell portion of the tower was supported by 80
diagonal concrate columns of 34 incﬁes (0,86 m) in diameter, The shell
tapered from the lintel at the base {(diameter of 342 ft, 104,2 m) to .the
throat (diameter of 214 ft, 83.2 ﬁ}, 1t then flared out with increasing
height. The exterior of the shell was divided by 96 evenly spaced ribs
(see figures 1.1 and 3.1)., The panel width between two adjacent ribs
varied aleng the height of the tower,

In the wall section, two layers of reinforcement were provided hoth
vertically and horizontally. The ;ize and spacing of steel in both
directions varied with the height of the tower, A typical cross section
cf the wall at 1ift 28 is shown along with reinforcieg and splieing

4



details in figure 2,2, The fipure shows that, within any one 1lift height,
all of the vertical bars were spliced in every third panel, The horizon-
tal bars were spliced such that no two splices in any one 1ift occurred in
the same vertical plame for bars on the same face., The spacing of
splices along the horizontal barg were not specified in the drawings.,
4l1l icinforcing bars ﬁere specified to meet ASTM A 615 Grade 60 require-
ments,

Normal welght concrete was used for the tower, The mix proportions

per cubic yard of cocnereste were:li

470, lbs (214 kg) Type II (moderate heat of hydration)
. portland cement
1174 1bs (532 kg)  Natural sand
190¢ 1bs {862 kg) Natural gravel
61 lus (27 kg) Fly ash
14,1 oz (417 mL) Water reducing agent
5.0 oz (148 mL) Air entraining agent

Approximacely 27,6 gal (104 L) of water were gpecified to produce 4.5 in
(114 mm? siamp.

2.3 Zwuwnstruction Method

Az mentioned in scetion 2,1, beth: the thickness and the diameter
of the shell changed along its height. To accommodate these changes
as well as to provide warking surfaces for workers, a complex combina-
tion of formwork and scaffolding system was used, A schematic drawing
of the formwork-scaffoldlng system 1s shown in figure 2.3. It is seen
in this figure that the entire system was supported on previously
completed portions of the tower, As construction advanced, the system

traveled up the tower with no support other than from the partially

1/ See table 4.5(a) and (b).



completed structure of partially matured concrete. An Interior view of
a similar toﬁér under construction is shown in figure 2.4, The four—
level scaffolding system was saspenced from the upper part of the
tower, A detailed description of the system is illustrated in the U.S.
Patent of the system, which is reproduced in appendix A.

The 11ft form and scaffolding system consisted of four basic func-
tional componments, These were:

1) Jumpform beams

2) Jacking frames

3) stiffback channels and formwork

4) Scaffolding

A cross section through the formwork—scaffolding system 1s shown in
figure 2.5 Lo which ecach of the above components is identified, In the
text that follows, the function of each of these components is described
an& 1llustra£ed with the aid of photographs taken at Bexwlck, Pennsylvania
where similar hyperbolic caoling towers were under construction using
basically the same construction method used at Willow Island.

Figure i.6 shows the manner in which jumpform beams were attached to the
exterior of the shell by hexhead bolts. Typlcal extruded zluminum jumpforin
beams which were attached to the interior and exterior of the shell are
shown in figure 2.?. Tuc 10-ft (3-m) long beaus were spliced together end
to end with clip plates forming a 20-foot (f-m) long section, Figure 2.8
shows the 20-ft long jumpform beams attached to the inside and outside of
the shell by meané of a number of anchor bolts with internally threaded
cone-shaped inserts and the hexhead bolts (also see fig, 6, appeadix A),
The assembly of the anchor bolt is shown in figure 3.8. It may be noted

6



in figure 2,8 that the relative positions of these jumpform beams change
in an alternating sequence for each lift of the shell,

The exterior jumpform beam differs from the interior jumpform beam
in that the flange of the exterior jumpform beam functions as the rib
mold of the shell. The exterior flange of both the lnterior and exterior
jumpform beams has welded lugs to receive the reclprocating and statiomary
pawls for engagement of the jacking nechanism (see fig. 2.7 and figs. 5
and 8, appendix A).

The second major component of the system was the jacking frame
(fig. 2.8). 1t consisted of two structural chamnnels which rode on both
faces of the outer flange of the jumpform beam (see fig. 5, appendix A).
A photograph of tﬁe Jacking frame wssembly is shown in figure 2.9. Move-
ment of the jacking frame was resﬁricted te one direction, i.e., parallel
to the jumpform beam, by means of a set of 12 steel wheels housed in the
jacking frame,

The jacking frame also contained a hydraulic ram with a connected
wreciprocating pawl and a follower pawl (item 142 and 123 in figure 3,
appendix A). When jacking commenced, the reciprocating pawl was actuated
by the hydraulic pressure and engaged with the jumpform beam lugs raising
the jacking frame in increments equivalent to the lug spaéing. The spring-
loaded follower pawl ratcheted and held the jacking frawe until another
hydraulic cycle could be repeated.

The third wajor component in the construction apparatus consisted of
the stiffback channels and formwork (fig. 2.8, 2.9 and 2.10). This com-
ponent held the fresh concrete in place between each vib location. Thez
stiffback was a structural chanmel vertlcally supported by the jacking

7



frame's lower steel wheel axle {see figures 6, 7 and B, appendix A),

Ad justable joists were bolted to the stiffbacks at the rib locations and
were capahle of cowpensating for the shell diameter variation, The plywoad
forw wag braced by the joist-stiﬁfback framework, The stiffback and farmwork
moved integrally with the jJacking frame during the entire jacking process.

Jacking took place at both the inside and outside jumpform beams simul-
taneously at sll 96 rib locations. Jacking was terminated once the stiff-
back formwork had cleared the previous 1ift and had been positionad for
placement of concrete for the next 1ift.

The fourth major component of the lift form-scaffolding system was a
four-level scaffold (fig. 2.5)., Working platforms were suspended from
both the inside and the outglde jacking frameg at each of the 96 rib loca-
tions, Scaffold planking and guardrails spanned between the rib lecations
forming the working platform, At the top level construction materials were
received via the hoisting system, steel reinforcing was distributed for
placement, and concrete was delivered around the tower by Georgia buggies.

Level 2 was used less in the construction process, From this level
the stiffback-formwork was accessible for ad justment. Once the formwork
was set for a new pour the use of this level became diminished.

The lower levels (levels 3 & 4) provided access to the bottom half of
the jumpform beams, The 10 ft (3 m) section of the jumpform beam was
separated from the upper half and unbolted from the shell and delivered
to the top level for new plzcement. Final shell surface preparation (i.e.,
patching, removal of thraaded insert cones, grouting) was performed from
these levels. The entire scaffolding system moved with the jacking frame

ta the new elevation,



The sequence of operations for the entire formwork-scaffolding system
from lift 27 to lift 29 is illustrated in figures 2,11 through 2.13.
Figure 2.11 depicts the position of the jumpform beams and the scaffolding
system prior to concrete placement for 1lift 27. It may be noted that the
inside jumpform beam was higher than the ocutside one, Two days after the
completion of 1ift 27, the formwork and scaffoliding systems were raised
and simultaneously the lower half of the outside jumpform beam was unholted
and lifted to a new higher position, shown in figure 2,12, Figure 2.13
shows the final position of the entire system prior to concrete placement
for lift 23. One day after the completion of 1lift 23, the formwork and
scaffolding systems were again raised and the lower half of the inside
jumpform beam was lifted to a new position, as shown in figure 2.14.
Figure 2.15 shows the final position of the formwork and scaffolding
systems with the inside jumpform beam extending zbove the outside one.

The daily preparation for concrete placement consisted of five con-

secutive procedures as follows:

1) Workers removed wedging and loosened stiffbacks and formwork from
previously placed concrete., Plywood forms were removed next and
cut to new desired size to accommodate changing diameter of the
tower. Forms were then placed again in the same place after
being cleaned and oiled.

2) Once all forms were replaced, jacking of the entire formwotk
and écaffolding systems commenced until the next predetermined
elevation was reached.

3) The lowest trailing jumpform beam was unbolted and transferred
to its new top position on top of the upper half mate of the

9



jumpforw beam. Therefore, each pair of jumpform beams (inside
and outside) at each rib location “leap-frogged” one another
throughout the comstruction process., Figures 2,11 through 2,15
illustrate this process.

4) The formwork was wedged into 1its new 1ift position, spacing
tolerances checked, reinforcing steel placed, and concrete
was then ready for plaéement.

2.4 Hoisting System

At the Willow Island site, up to and including 1lift 10, construction
materials were handled by moving cranes cn the ground and concrete was
placed into the formwork by a pumping process. Above this level, the
materials and concrete ware delivered to the working platform via six
cathead gantry cranes (hereafter referred to as catheads) powered by
twin-drum hoists.

~ The sixicatheads were spaced at equal intervals arcund the top
perimeter. Each cathead was suppcrted from the recently completed shell
structure by four legs which were attached to the jacking frame at two
ad jacent rib locations. The catheads moved up with the lift form-
scaffoclding system as construction advanced.

A static line, which was attached to the slide plote at rhe interior
end of the cathead at one end (fig. 2.1€) and secured to an anchor point
on the ground level at the other, guided all materials hoisted to the
top working level (fig. 2.17). The anchor point location changed from
a position near the wall of the tower to the center as construction
progressed upward. During hoisting operations, the tautness of the statric
line was adjusted by means of a grip hoist attached to the ground anchor

10



point to keep the material being hoisted from hitting the scaffold at
the top of the tower.

Because of the changing shell curvature, the cathead had to be
periodically adjusted to meintain a level configurarion. This was done
throughout the tower construction by ad justing the pinned telescoping
outer legs and by a chain hoist which was an integral part of the counter-
static line (fipure 2.16) which also counteracted the pull exerted by the
statlc line,

Thrae twin-drummed diesel hoilsts were spaced at equal intervals
around the tower base. Each twin-drum hoist had a single operator who
served two cathead pantries (fig. 2.18). A hoist line, wound on a drum,
passed through two ground-level sheaves and travaled up aloag the outside
face of the tower to the ocutside sheave of the cathead beam (fig. 2.17).
It continued to the Iingide sheave of the cathead beam ard down te the
tower center ground locatlon where pickups were made.

The holst load was gulded along the static line by a mechanical
pulley device., Figure 2,16 ghows a bucket of concrete approaching its
maximum elevation at the Inside working level. The interlink to the
static line through the pulley is also shown.

The hoist system was primarily used for 1;ft1né concrete and steel
reinforcing bars to the upper working platform om the inside of the tower,
As was the case for the cathead, variouns ad justments to the hoisting

system were required from lift to lift due te the changing geometry of .

the tower,
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3. SITE INVESTIGATION

3.1 Introduction

During the course of the investigation, the NBS team visited the
Willow Island aite on five occesions. The first visit was made on April 2%,
1978, two days after the incident, while the last visit was on August 10 and
11, 1878. 'This chapter describes observations made, measurements taken of
static and hoist cables, and materizls retrieved from the Willow Island site.
In addition, a summary of interviews conducted by OSHA personnel with
workers ies presented, These data were used in the examination of possible
component failure of the holating and scaffolding systeme in chapter 5 and
in the establishment of the loading conditions on the tower which existed
at the time of collapse in chapter 6.

3.2 Investlgarion at the Site

Figure 3.1 shows the exterior view of tower unit No. 2, Collapse
occurred &@ concrete wes being placed for lift 2%, The top 3 ft (l.S'm)
of iha sholl (Lift 28) is missing in this photograph since the entire 1ife
had fallan into the center of the tower lesving a jagged edge along the top
of lifr 27 (fig. 3.2)., FRvenly spaced ribs on the exterior aurface of the
shell and :-ft (L.5-m) lift lines may also be seen in figere 3.1. The
extarior scaffslding-type stairas ghown in tha left part of the photograph
were the only means of accass to and from the top of the tower by the
vorkers (£1gs 341). ,

Figuras 3,3 and 3.4 show debris pilled upon the floor bf the tower
around the base perimetar, While the ganaral positiocns of the debrie
ineide the towsr hava not been drasticelly changed, i is known that the

dabris was lifted and movad to some axtent during the rescue operatisns,
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The debris mainly comsists of the cathead gantries, scaffolding and form-
work systems, safety nets, and equipment. The concrete of 1ift 28 appar-
ently pulverized upon impacting the tower floor since no large pleces of
broxen concrete were found,

45 can be seen In figures 3,2 and 3.5, vertical bars at the top of
1ift 27 were bent toward the inside of the tower, None of the vertical
bars examined at locations around the top perimeter of the tower showed
any signs of fracture,

Figure 3.6 shows the exterior view of a portion of the shell between
catheads no. 1 and no. 2. Dark patch marks seen in this figure were made
by the cement grout used to plug the anchor bolt holes. These marks clearly
indicate that two anchor bolts were used in lift 26 and others below. A
closeup view of a typlcal rib in 1lift 27 (figure 3.7) shows that while the
top anchor bolt (bolt C in fig, 2,15) was broken away, the bottom anchor
bolt {the thread inserts and the crimped rod=—bolt D in fig. 2,15) was intact.
Careful examination of the jumpform beams on the ground revealed that In
mﬁny cases the top anchor bolts were still sttached to the flange of Jjumpform
beams by hexhead bolts (see fig. 3.8 for the anchor bolt assembly), Further
examinatiaon also revealed that there were no tears in the flange of jumpform
beams at the bolt holes nor any fragments of the hexhead bolt in the bottom
anchor bolt in 1ift 27, It was concluded from these observations that at
the time of the collapse, while the top anchor bolts were attached to jump-
form beams. the bottom hexhaad bolts had been removed. :

Localized crushing ¢f concrete occurred surrounding the bottom anchor
bolt in lift 27 at those ribs where the legs of catheads had been supported
(fEigure 3.9). This indicates substantial overwoerking on these holts during
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the previous construction stages as a result of large movements in the
cathead legs,

It was observed that the anchor bolts located at the top of 1lift 27
(bolt £ in fig., 2.15) failed in two different modes, In mény cases, the
anchor bolt together with the concrete surrounding it broke away frem the
shell {gee fig. 3.10). In other cases, the bolt itself fractured into two
pleces leaving a clean tapered hole in the shell (see fig. 3.11). Tt would
not be possible to leave such a clean hole in the shell if the cone-shaped
inserts had bezen pulled through the wall. This dundicates some bpolts fractured.

At the time of the field Investigations, it was reported by workers at
the site that the collapse initiated at the location where czthead no, 4 was
positioned. Bééause of this reason, cathead no. 4 was carefully examined.
The overall appearance of a typlcal cathead gantry is shown in figure 3.12,
Although all aix cathead gantry assemblies deformed geveraly, the component
parts for each of the carhead gantries were still intact except for the
slide plates which were separated from catheads no., 4 snd 5. Figure 3,13
shows the slide plate for cathead no., 4 which was found some distance away
frum_the wmaln assembly. 4 large bolt to which the siide plate was attached
wag bent severely., A similar deformation of the bolt was also noted at other
gantries (fig. 3,14). The diameter of the sheava which was attached to the
slide plate as well as others used for the hoist ecable was 12 in (305 mm).

Figures 3.15 and 3.16 show the inside and outside legs of cathead no, 4,
All four legs remained straight and showeé no sign of damage. As is seen in
figure 3,16 the cathead beam was severely henfm However, close examination
showed ne sign of buckling of the beam, It was concluded from this obser-
vation that the beam was bent after the collapse had initlated.

14



The holst cable used was 9/16 in (24 mm) 19 x 7 non-rotating wire
rope, Of the total of six heoist cables, one per cathead gantry, only the
cables for catheads no. 4 and no, 5 were broken. The cable for cathead
no, 4 was broken at a distance 408.5 ft {124.5 m) from the axis of the
drum hoist, while the cable for cathead no. 5 was broken at the hoist
end just above the dead-weight steel ball. The reﬁaining four hoist lines
were draped over the tower folloying the'collapse. At both catheads no. &
and 5 the holst cable cut a deep groove in the sghell, At cathead no. &,
the cable cut a 4 in (100 mm) groove (fig. 3.17) and at cathead no. 5 a
5 in (125 mm) groove., The part of the cable from the bucket to the break-
age point was still attached to the bucket, Close examination showed
that the concrete bucket for cathead no, 4 fell to the ground with concrete
in it. TFigure 3.18 shows part of the concrete which remained inside the
bucket. ©On the other hand, the concrete bucket for cathead no, 5 was found
empty.

The drum hoist which served cathead no, 3 and wo, 4 is showm in
figure 3,19. Subsequent to the collapse, the hoist cable for cathead
n2. 4 was played out for visual observation of the condition of the cable,
It was noted that the drum hoist was operational. As may be seen from
figure 3.19, the operator of the hoist sat inside the shed which housed
the hoist. 1In additicn to audio cummunication with a worker who was on
theltop of the tower, the operator normally used paired visual markers on
the cable to judge the posiéion of the waterial being hoisted. When the
palinted markers on the cable passed over the wooden cross beams located

in front of the hoist, the operator reducad the speed of the drum so chat
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the final positioning of the material being hoisted could be handled
safely. On the hoilst cable for cathead no., &4, no such markings were
noted,

Based on the measurements and the cable profile, it was determined
that the static line was 1/2-in (13-nm) diameter 6 x 19 classification
wire rope. One end of the line was attached to the slide plate and the
other end was anchored at the ground level, As was mentioned in
section 2.4, the anchor polnt was moved as construction progressed. It
was moved to the center of the tower on April 17, 1978, on the day
1ift 25 was placed.

The lengths of the static line and the hoist cable for catheads no. 4
and 5 were measured, The measurements were taken by a professional surveyor
for cathead no, 4 and by NBS personnel for cathead no, 5., They were:

Cathead gantry No. 4:

Static line length

i

219.2 £& ( 66.8 m)

]

Hoist cable length = 470:4 £t (143.4 m)
Cathead gantry No. 5:

Static line length

221.9 ft ( 67.6 m)

Hoist cable length

]

408.6 ftr (124.5 m)

The above lengths of the hoist cables were taken from the axis of the
drum to the top of the dead weight steel ball (f£if. 2.16). For the static
lines, the lengths were taken from the clevis which was attached to a con-
crete hopper located near the center of the tower to pivot point G of the
clevis which was attached to the slide plate of the cathead gantry (see

fig. 6.7).

16



3.3 Interview Statements of Workers

During the course of the investigation of the collapse, many of the

workers at the Willow Island site were interviewed by OSHA personnel.

Based on the interviewed statements, the work schedule of a typical day

can be described as follows:

1

(2)

(3)

(4)

At approximately 6:30 a.m., the carpenters arrived at the con-
struction site. Immediate removal of various wedges and loosen-
ing of formwork toock place around the entire tower perimeter,
This operation was executed from the second working platform.
The plywood formwork was scraped, trimmed to the new desired
dimensions and oiled, and put back into place between the stiff-
back channels. Simultaneously, laborers removed bolts from the
lower jumpform beams. These bolts were readily accessible from
the lower working platforms 3 and 4 prior to upward jacking

of the scaffolding system.

At.approximately 7:30 a.m,, the iron workers arrived at the
construction site and prepared bundles of reinforcing steel for

holsting, Adjustments were made in the static line and the rein-—

- forcing steel was hoisted to the top. The iron workers also

distributed and placed the reinforcing steel around the tower
perimeter from the top working platform,

The field engineer arrived at the site at approximately

7:30 a.m. and aligned jumpform beams at 16 contrel locationms,
Jacking of the entire scaffolding and formwork system commenced
at about 8:30 a.m. Upon completion of jacking the lower jump-—
form beams were removed from the shell around the entire touer

17



perimeter and raised manually to the top level., Formwork was
then repositioned and aligned for the new pour.

(5) At approximately 10:00 a.m., the first bucket of concrete was
hoilsted to the top level. Duripg the hoisting of this firsc
bucket cf concrate, the static line tension was readjusted.

The concreting operatlon began at catheads no. 4 and 5 and pro-
gresses Iin two directions toward catheads no. 1 and 6 where

the operation terminated, While concrete was being placed,

tylng of reinforcing steel, jumpform beam repositioning, surface
preparatfon at the cold jelnt and grouting, curing agent appli-
cation, etc., took place and tmrminated prior to completion of
concrete placement. The remainder of the day, wntil approximately
2:00 or 3:00 p.m,, was used for concrete placement for the entire
five-foot 1lift, Following placement of the concrete all workmen

retired and the process was repeated on the following day.

Just prior to the collapse, the following chain of events were described
by those whe saw the collapse from the center of the tower,

(1) Shortly before the collapse, the first bucket of concrete was
delivered to cathead no. 4 and emptied into Georgia buggies,

(2) Cathead no. 5 received its first bucket of concrete which was
also emptied into Georgzia buggies,

{3) When the workers at the center of the tower heard a loud cracking
sound coming‘from the direction of cathead no. 4, they saw the

second bucket of concrete was about two-thirds of the way to the

[ ]
top. The static line went slack. The hoist operator for cachead
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gantry no. 4 also reported the loss of tension in the hoist cable
at about the same time, He then applied the brake on the hois: lins,
{4) Cathead no. % slowly fell toward the inside of the tower together
with the scaffoldiné. The collapse of 1lift 28 commenced and 1t
appeared to progress toward cathead no. 5. Eventually, 1ift 28
peeled off with fuilure radiating circumferéntially in two appo-
glre directions, All scaffolding and forms fell toward the 1inside
of the tower,
(5) Those who were at the cenrer af the tower took safety under the
concrete truck ramp. All workers who were on the elevated scaf-

folding were killed in the collapse.
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4. LABORATORY INVESTIGATIONS

4.1 Introguction

The laboratory investigations included testing of concrete specimens
under simalated field conditions to establish the strength and stiffness
values of the concrete of 1lift 28 at the time of the collanse, The results
are also used in deiermining the elastic modull of concrete »of other 1lifts
which are needed for computer analysas of the shell (presented in chapter 6).

Because it was not possible to determine visually the operating condi-
tion of several components of the scaffolding and hoist systems they were
examined in the NBS laborateory, They were also tested to determine their
ultimate load carrying capacities. The components recovered from the
Willow Island site included Williams anchor bolts, two sections cf hoist
cables, a chain hoist and a grip-hoist, The results of these component
tests atre used in evaluating any component faflures which might have trig-
" gered the collapse. Examination of possible component failures is pre-
sented in chapter 5. Laboratory investigations on concrete and testing
of each of the components ére described below,

4,2 Corcrete Tests

The purpose of the concrete tests was to establish the compressive,
tensile and bond strengths and the stiffness of the concrete of lift 28 at
the time of the eollapse, Although the results of field-cured standard
cylinders, made of “he same concrete used for 1ift 2B and tested at 24 and
25 hr, respectively, were known (see table 4,5 a and b), supplementary tests

were necessary to establish the rate of stiffness development and rate of

gain in bond strength.
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When the collapse occurred, about 18 hours had elapsed since the
complecion of concrete placement for lift 28. However, because that part
of 1ift 2B where cathead no, 4 was located had been completed earlier,
it was estimated that the concrete in that vieinity had been cured about
20 hours prior to the ccllapse. Therefore. the 24-and 25-hr test results
could not be used directly in the analysis of the shell.

In order to duplicate the céncrete used for 1lift 28 in the laboratory,
the constituent materials for the concrete were obtalned from the concrete
supplier who provided the concrete for tower unit no. 2, The materials
included cement,. fine and coarse apgregate, fly zsh, water-reducing admixture
and alr-entraining admixture. These materials will be referred to in the
text as the NBS sample., To assure that These materials, which were obtained
six weeks after the collapse, were the same as those used for the 1ift 28
concrete, the individual materials were compared with small quantities of
the materials obtained by OSHA personnel from the concrete supplier on
May 2, 1477, These materlals will be referred to as the OSHA sample,
Comparative analyses of the two samples, one cbtained by NBS and the other
by DOSHA, were carrled out by NBS and other laboratories.

4.,2.1 Examination of Comstituents of the Concrete

Cement

Analysis of both the physical and chemical properties of the NBS and
OSEA samples were made to examine, first, whether these two samples con-
formed to the standard requirements given in ASTM C 150 [h.1]2/ and second,

whether the two samples had the same properties. The ASTM specified

2/ Numbers ir brackets refer to references listed in Chapter 10.
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values, the test results of Law Engineering Testing Co.s, and the test
results of the Cemsnt and Concrete Reference Laboratory, NBS, are given
in table 4,1, Except for the 7-day compressive strength of cement wortar,
other physical properties conformed to the ASTM requirements. It is to
be noted that while both samples showed a lower 7-day compressive strength
then the ASTM specified value, the NBS sample showed 16 percent greater
strength than the 7-day value of the OSHA sample., The difference is even
greater for the 3~day strength wherein the NBS sample showed 27 percent
greater compressive strength rhan that of the OSHA sample,

The properties of two cement samples were determined by the chemical
analysis method given in ASTM € 114 [4.2]. The analysis was carried out
by Law Engineering Testing Laboratory. The results of the rwo cement
sample analyses are given in table 4.2 together with the ASTM standard
requirements, Tt is seen that although the cewent samples were essentially
of similar composition, both NBS and OSHA samples did not conform to the
ASTM standard requirements for Type II cement, in that the silicon dioxide
content of the samples was less than the ASTM minimum value. Therefore,
it may be concluded that, based on both physical and chemical properties,
the cement o;tained from the concrete supélier would not have met the ASTM
standard requirements for Typ; Il cement. In addition, while the cnemical
nroperties of the two samples compare well, a substantially greater com-
pressive strength of the NBS sample than that of the OSHA sample indicates
that the strength of concrete made of the NBS samplie at ear1§ ages would

be greater than that of the OSHA sample cement.

3/

See Appendix C for the complete reports.
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Fly Ash

Table 4.3 shows the elemental analyses of fly ash of the NBS and OSHA
samples, The values listed in the table were obtained by means of atomic
emigsion and absorption spectrometry which was carried out by NBS. The
tabulated results suggest that the two fly ash samples were essentially
the same, Th:s total contents of alumina, iron oxide and siliea in each
of the samples were calculated and compared in table 4.4 with the require-
ment given in ASTM C 618 [4.1], It is seen that both samples conformed
to the ASTM standard.

Fine and Cosrse Agzregate

Fine and coarse aggregate consisted of natural river sand and gravel.
Those obtained from the concrete supplier were visually compared with the
OSHA samples. No difference between the two samples was noted.

Water—Reducing Admixture

A water-reducing admixture is a material used for the purpose of
reducing the quantity of water required to produce concrete of a given
consistency, These admixtures increase the slump of concrete for a give:
water content. Some admixtures may also retard the setting time of con-—
crete.

The NBS and OSHA samples were compared by means of infrared spec-
trophotometry which was carried out by NBS, The chemical cocmposition of
the two samples as shown by the analysis indicates that the NBS and (QSHA
samples were eésentially the same.

An infrared analysis of concrete constituents from a plece of con-
crete of lift 28 was made to determine the amount of admixture used in
the concrete, This was carried out by the Portland Cement Association.
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The results of the analysis are gi%en in Appendix D. The analysis revealed
that the amount 0f the water-reducing admixture used in the concrete was
about the saue as the amount specified in the concrete design mix specifi-
cation, i.e., 3 oz per 100 1lb (89 mL per 45.4 kg) of cement.

Alr-Entraining Adonlxtures

Air-entraining admixtures are generally used to improve the durability
of concrete exposed to cycles of freezing and thawing, The workability of
fresh concrete is also improved, and segregation and bleeding are reduced
greatly. The NBS sample of the air-entraining adnixture obtained from the
concrete supplier was compared with the OSHA sample by means of infrared
spectrophotometry, This analysis was carried out by'NBS. The results
showed no significant difference between the NBS and OSHA samples.

4.2.2 Determination of Concrete Strengths and Stiffness

After having determined that, .except for possibly the cement, the
constituents of the concrete obtained from the concrete supplier by NBS
were essentially the same as the ones obtained by the OSHA persornel from
the same source shortly after the coliapse, a laboratory test program was
initiated to determim= variocus strengths and stiffness values of concrete.
Included ware tests for compressive strength, pullout bond strength and
modulus of elasticity.

Test speclmens were prepared and cured in an environmentally controlled
chamber. Temperature in the chamber was contrnlled to simulate the temper-—
ature conditions at the Willow Island site over the 24 hr period immediately
prior to the collapse. The chamber temperature was controlled using the
data obtained from the Parkersburg.airport which {s located about 5 miles
(8 km) from the Willow Island site, It should be noted that the airport
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1s situated at an elevation of about 170 ft above the Chio BRiver omn which
the tower was situated. The temperature variation prior te the collapse
based on the airport data ard the temperature vaiiaticn used for curing of
concrete specimens are given in figure 4.1,

The concrete was prepared in several batches using 2 ft3 (0,037 m3)
and 10 ft3 {0.28 m3) capacity mixers, The mix proportions were the same
as those reported for the lift 28 concrete (table 4.5). The mix propor-
tions specified for one cubie yard of concrete were scoled down to match
the size of mixer, Prior to mixlng, the components of the concrete were
prechilied for at least 18 hr in arn environmental chamber at &45°F (7.2°C)
to simulate the temperature condition of the components for the lift 23
concrete at the batching plant, To duplicate the mixing condition, hot
water was added for mixing. Table 4.6 gives the data on fresh concrete
obtained at the time of specimen preparation.

The following tests weve performed,

1. Compressive strength test of 6 x 12 1n (150 x 300 mm) cylindrical

specimens.,

2. Bond strength tests using 8 x 8 in (200 x 200 mm)} cylindrical

pulloust specimens.

While several series of compressive tests wgré made to exumine the
strength—gain characteristics, only one series was carried out for the
pullout bond tests, For the first 24-hr period after casting, all speci-
mens were subjected to a simu'ated fleld temperature condition as described
above. Thereafter, the specimens were cured at 55°F (12,8°C). For 28-day
test, a separate set of three companion compression specimens were cured
at 73°F (22.5°C), The actual tempeirture of the concrete was rzcorded
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periodically by means of a thermocouple inserted in a 6 x 12 in (150 x
300 mm) cylinder., The specimens cured in the chamber were tested at
0.5, 1, 2, 3, 5, 7, 14 and 28 days.

Compressive Strengtk

The compressive tzsts were performed according to the procedure
described in ASTM C 39 [4.1]. Figure 4.2 shows the compressive test setup.
Deformatioen of each specimen was measured during the compressive test with
a compressometer such as 1s deseribed in ASTM C 469 [4,1]. The results of
deformation measurewments together with strength data were used to determine
the modulus of elastlcity.

Figure 4.3 shows the results of the compressive strength tests in
which the compressive strength is plotted against the maturity of the
concrete, The tera "maturity"” expressed in units of “"degree-day” repre-
sents a simple function with which the combined effect of temperature and
time can be related to the gain in the comcrete strength {4.5]).

The NBS tést deta, piotted as sguares, are shown in the figure along
with the results of compressive tests carried eout by the Ohio Valley
Testing Laboratory (OVT) and thé Pittsburgh Tedting Laboratory (PTL),
plotted as triangles, and the field test data of 6 x 12 in (150 x 300 mm)
cylinders for the 1ift 28 concrete, plotted as circles, The test specimens
used by the Ohio Valiey Testing Laboratory and the Pittsburgh &esting Lab-
orAtory were made on May 2, 1978, at the Willow Island site using rhe
concrete delivered by the concrete supplier. These specimens were field
cured for the first 24-hour period and thereafter, in 70°F (21.2°C) iime

water., The specimens prepared at the time lift 28 was cast were kept
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at the base of the tower for the first Z4~hour periad and suwbsequently,
moved to a 70°F (21,1°C) fog room.

It is seen in flgure 4.3 that the cylinder strengths of lift 28 agre.
well with the QVT—PTL data. Comparison with the NBS data Showé that at
early ages, the CVT-PTL data fall below the NBS data, while at later ages,
the OVi-PTL data lic above the NBS data. This indicates that the rate of
strength gain represented by the two sets of data are different, The
results of the cement analysis discussed in secclon 4.2.1 suggest that
this difference could be attributed to a slower early strength gain
exhibited by the cemeni of the OSHA sample, which was obtained on the
same day as the OVI-PTL specimens were prepared. Because the compressive
strength data of 1lift 28 matched closely with the strength gain character-
istics of the OVI-PTL data, the OVT-PTL data were used in the analysis of
the shell, However, for the relationship between the comprassive strength
and the modulus of elasticity and the pullout bond strength, the NBS test
results were used because they were the only data available.

Modulus of FBlasticity

From stress-strain cuzves of the compressive test the values of the
secant modulus of elasticity are obtained at the stress level of 40 percent
of the maximum compressive .stress (0.4 f;). The stress—strain relationship
¢f concrete specimens tested a2t various ages together with the relationship
between the compressive strepgth and the modulus of elasticity is shown in
figure 4.4, 1In this figure, the secant moduli are plotted against the square
root of the compressive strength. A linear regression line is shown together

with a line obtained by using the ACI code equatinn [4.4]. In the analysis
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of the shell, different moduli of elasticity determined by the regression
line, for each lift were used.

Pullout Bond Strength

The testing procedure for the pulliout bond tests was essentlally as
described in ASTM C 234 [4.1] except that only the slip of the har at the
free end was measured., Figure 4,5 depicts the test setdp, The test spec-—
imen consisted of a 48-in (1.2-m) long no. & (1/2 in, 12.7 nm) defurmed
reinforcing bar (ASTM 615, Grade 60) cast in an 8 x 8 in (200 x 200 mm)
waxed cardboard cylinder mold, Figure 4.6 shows the pullout specimen and
mold, The specimens were made so that the bar was bonded to the concrate
for a length of 6 inches (152 mm).

Figure 4.7 shows the pullout tesik results in which the maximun test
load observed is platted .against the square root of the corresponding
compressive strength, The bond strength of the no. 4 bar obtained according
to the regression equation was used in the strength evaluation of the shell,

4.3 Anchor Bolt Tests

As described in chdpter 3, special anchor bolts were used to hold the
inside ard cutside jumpform beams together, separated by a constant distance,
prior to casting of concrete., After the concrete had set, although friction
existed between the flamges of inside and outside jumpform beams and the
shell, thz bolts served as the only positive means of tramsferring all con-
structioa loads to the shell. The components of the anchor assembly are
shown in figure 4.8. The assembly consisted of two 3/4-in (19-mm) hexhead
bolts (ASTM A 494), two rectangular washers, two tapered threaded couplings

and a centerpiece threaded crimped rod. By adjusting the amount of insertion
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of the rod into the threaded couplings, the space between the two jumpform
beams was ad justed,

Two anchor assemblies after tensicn testing to failure are shown in
figure 4,9, In both cases the fracture took place at the middle where the
crimp was present, The average of two anchor assembly tests was 40,350
ib (179.5 kN). Because it was observed in the field that in many cases
the rod was fractured in the thread coupling through the net cross section
at the first thread, a speclmen was tested in tension with the anchor
assembly embedded im a 12 x 12 x 12 in (305 x 305 x 305 mm) concrete cube.
The purpose of this test was tc see whether the failure mode would change
if the anchor bolt were tested with concrete eancasement. A photograph
showing the fractured part is shown in figure 4.10. As can be seen, the
male rod fractured through the net cross section at the first thread. The
maximum test load was 43,200 1b (192.2 kN). This latter test load indicated

that the strength of an unembedded anchor assembly would give a lower bound

capacity,

4.4 Hoist Cable Tests

Two 100-ft (30.4-m) hoist cables were obtained from the Willow Island
site. One section was cut from the hoist end of the cable, and another
from the opposite end of the cable wound on the hoist drum. The hoist
cable had a diameter of 9/16 in (14,3 mm) and was made of non-rotating wire
rope having two 19 strind layers.

For laboratory tests, ten 6-ft (1,8-m) long specimens were prepared,
five from each of the two sections of cable (figure 4.11). Wire rope

sockets were attached to the ends of each specimen by means of molten zinc.
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Figure 4,12 shows the test setup for the tension test. Of the ten
specimens, eight broke within 2 ft (0.6 m) of one of the socket ends,
while the other two broke close to the middle of the specimen, The
results of tension tests of the cables are given in table 4,7,

The tabulated values show that there 1s no significani difference
between the strength of the cable section which had been subjected to

continuous helsting stress and that of the cable section which had been
worked on the hoist drum.

4,5 Chain Hoist Test

A 2-fon {17,8 kN) capacity chain hoist was used in cathead no, 4
as part of the counterstatic line. The function of the chain hoist was
to adjust the length of the counterstatic line so as to counterbalance
the force in the static cablé and ad just the position of the cathead
gantry, Because any slippage ir the chain hoist gear system due to over-
loading cou}d result in a coutlinuous increase In the chain length and
subsequent dynmamic instability of the cathead gantry, it was desirable
that the maximum strength of the chain holst be determined.

The test setup shown in figure 4.13 duplicates the field condition using
the cable slings and clevises of cathead no, 4, When the test load reached
15,310 1b (68,1 kN}, the internal gear system fractured without the chain
slipping, The fracture of ;he gear system also shattered the cover plate .
of the housing of the chain hoist (figure 4.14),

4.6 Grip-Hoist Test

As shown in fipure 4,15, the static line was anchored to the ground
by means of a grip-hoist, By jacking the hand lever on the grip-hoist,
the static cable length and tension could be adjusted. Becausc any slippage
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ol Lhe statiec line through the grip-hoist could cause cathead no, 4 to
become unstable the grip-hoist capacity needed to be determined,

Figure 4,16 shows the tension test setup in which the grip-hoist was
placed between the head and platen of the testing machine with the static
cable attached to the lower end. At a maximum load of 19,100 1b (84.96 kN),
the hook on the lower end bioke away from the housing of the grip-hoist
(fig. 4.17). Throughout the entire range of test load, no slippage of

the statlic line was observed.
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5. EXAMINATION OF CONDITIONS OF CONSTRUCTIUN
ASSEMBLIES AT THE TIME GF FAILURE

5.1 Introduction

The construction assemblies which collapsed into the tower may be
divided intc three groups: the hoisting system, the scaffolding system
and the formwork system, Because only 1,0 yd3 (0.8 m3) of concrete was
delivered to the top of the tower at the time of the collapse, it is
reasonable to conclude that no apprecilable forces were being exerted on
the formwork system, and that any local failure of the formwork system
would not have been possible., Therefore, this chapter examines possible
fatlures of those components of the holisting and scaffolding systems
which could have caused cathead no, 4 to become unstable under imbalance
of forces, Examination of cach critical component 1g supported by the
data ecollected from site investipations and, where applicable, by test

results,

5.2 FExamination of Hoisting System

Figure 5.1 identifies the main components of the holsting system as:
1. Hoist cable

2. Staric line

3. Counterstatic line

4, Chain hoist

5. Cathead beam

6. Outside legs

7. Inside legs

8. Outside support brackets

9. Inside support brackets
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10, Slide plate assembly
11, Static line anchor - Grip-hoist {not shown in fig. 5.1,
se¢ f£ig, 4.15)
Failure of any of the above items might cause a2 sudden shift of forces
vhich would create an unstable condition for cthe cathead,
Hoist Cable

Two of the six holet cables were broken. These were located at
cathead no. 4 and cathead no, 5. A comprehensive examlnation of the frac-
tured area by the Federal Bureau of Investigation reported no kinking,
crushing or "bird caging” of tte cable and other signs of damage which
could have caused distortion in the cable structure,

As mentioned in section 3.2, both of these cables cut a deep groove
in the upper edge of the remaining shell, 1ift 27, indicacing rthat they
were not broken until after the debris had started plummeting towards -
the ground, It 1s believed that a substantial amount of weight must have
been hangiag on the cable to cut the deep groove and that the break cf
the cable followed the initiation of the collapse. The laboratory results
indicated that the average breaking strength of the cable of ten specimens
is 27,260 1b (121 kN). Even under an impact factor af 2.0 applied to the
hoist leoad, a maximum operating load which would be produced by the concrete
bucket and the attachments would be about 4,932 1h (22 kN) (table 6.i).
Thus, it is reasonable te conclude that this small magnitude of the hoist
load, as compared with the breaklng strength, could not have caused the
cables to break, and that the falling weight of the nathesd together

with the scaffolding system must have fractured the cable.
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Statiec Line

Examination of all six static cables during the field investigation
showed no sign of fracture along their entire length. All of the cables
were stil]l attarhed to the sliding plate at one end and anchored to the
ground through a grip-hoist at the other end.

Counterstatic Line and Chain Hoist

The counterstatic line comsisted of a set of two cable slings inter-
connected in series by a chain hoist. As presented in chapter 4, the lab-
oratory test revealed that the weakest link in the counterstatic line was
the chain hoist which had a maximum test capacity of 15,310 1b (68,1 kN),
Because the test also chowed the chain hoist would fail in fracture
rather than by siippage in the gear system, it can be concluded that no
slippage occurred due to the holst load., This conclusion is also supported
by the closeness of the measured length cof the counterstatic iine in the
field (see sect. 3.2) with the computed value based on the recenstruction

of the cathead gantry configuration using the actual member sizes measured

in the fieid.
Cathead Beam

A cl;se examination of the cathead beam of cathead no. 4 revealed
that although Lthe two channels (C8 x ll.5)comprising the beam were bent
at the midupan (fig, 3.16), they did not exhibit any signs of buckling
between the two cathead legs. This also agrees with a siwmple elastic
analysis of the channel section as a compression member, The computcd
buckling load exceeded by a considerable marpgin the force produced by
the hoisting load with an impact factor of 2.0; 23.4 kip capacity vs,
3.58 kip load (104.1 kN vs. 15,9 kN).
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Inside and Outside Cathead Legs

Figures 3,15 and 3.16 show tha inside and outside cathead legs,
respectively., As discussed in section 3.2, examination of all four
individual legs showed no siguns of damage or buckling. Support brackets
for attachment of the legs to jacking frames were still intact., Nec weld-

ing failure of the square tubular legs to the supporting bracket was noted,

Slide Plate Assembly

The slide plate assembly supported the static cable and the inside
sheave of the hoist line. It could slide along a track attached to the
inside of the two—channel cathead beam, By turning the large bolt above
the beam, the position of the slide plate could be adjusted. As can be
seen In figure 3,13, the slide plate became detached from the cathead beanm,
Judgiég from the bent shape of the bolt, the slide plate first separated
from the beam with the bolt still anchored ta the élip angle which was
attached to the top flanges of the cathead beam. Subsequently, the down-
ward force produced by the falling welght of the concrete bucket as well
as the debris weight on the hoist cable could have bent the bolt as well
as fractured the bolts which counected the clip angle te the cathead
beam. However, the separation of the sliding plate from the cathead
beam 15 not unlque to cathead no, 4. A simllar condition was also noted
at catheads no, 1, 5, and 6, Because they were buried under debris
it was not possible to ascertain the cond;tiqn of the slide plate for
cathead no. 2 and 3, Based on this observation, no definite conclusion
could be reached as to when the slide plate for cathead no. 4 geparated

from the beam.
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The possibllity of the slide plate being hit by the dead weiph:z balls
(fig. 5.1), which were attacged to the hoist end of the cable, was =ramined.
The measured length of the hoist cable (see sect. 3.2 and 6.Z) pla<ns the
position of the buckat at about 60 ft (18.3 m) helow the cathead beam,

This agrees well with evewltness accounts that the bucket was twe thirds
of its way to the top of the tower when the collapse initiated. Therefore,
it can be concluded that the bucket could not have hit the slide plate and
caused it to separate from the cathead beam.

Static Line Anchor

As described in section 3.2, the static line was anchored to the
ground through a grip-hoist. This allowed aduztment of tension in the
line. Laboratory examlnation of the grip—hoist which anchored the static
line for cathead no. # revealed that the two Urass shear pins in the ratchet
mechanism were siill in place, The shear pias limit the amount of torque
that could be applied to ths grip-heist to increase the temsion in the
staticline, It was established from the manufacturer that these brass pins
shear off at a torque level that would induce a 3500-1b (15.6-kN) tension
in the static line, Conversely, if the tension in the static line is
greater than 3500 1b, additional tension could not be applied te the line
by means of torquing the ratcheé mechanism, On the other hand, the gripping
mechanism in the grip-hoist had the gripping capacity in excess of 19000 1b
(85 kN). Since the maximum tenslon force produced by the concrete bucket
at the critical locatian is considerably greater than this force (4772 1b
ve. 3500 1b) (see sec, 6,7), it can be concluded that tﬁe_tiéhtening of the
static line through the ratchet meehaﬁism could not have pulled the cathead
gantry Inwards to initiate the collapse.
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3.3 Examination of Scaffolding System

As described in chapter 2, the platform supports weve attached to
jacking frames which in turn were supported by jumpform beame. The
jumpform beams were anchorad to the shell by means of special anchor bolt
assemblies (see sec. 3.2), Because the flanges of the inside and outside
jumpform beams were interconmnected by ancher bolts, the anchor bolts in
1lift 28 could not be pulled out without either breaking the 3/4 in (19 mm)
hexhsad bolt, breaking the crimp‘rod or tearing the flange of the jumpform
beams. Close examination of the jumpform beams to which the legs of
cathead no. 4 were attached revealed thot there were no signs of excessive
deformation at the bolt holes. The minimum specified capacity of the hex-
head bolt according to ASTM A 449 is 40,100 1b (178 kN) and the average
tensile strength of the crimped rod was 40,350 1b (179.5 kN) (see sec. 4.3).
Since the computed teunsion force produced in the anchor bolt assembly
by a combination of the loading conditions including the hoist load with
a dynamic awplification factor of 2.0 was only 1€,220 1b (71.2 kN), it was
concluded that the bottom anchor bolts in lift 28 could not have failed‘
prior to the collapse.

5.4 Summary

In the foregoing sections of this chapter the critical components of
the hoisting and scaffolding systems were examined with the support of field
laboratory test data. It was shown that each of the components did not
fail prior to the initiation of the collapse, Therefore, it may be con~
cluded that the collapse did not initiate due to any component failure of
the hoisting and scaffolding systems. In the following chapter, the shell
will be analyzed to see whether its capacity was adequate to support the
superimposed construction loads.
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6, DEFINITION OF LOADS AND SHELL ANALYSIS

6.1 Introduction and Background Information

Criteria and rationale for the definitior of loads acting at the time
of the collapse are daveloped 1n'sections 6.1 through 6.8 for use in the
analytical investigatlons of the shell presented in section 6,9, A total
of five basic sources of lcadling (load cases) and the manner of their dis-
tribution on the shell are identified for this analysis as follows:

1) weight of the tower — continuous

2) weight of the scaffolding - 96 ribs

3) 1live loads on the scaffolds ~ 96 ribs

4) weight of cathead assemblies - 12 ribs

5) hoisting loads - 2 ribs

Loads attributed to the weight of the tower are generated internally
by the shell analysis programs used in this investigation from the tower
geometry and unit weight of concrete prescribed ia the input., The proce-—
dure for evaluating loads from the other sources cited above is discussed
in sections 6.4 through 6.7, Assumptions made with regard to dynamic
loading in the derivation of loads are discussed in section 6.8, Geomerric
considerations for the definition of loads and the mechanisam for their
conversion into forces directly applied to the shell are discussed in
section 6.2 and 6.3, respectively.

The various steps used in the conversion of externally applied loads
into equivalent forces acting directly on the shell structure may not be
readily obvious to those‘having no prior familiarity with the caonstruc-
tion scheme used, Therefore, some background information for the material
contained in subsequent sections is in order.,
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The scaled line drawing shown in figure 6,1 is a key sketch that
should assist the reader in understanding the construction scheme used
at the Willow Island site. It represents a typical sectional profile
of the scaffolding, the cathead assembly, the static and hoist lines,
and the concrete bucket. The positiun of the bucket shown at the top
is that assumed at the time concrete Is unloaded into Georgia buggles
(not shown) located on the top deck of the inside scaffold. The sketch
of the bucket shown by the dotted lines represents an intermediate posi-
tion during delivery.

The haist line rides over two sheaves suspended from the cathead beam
as Indicated. On the ocutgide, it continues on down tae the ground level
(fig. 2.17) where it is wound around a hoist drum which controls its
movement, The hoisted loads (concrete bucket, bundled bars, censtructian
hardware, etc.) are attached to the inside terminal of the hoist line,
and, in addition, by means of a pulley mechanism (point K), ride on the
static line GKB supported at peints G and B. The static line provide:s
stability againet lateral movement during delivery of materials. The
hoisting loads exert a transverse pull and thereby induce a tensile force
in the static line. As hoisting of muaterials proceeds up from the ground
level, the tension in the static line increases to a maximum sotewhere
close to but below the halfway mark, gradeally diminishes thereafter,
and vanishes entirely when the hoigt line becomes vertical. At that point
the static line is r=ferred to as becoming slack (i.e,, tensionless, ot
stress~free) but without play.

To determine the hoisting loads acting at the time of the collapse,
a brief note of explanation is needed about the situation just prior te
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the ccllapse. All reinforcing bars and various comstruction-related
equipment were delivered to the top, The firgt bucket of concrete

was delivered to cathead no. 4. Worker statements indicated that when
the first bucket was delivered teo the top, adjustments in the length of
the static line were made at the grip-holst below (point I in fig. 6.2 -
sec. 6.2) to remave ¢xcessive slack, if any, with the assistance of the
worker who unloads the bucket at the top. Therefare, if the first
delivery of concrete was used as a trial to adjust {tighten) the static
line for subsequent runs, the force in that line would be higher during
the delivery of the second bucket of concrete to cathead no. 4. The
collapse, In fact, did occur during the second delivery, In the meantime,
the first bucket of concrete was delivered to cathead no, 5 and unloaded
into Georgia buggles. This bucket had not commeﬁced its descent at the
time of the collapse, a situation which was established on the hasis of
the field cdata (fig. 6.3 - sec, 6.2). No other hoist lines were in
operation at the time of the collapse so that holsting loadd (load

case 5) occurced only at the two ribs flanking cathead no, 4.

In gection 6,7, the holsting loads at cathead no. 4 are calculated
based on the assumptlion that the static line becomes slack when the bucket
reaches its unloading position as shown in figure 6.1, so that its stress—
free length is represented by the solid line GKB. This assumption is
further verified by direct measurements of the length of the static line
abtained at the site after the collapse, and uced in the subsequent
investigation of hoisting loads.

Referring to figure 6.1, it is noted that most of the externally
applied loads (load cases 2 to 5) are transmitted to the pair of opposite
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jacking frames present at each of the 96 rib locations (the exceptions

are discussed in sec. 6.3), The jacking frames transmic these loads

to the Jumpform bezms which in turn transmit them to the concrete shell
through a series of lntercomnecting aachor holts, The cathead fovces,
1ncluding‘the welght of tlie cathead assembly (load case 4), and the forces
exerted by the static and hoist lines (load case 5), are transmitted to
the shell through the cathead leg support brackets attached to the jacking
frames, and through the counterstatic line which bears against a wide

"~ flange beam aund is attached to the lower diagonal as shown.

Before the analysis of construction loads could be carried out, it
was necessary to gather a substantial amount of information aBout the
construction scheme, includling sizes, lengths and material compositions
of the various cowmponents comprising the scaffolding, hoisting and cathead
assemblies. All of this information was assemblzd through numerous site
investigations and laboratory testing of components recovered from the
wreckage, supplemented and corroborated by information from project
drawlngs and worker statements. The source and nature of this informa-—
tlen is cited at the appropriate places in subsequent discussicns.

6.2 Geometry

To evaluate the hoisting loads on the tower, it Is first necessary
to define the geometric configuration of the hoisting tables used for the
delivery of construction materials to the top of the shell at the cathead
locations (fig, 2.18), The cables of particular interest are those serving
catheads ﬁo. 4 and no, 5 where concrete was being hoisted at the time of
the collapse, The required information was developed on the basls of data
obtained from the site following the collapse.
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Part of the field survey data is presented in figures 6.1 through
6.3., Figure 6.1 is a sectional profile (through a vertical plane of
revolution) aof the scaffolding and hoisting systems at a typlcal cathead
location. The scaffolding, jacking frames and jumpform beams occur at
each of the 96 ribs while the s8ix catheads, including the statie, counter—
static and holst lines, the skid board and the wilde flange beam, occur
at equal intervals (every 16 ribs) along the circumference of the shell.
Fach cathead 18 located between two ad jacent ribs and transmits its leoads
to theae ribs through the counterstatic line (fig, 6.1) and two pairs of
inclined leges at the interior and exterior of the shell, respectively,

In plan, the hoisting layout for catheads no. 4 and no. 5 is shown
in figure 6.2, In elevation, the layout for cathead no. 4 (others are
similar) is shown in figure 6.3. These figures are helpful in visualizing
the mechanism for the dellvery of materials ﬁo the top of the partially-
completed towasr shell where the casting operatioms for lift 29 were being
carried out, The lifting of materials at cathead no. 4 is controlied by
the hoist drum operator stationed at U. Starting from the drum, the hoist
line proceeds toward and around an interior sheave attached to sheave
block T on the ground, toward and around exterior sheave @, up and around
the two sheaves suspended from the cathead beam and, before holsting
commences, all the way down to a concrete hopper at B near center A'of
the tower, A stationary static line is attached to point G on the
cathead beam at the top. At the lower end, it passes through a clevis
secured to a concrete hopper at B, and terminates at gri§>hoist I which

in turn is secured to the grouna,
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The space coordinates of, and distances betwecen, points given in
figure 6.2 were established by double triangulation for independent veri-
ficat{on of results, Note that the cathead is radially aligned (along AQ)
but the horizontal projection BG (shown dotted) of the chord of the static
line is not. Even though this introduces a horizontal force component of
the static line acting on the cathead beam in the direcgion perpendicular
to the beam axis, its effect is not slgnificant and has heen ignored in }
subsequent calculations of hoisting loads (sec., 6.7). In figure 6.3,
dimensions such as those along the cathead beam, the diameter and pivotal
distances of the sheaves, the lengths of the cathead legs, the location
of thelr bases relative to the shell, and the height of 1ift 28, were
obtained by direct measurement in the field and were verifisd against the
drawings. The lengths of the hoist lines for catheads no. 4 and no. 5
shown in figure 6.3 were likewise chtained by measurement in the 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 dimensions
shown are the projections of the actual lengths of the cathead legs which
are incliued with respect to the plane of the figure. Likewise, line UG
in figure 6.3 is the projection of the chord length of the static line
which 1s inclined relative to the plane of the figure (i.e., point B liies
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 static
lines for catheads no., 4 and no, 5 as well as thelr chord leugths and
corresponding horizontal and vertical projections. They also indicate
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the positions of the concrete buckets relative to the respective catheads

at the time of the collapse, based on the hoist line lengths measured

after the collapse,

6.3 Mechanism of Load Transfer

It will be helpful at this stage to review the mechanism of load
transfer to the shell., Essentially, most items are connected Zo the
jacking frames at the ribs (fig. 6.4). The loads that are transmitrted to
these frames are indicared in figure bH,4a and the polats at vwhich they act
are keyed to the cross—secrional layout shown in figure 6.4b by circled
numbers., Forces Fy through Fy and moment M are reactions induced by the
weight of the scaffolds and live loads acting upon them, The connection
at point 5 is fixed and therefore capable of developing a a woment M,

As mentioned previously, these forces occur at all of the 96 ribs of the
sﬂell. Forces Ap, AN, AZ! BP, BN and BZ are the cathead leg reaction
components on the jacking frames (as defined in fig. 6.8 and sec. 6.7) and
forces P, and QC are forces induced by the counterstatic line bearing
against the wide flange beam (see also figs, 6.1 and 6.4b). These forces
as well as force F_ in the counterstatic line (fig. 6.8) occur only at the
six pairs of adjacent ribs where the six catheads are located (fig. 2.18).

Forces that are not directly transmitted to the jacking framas may be
identified by reference to figure 6.4b, The only force directly applied
to the shell is transmitted through the roller at the lower end of the
exterior scaffold, The rollerlaF the lower eund of the interior scaffold
will tend to sway away from the shell so that no bearing force can be
expected to develop 2t that point. On the exterior of the shell, the
upper diagonal with the adjustable ratchet transmits, through connasction
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By at the top. a force which may be resolved into components normal and
parallel to thke shell, The narmal component is transmitted to the jumpform
beam while the jacking frame receives the parallel component through a
pinned extension. Similarly, the lower dlagonal to which the counterstatic
line is attached exerts a force through its lower connection ¥y, The nor-
mal and parallel components of this force sre transmitted respectively to
the jumpform beam and the jacking frame. In addition, the connection at
this pcint develops a horizontal pull normal .to the plane of the figure

due to the inclination of the counterstatic line with resgpect to that plane,

The jumpform beams receive forces through two sets of end rollers and
a pawl attached to each jacking frame (see fig. 5, appendix A). The pawl
is mechanically engaged to one of the lugs on the outstanding fiange of the
jumpform beam. The rollers»are free to slide along the flange but are
constrained against mcvement in the normal direction. The forces on the
Jumpform beam were calculaked by treating the Jjacking frame as a two-span
centinuous beam on two exterior reller supports and an interior pin support
(at the pawl) as indicated in filgure 6.4a,

Figure 6.5 identifies forces and couples acting on the outstanding
flanges of opposite jumpform beams at a rib. Points A through ¥ (also
appearing in fig. 6.4a) define the location of the jacking frame supports
relative to the jumpform beams. The two exterior diagonals noted above

are connected to points El and Fl. Forces Fx’ F Fz and circumferential

y’

moment My are identified by reference to the local coordinate axes (x,
¥, z) as shown. Check marks and zercs shown in tabular form irndicate
respectively those actions (force component or moment) that can or cannot

develop at each point. Actions F_ and M, occur in opposite pairs as

y
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noted in the figure, and develop as a result of ithe inclination of the
cathead legs and counterstatic line relarive to the plane of the figure.

The final stage in the conversion of external loads (load cases 2
to 5) into equivalent actlions applied directly to the shell leads to the
results tabulated in figure 6.6. The polnts of application 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. Actiouns
occurring at E and F {(refer to fig. 6.5) are converted into their stat-
ically equivalent counterparts and placed at K, Actions at Fy are con-
verted Iin a similar manner and placed at L, The resultants of Fy forces
and My moments acting on the cantilever portion of the jumpform heams
(points A, B, C, D and Bl) are distributed equally to the two anchor
bolts at I and J. The F, forces at T and J induced by the forces acting
on the cantilever portion of the jumpform beams are calculated by treating
the anchors at these junctions as simple supports.

The preceding steps involve certain assumptions regarding the distri-
bution of forces to the anchor bolts, For instance, the equal distribu-
tion of Fy forces to anchor bolts at I and J implles that the jumpform
beams are axially riglid and no friction can develop at the shell inter-
face, The other extreme situation would occur 1if the axial rigidity of
the jumpform beams were negligible relative to that of the shell, in
which case, nearly all of the Fy forces from the cantilever portion would
be transferred to the top anchor bolt. 1In reality, the axial stiffness
of the shell is many times that of the jumpform beams and therefore,
the actual distribution will be somevwhere between the two extremes with
the greater portion of the force going to anchor bolt I. However, :lie
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net effect of the two extreme assumptions on the results of the shell
analysis is not significant. In fact, after examining the combined effect
of all the assumptions wmade in the conversion of loads from the jumpform
beams to the shell, it was datermimed that zdditlionmal rzfinements will
not alter the conclusions of this investigation,

6.4 Welght of 3caffolding - Load Case 2

The scaffolding asscibly, including formwork and steel jolst supports
{fig. 2.5) is axisymmetric so that it transmits egual forces to the 96
peripheral ribs of the shell (fig. 3, appendix A). The procedure for eval-
uating the forces at a rib due to the weight of a repetitive scaffclding
section (see fig. 6.7) is straightforward and involves nc major assumptions,
The weights of the individual compounents, evaluated fro. dare on sizes aad
material compaosition obtained from the site and the drawings, were placed
at thelr respective centrvolds ana sre Indicated by vertical arrows in
flgure 6.7 (arrows with notation are for other load cases). These include
planks used for decking and supporting brackets, diagonals and straps,
formwerk and jolsts, railings and posts, safety nets, hydrguliec actuarors,
lines and jacks, stiffbacks, jacking frames, jumpform beams and miscella-
neocus other hardware, In the analysis, the junctions of the lower deck
brackets ang¢ suspended outer straps (fig. 6.7) were assumed pinned so
that with the exception of the Aiagonally braced bracket at the exterior
of the shell {second deck from the top), the system was rendered stat-
ically determinate, This bracket, together with the two diagonals was
treated as a pimnned truss with one degree of redundancy. The final forces

on the shall resulting from case 2 loading are tabulated in figure 6,6,
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6.5 Live Loads — Load Case 3

Live loading consisted of the welght of 51 workers, reinforcing bars,
Georgla buggles, electrical and welding equipment, gas cylinders, water
drums, tools, grouting materials, fresh concrete, miscellaneous hoses,
wires, cables and other hardware, The live loads were applied egually
to the top gecks of the interior and exterior scaffolds (designated by
Py, in fig. 6.7) and were assumed to be uniformly distributed around the
periphery of the shell. After examining all the evidence at hand (field
observations at the Willow Island, W. Va. and Berwick, Pa. sites, plus
worker statements), it was concluded that live load discributions eother
than those assumed cannot be reasonably justified so that large concen-
tration of such loading occurring at any one location, including in the
viciqity of catheads no, 4 and no, 5, were ruled out. Furthermores, it
is noted by reference to figure 6.6 that ghe contribution of live loads
to the total load on the shell is relatively small so that variatioms in
live load distri.oution will not significantly affect the shell anatysis
results, The procedure for evaluating shell forces induced by live loads

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

6.6 WEigﬁt of Cathead Assembly - Load Case &

. Tha free-body dlagram of a cathead in the radial plane is snowa in
figure 6.8. Without both the static and counterstatic lines acting
(at G and C, respectively), the cathead assembly is rotationally unstable.
1f, for any reason, tine ‘static line were absent, the cathead couid stiill
retain its stability provided the resultant overturning moment due to
gravity loads about fictitious point O (point of intersection of cathead
legs a and b) is counterclockwise so that the counterstatic line is in
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tension, Using the values for the gravity lcad components Wl, Wpy Wy and
W and their locations specified in figure 6.8, it can be xeadily shown
that the corresponding overturning moment is, in faet, counterclockwise
if the cathead beam is assumed to be in horizontal alignment, It can
also be shown that it does not take much backward tilting from this

level positlon (and this can be manipulated by means of the chain holst -
fig. 6.7) to cause a rotational collapse of the cathead in the clockwise
direction (outward) in the absence of the static line.

Referring to figure 6,1, it 1s noted that, with the cathead becam
level, the proximity of the bucket to the top deck of the inner scaffold
is sufficient to permit wnloading of the concrete into on-deck Georgla
buggies by means of a chute pivoted to the bottom of the bucket (see
figure 6.9 for chute detail). It should be noted that the position of
the bucket relative to the deck can be controlled, in addition to the
chain holst, by the special bolt on the slide plate assembly to which
the statie 'ine and the inside sheave of the holst line are attached
(fig. 6.7), The pesition of this plate was established by measurement
of dimensions of the component parts found among the wreckage at the site.

The assumptiouns that the cathead beam was level at the time of the
collapse is based on the foregoing arguments and is further corroborated
by the alignments c<bserved at the Berwick, Pa. site.

The gravity l¢ads which are transmitted to the six pairs of adjacent
ribs at the six cathead locatiouns around the shell are designated in
figure 6.7 (shown in parentheses) and figure 6.8. They consist of the
weights of the cathead legs Wl, wz, w3, the weight of the cathead beam
assemply W, which includes the weights of the sheaves, the weight cf the
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hoist line Wy but not the hoisting loads, the weight of the steel skidboard
Pgp: the weight of the wide flange bean Pyps and tension T, in the static
line due to its own weight. It should be pointed out that tensien T,
depends on the stress:free length of the static line assumed, The cri-
terion used in determining this length as well as the corresponding cable
forces T, ¥ and F, due to hoisting loads (lcad case 5) are discussed

in section 6.7,

Having established the cathead positioa and couponent forces of the
assembly, the correspounding leg reaction components at supports A and B
(fig. 6.8) and the forces k., P, and Q. (figs. 6.4 ard 6.8) transmitted
by .the counterstaiic line were determined by statics. The final forces
on the shell corresponding to load case 4 are tabulated in figure 6.6.

6.7 Hoisting Loads - Load Case 5

Unce the geometry of the cable profiles are defined (sec. 6.2), cable
forces and displacements induced by the hoilsting loads can be determined.
To minimize the human cdmputational effort imvolved, a computrer program
was developed for that purpose. The program is based on the ropresentation
of the static line by the simple cable model Jdepicted in figure 6.10;

The model assumes the static and holst lines te be weipghtluss (the
weight of these lines are comsidered elsewhere - see sec, 6.6). The hoist
line is very nearly parallel to segment KG of the static line wher. the
bucket 1is about midway to the top (location for maximum tension in the
staric line) and the program assumes it to be parallel so that force Fy
acts in the same direction as KG for all locations of point K, The input
parameters are as defined in figure 6,10, The fixed Input parameters
(the values of which are indicated in the figure) are chord length L,
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coordinates X; and Y, of support poinrt G relative to suppert peint B,

and the cross-sectional area A and modulus of elasticity E of the static
line. The vaiiable input parameters are; position K of the bucket along
the static line as defined by chord length segments L; and Lj, the normal
distance of that point from the chord as defined by parameter D, and the
koisting load WB. Two of the values used for‘WB were 2900 1b (1314 kg)
and 5800 1b (2627 kg). They represent, respectively, the weight of the
bucket assembly and concrete (calculations shown in fig. 6.9), and twice
that weight.to assess the effect of a 100 percent dynamic amplification
of holsting loads on cadble forces.

Figure 6.11 shows in notation form a partlal listing of the cquations
used for calculating the desired cutput parameters which are indicated by
asterlsks. Not shown are the equations for calculating the cathead leg
reaction components AP’ BP, AZ,-BZ and tension FC in the counterstatic
line (fig. 6.8), and a réfinement introduced in the program to aécount
for changes in the output parameters resulting from the displacement of
support point G due to the elastic deformation of the cathead asseably,

Note that s, the stress—-free length of tﬁe static line, is an
output value, The program was used in an itgrative fashion by ad justing
the input parameter'D to produce the value of s, that matched the trﬁe
stress~free length of the line. The true stress-free length is die-
cussed below,

The cathea& leg reactions énd the force in the counterstatic line
¢re determined using the free body diagram of the cathead (fig. 6.8)
under the action of the static line force Tvand hoist line forces Fy
and F . The cathead sheaves are assumed to be friectionless so that
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F, = Fy. By reference to figure 6.%, note that cathead leg reactinns

A, and B, are normal to the plane oi the figure and occur in oppesite
pairs; reactions Ap and sp act along projections a and b of the respec-
tive inside and ourside cathead legs in the plane 5f the fligure: and
reactions AN and BN are zero because no ilntermediate oads (suck as,

Wi, Wy and Wj) 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 cat-
head legs, the counterstatic line, and reaction components (also see
fig. 9, appendix A),

For a given location of point K (fig. 6.10), the program outputs
twas cets of results, The firsr cet corresponds to the assumption that
point G is fixed in space, The second set is obtained by an iterative
process in which successive trials are based on the ad justed position
of G corresponding to the elastic deformation of the cathead assembly
undef cable forces from the preceding trial.

Figures 6.13 through 6.15 show the analytical formulations for
calculating the movement of point G attributed to the elastic deforma-
tion of the cathead assembly under the actioé of the static and hoist
line forces, The expression for the displacement 4, of the counterstatic
line under tension F, is derived in figure 6.13. In figure 6.14, small
rotational displacement geométrf is used to develop the expression for
(Xé, Yé), which represent the movement of point G, due to the eloggation
of the counterstati. line. The axial deformations of the cathead legs
are smaller than the elongation of the counterstatic line by about gne
order of magnitude, and therefore, thelr contribution to the movement of
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point G is negligible. Figure 6.15 shows the formulation for displace-
ments (X&, Ya) attributed to the flexural deformation of the cathead beam.
As in the case of the legs, the effect of the axial deformation of the
beam 1s neglected so that X; i1s assumed to be zero., The total displace-
ment (X, Y;) then is obtained by adding the displacements due tc the
elongation Ac of the counterstatic line at the top and flexural deforma-
tion of the cathead beam.

In this case, superposition of tension To in the static line due tu
self welght -and tenmsion T caused by loads Wy gives results that are not
appreciably different from the tansion in the static line (at support G
on the cathead beam) that would be obtained from a solution based on
both loads acting simultaneously. A more refined analysis was performed
for a few cases to verlfy this fact. The refined analysis counsiders
simultaneously the welght of the cable and the holsting loads using an
approach similar to that advanced by Harrison [6.1]. The reasons for the
small difference between the two analyses are cbvious. The distributed
weight of the static line (100 1b or 45.3 kg) is only about 3 percent
of the weight of the bucket (é?OO 1b or 1314 kg). 1In addition, wirh
sufficient slack in the static line {this was the case to enable unlcading
of conecrete at the top of the tower), differences in the results (tension
in the static line as well &as éension Fp in the holst line - fig. 6.8)
from the two aliernate procedures tend to disappear.

A glance at the results tabulated 1lu figure 6.6 will indicate that
by far the major portion of the forces acting on the ghell is produced
by the hoisting loads {load case 5). In particular, tension T in the
static line is the major source of the bending woments in the shell (hoist
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line forces Fy and F, = Fp, remain nearly coastant as T varies and balance
out so that they contribute mostly to axial loads Fy but aot to normal
forces F, — fipgs. 6.5 and 6.8), Tension T in turn is quite semsitive to
variations in the tautmess (or, conversely, in rhe amount of slack) in the
static line., Thus, the cricerion for estimating the actual stress—free
length of the static line at the time of the collapse w;uld affect signifi-
cantly the results of the analysis.

As mentioned in section 3.2, the length of the static line of cathead
no. 4 (the line was recovered from the wreckage) was measured on two
separate occasions in the field. The measured lengths were within 2 in
{51 mm) of each other. The average measured length, after deducting the
length of the portion from grip hoist I to clevis B (fig. 6.2), was
219,17 £t (66,85 m). With the bucket at the unlecading position shown
in figure 6.1 and the static line assumed tensionless but without play
for that positionm, the stress-free length s, is represented by the solid
line GKB as shown. This length can be calculated 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
i 219,19 ft (67.46 m), which is almost identical to the length measured
in the field,

If a certain amoﬁnﬁ of play in the static line were allowed when
the bucker is at the unloading position, it would permit workers on the
top deck to manipulate the bucket or pull it in, if need be, wilhout
encountering resistance from the static line. However, even without
such resistance, a worker will have to exert a pull of abeut 400 1b
(1780 N) to bring the bucket in a distance of 1 fr (0.31 m)., From the
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layout shown in figure 6,1, with the bucket at the unloading position,
it is apparent that concrete can be discharged without difficulty into
Georgia buggles on the deck by means of the chute projecting inward
above the top rail. Thus, there is no reason to believe that such mani-
pulation with the bucket was necessary. Furthermore, if there were any
play in the statlic line at the discharge level, the line would become
slack below that level and the possibility of the bucket swaying and
impacting the scaffold while being pulled up would increase accordingly.
Conversely, with no play at the discharge position, the static line will
davelop tension at lower levels and will pull the bucket away from the
scabfold thus diminishing the likelihsod of severe impact.

The foregoing arguments led to the conclusion that tie field mea-
sured length was the actual length being used at the time of the collapse
and, therefore, was adopted as the basls for the stress-free length used
in the calcuiations of hoisting loads (load case 3) and the static line
tension d#e to self'weight (load case 4).

The analysis of forces induced by hoisting loads leads to the results
tabulated in table 6,13, The results obtained by considering the elastic
deformation of the cathead were used to develop the forces for load case 5
tablulated in figure 6.6. For purposes of comparisom only, table 6.la also
shows counputer results obtained by assuming support G to be fixed in space.
It should be noted that the forces in this table correspond to the location
of the bucket which produces maximum tension in the static line. This is
about 123 ft (37.5 m) below the cathead beam which is at variance with
the 60-ft (18,3 m) position estimated from the field data (fig. 6.3).

From manufacturer's specification and worker statemcnts the speed at which
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the hoist line was being pulled in was estimated to be about 10 to 12
ft/sec (3.1 to 3,7 m/s), Hence, 1t appears reasonable to assume that
failure was initisted when the tenslon 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 below the cathead
beam.

Table 6.1b tabulates forces produced by twice the weight of the
bucket which is equivalent to 100 percent impact on the hoist load (or
100 percent dynamic amplification of the hoist loads). These values are
only used to demonstrate that distress conditions would net have occurred
in the mechaniczl system even if there had been reason to believe that
100 percent impact conditions were present (see chap. 5).

6.8 Other Effects

The posture adopted in the [oregoing derivations was to use lower
bouad values for loads in situations where they were ﬁot known preecisely,
Hoisting lvads, for instance, were treated as though they were stationary
because not enough information was avallable to assess the izherent dynamic
effects of the hoisting system used. The reasoning behind this approach
was that should such loads lead to structural distress conditions (which
turns out to be the case - see sec, 7), the distinct possibility of higher
loads having occurred at the tiwe of the collapse will not change the
final econcluslons of this investigation. The followlng paragraphs discuss

the assumptions made with regard to dynamic loadlng.
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Dynamic amplification of loads occurs zas a result of construction
activities on the scaffolds (load case Z) and during holsting of mate-
rials (load cage 5). Dynamic amplification of live lnads (load case 2)
is negligible because, for the wwst part, they are statlonary and well-
disversed (see sec. 6.5).

Dynamic amplification af hoelsting loads occurs principally as a result
of the initial acceleracrion of the hoist line to bring the bucket up tec
speed from at-rest position on the ground, fluctuatlous in the speed with
which the bucket is lifted as the speed of the drum hoist wvarled, uneven
winding of the hoist lime on the drum, or any other changes in speed made
by the hoilst drum operator for whatever reasons during the bucket's journey
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 drop in speed will
have the opposite effect.

The dynamie 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 holst-
ing loads. However, not enocugh iunformation iz available to make a
quantitative assessment of these effects with sufficient accuracy to
jugtify their use as part of the basis for arrivimg at the conclusion
drawn.

It should be pointed out that the path of the bucket is curvilinear
and therefore, even when moving at a coustant speed, the bucket wlll exert
a transverse dynamic force (outward normal to the path) on the static
line. The path will be elliptiec with foel at supports B and G (fig. 6.3)
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if the cable is inextensible and nearly so if it is elastic. Placing
the bucket at midspan, assuming a speed of 10 ft/sec or 3.1 m/sec (see
sec. 6.7) and using the equation of the ellipse yilelds an incremental
teasion of about 60 1b (267 N) in the static line, which is negligible
compared with the 4772-1b (21233-N) tension (table 6,1) used in this
investigation,

6.9 Analysis of Shell

An analysis of the cooling tower shell subijected to the construction
loads described in the preceding sections was made with SHORE-III [6.2},
a finite element program developed for rhe statie and dynamic analysis
of axisymmetric shells, The cooling tower shell was discretized hy a
series of curved ring elements, starting at the top of 1ift 28, Modeling
was consistent with the shell structure described in Chapter 2 of this
report. Details of‘the SHORE-IIT analysis and a verification analysis
using SAP IV [6.3] are presented in Appendix B. Construction loads were
applied to the suell madel and the resultant maximum forces in the shell
were determined along with their location,

The finite element model used in the cooling tower analysis is shown
along with an expanded view of the model for the top 3 lifts, in figure
6.16. The tower structure is discretized by a series of nineteen closed
ring elements and one open type element at the bottom which models the
column supports. In order to ohbtain better stress distributions and
properly load the tower, the top two 1lifts (28 and 27) were subdivided
into eleven elements. The other element divisions were generally chosen
to account for either changes in shell thickness or changes in the modulus
of elasticity of the shell material. Points for load application wdre
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located at the elevations in 1lifts 28 and 27 where the form system was
bolted to the tower. Flgure 6.16 shows the elevations, radiil, thickness,
and elastic moduli used for each element in the model. While the elastic
modulus remains constant for an element, the thickness may vary linearly
from the top to the bottom of the element as dictated by the shell geometry.
Material properties (elastic moduli) used in the analysis were obtained
from the test data presented in chapter 4 of this report using the

@aturity of the concrete in the various lifts on the day of collapse.

The construction loads presented in figure 6.6 are applied to the
shell model at the load points indicated as distributed line loads by
means of a Fourier Series, This distributad line loading technique 1is
depicted in figure 6,17 for the normal, meridional, and rangential forces,
Fyos FY and Fz, respectively, and for the meridional moment My, The x,y,2
coordinate system shown applies to the construction loads as described in
section 6,3 while the corresponding u, v, w system 15 the element coordi-
nate system used in SHORE-III,

The loading furcticn used in the SHORE-IILL analysis is developed by
first distributing the concentrated loads about the centerline of the
jumpform beam over 0.358 degree circumfereﬁtially (10 in or 254 mm at
lift 28) for load cases 2 and 3 and 1.875 degrees clrcumferentially
(4,5 ft or 1.31 m at 1ift 29) for load cases 4 and S. The 10 in (254 mm)
distribution width is the surface contact length betweeu the shell and
jumpform beam, This distributed load 1s then expanded in a Fourier Series
which applies the load at the required points around the circumference of
the tower for the particular coanstructlion load case., The larger distribu-
tion angle used in lead 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 distribution angle should have been used for all
cases, However, when the 0.35%8 degree distribution angle was chosen for
load cases 4 and 5, 150 harmonics were required to preduce a load function
with an acceptable shape, Increasing the distribution angle to 0.859
degree made it possible to generate a load function with acceptable shape
using only 56 harmonics; thereby, reducing computer time and cost by
about two thirds, A comparison analysis using both the 0.358 and 0.839
degree distribution angles showed that the maximum stresses differed by
only a few percent and the stress distributions were esseﬁtially the same.
Consequently, the compromise between distribution angle and cowmputer analy-
sis time is justified. Figure 6.18 illustrates the loading function for a
normal force applied to the shell by the jumpform beams at a cathead.

This load would then be repeated at all six (6) cathead locations in load
case 4 to produce a symmetric loading condition.

The development of a convergent Fourier Series with only a few har-
monics was feund to be a difficult task for load case 5 which is applied
only at cachead no. 4. This Is because as the number of applicaticn polnts
decreases (two points or ribs for éase 5} the number of harmonics required
for a convergent seriles increases rapidly. In additiom, the computer time
required for solution of a load case is related to the number of harmounics
in the series. ,An investigation of the stress distributions that occurred
in load case 4 where the six cathead gaptry loads are applied to the shell
indlcated that the internal shell forces of interest decayed rapidly to a

. small value at approximately 20° from the cathead, The SAP IV verification
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analysis also exhibited this stress distribution (see appendix 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 for load case 5 were applied at
all six cathead locations instead of just at cathead no. 4.

The loading functiones were developed faor each constructicn load
(cases 2 to 5) and a separate analysis was made for each case, including
case 1 which was internally generated by the prograw. Since SHORE-III is
a linear elasticlfinite element program, the principis of superposition
applies and the results for each load case may be cembined algebraically
te find rhe resultant stresses for any combination ¢f the construction
loads. The effect of using & line load with a distyibution angle rather
than a concentrated load is to predict stress magnitudes which are lower
than those that occur in the shell. |

Table 6.2 presents the stress resultants in iiftr 28 at cathead no. 4

for the sum of load casesl,2,3,4,and 5 at 8 = 0°

and 20, respectively.
Figure 6.19 shows the sign conventicns for the respective stress resultants,
values at & = 0% oceur midway berween the jumpform beams to which cathead
no. 4 is attached while the values at 5 = 1,875 occur at the meridian

along which the jumpform beams are attached to the shell.

Figures 6.20 through 6.23 exhibit the distribution of the meridian
stress resultant, N¢, the hoop stress resultant, Ne, and the moments, M¢,
MB’ 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 distributioms are shown for only cne side of the

cathead. Tt should be noted that the values of the meridional stress at

6 = 1.8750, figure 6.20 and also table 6.2, increases significantly at
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e?&vaeiona of 165.721 and 162.125 ft (50.512 and 49.416 m respectively)
dua to the loads being applied at points I and J (fig. 6.6). The shape

~ £ the stress distribution for N¢ about the circumference of the shell,
figure 6.20, can b¢ understood by considering the way the loads are applied
to the shell., The loads prescribed in coses 2 and 3 are applied at each
rib and the resulting stress diatribution is symmetric about each rib and,
furthermore, is identical between all ribs. On the other hand, the loads
prescribed in cases 4 and 5 are applied only at the cathead locations.

The stress distributions illustrated in figure 6.20 reflected the super-
position of thege cases anu the stresses due to load cases 4 and 5 control
the shape of the digtributions shown. The hoop stress, Ne, as seen from
figure 6,21 is highest at the top of 1ift 28 and decreases with decreasing
elevation, Finally, the maximum values for N¢ and Ne ocecur near the top
bolt in 1ift 28 at the jumpform beams on either side of cathead 4, A
rolative maximum for N, occurs near the bottom bolt in 11fr 28 at the

]
jumpform beama. The maximum momeats M¢ and He also occur at the location
of the jumpform beams (8 = 1.875°) with ¥, a maximuth near the top of 1ift
28 and M¢ a4 maximum near the bottom of 1ift 28 as shown infigs, 6.22 and

6.23.
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7. INTERPRETATLON OF SHELL ANALYSIS

7.1 Introduction

The overall safety and the reliability of the construction method
used at the Willow Island site depend on the integrirty of the partially
completed shell structure to resist all consﬁruction loads, This
demands that sufficient strength must be developed in the previously
cast shell so that the structural resilstance exceeds the construction
load effects by a reasonable margin of safety. Obviously, the shell did
not have adequate strength to resist the applied lecad, 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 applying
existing strength theories. It should be polnted out that no dynamic
amplification of the hoist load was included in the shell analysis,
" Dynamic amplification is known to exist in holsting systems such as the
,oﬁe used at the Willow Island site, and incluslon of the dynamic «ffects
would have increased the forces in the shell over those determined in
Ehis report.

7.2 Strength of the Shell Under Combined Axial load and Bending Moment

For a given cross section and reinforcement, an interaction diagram'l
such as the one shown 1la figﬁre 7.1 can he constructed in terms of ulti-
mate axial forces as ordinates and ultimate btanding moments as abscissa,
For various comhbinations of axial forces and bending moments, the inter-
aetion curve defines a fallure envelope in that all points lying on and
outside the interaction curve constitute failure, On the other hand,
combinations which fall within the area bounded by the interaction curve
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represent a safe condition, 1In this section a number of cruss sections
in the critical region of the shell are examined using the interaction
diagrams. It was shown previously in the analysis of the shell that
maximum forces in 1lift 28 would occur in the vicinity of the two ribs
where the legs of cathead no. 4 were positioned. This critical region
includes the section batween the two ribs as well as the immediate
vicinity along the ribs.

In developlng the interaction diagrams for the critical cross
gectlons, a shell secticn of unit width (1 ft) was treated as a rectan-—
gular column. In an actual shell element the forces and moments occur
in ad jacent cross sections parallel and perpendicular to the meridian.

By treating a shell element as a column—like element, the forces and
moments in each directicn are dealt with separately, Any effect on the
compressive strength of zoncrete due to biaxial compression is smail {7,2].
Furthermore, the forces acting normal to the reinforcement have little,

if any, effect on the stress that can ba developed in the reinforcement.
Thus, the treatment of a shell element as an uniaxial element is considered
a2 reasonable and expedient approach.

The cross sectional cimensions of the shell sections used for deter—
mining interactlon diagrams are shown ?n figure 7.2. The vertical section
has two .no, 4 bars and the horizontal section has two bars with an equiva-
lent steel area for a 12-inch (305 mm) wide cross section. The actual
shell cross section in lifr 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 1lift 28 concrete as
shown by the tesults of cylinder tests were significantly different from
that of the NBS specimens (fig. 4.3), it was decided to use the lift 28
test data to estimate the concrete strength, The strength of concre=te at
the time of the collapse, approximately 20 hr after placement of concrete
{sec. 4.2), is estimated to be 220 psi (1.52 MPa) based on the results of
24 and 25 hr tests, 283 psi (1.95 MPa) and 299 nsi (2.06 MPa), respectively
{Table 4,5 a and b}, The procedure followed to establish the concrete
strength 1s shown in figure 7.3, It is seen that a linear interpolation 1is
made between the tiwe of set (6 hr) and the time when the fleld cured
cylinders were tested, The time of set was established by the exporimental
results with cement mortar, with consideration given to the inclusion of
flyash and water reducing admixture in the lift 28 concrete. Approximately
the same value of the compressive strength can he obtained froﬁ‘the
streﬂgth—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
vut that the actual concrete strength at the top of 1lift 28 could have
been lower than 220 psi (1;52 MPa) due to the temperature condition of
lift 28 was different than that of the test cylinders which were cured
on the ground level and due to the rise of free water to the top of the
wall both ¢f which tend to lower the concrete strength. If these factors
were taken into consideration, the concrete strength could have been as
low as 200 psi (1.38 MPa) rather than 220 psi (1.52 MPa). However, in
the evaluation of cross-sectional strengths, 220 psi was used,

The reinforcing steel must be embedded adequately in the concrete to
develop its yield strength. The length of embedment required to develop
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yield is proportional to the square root of the strength of concrete.
According to ACI 318-77 [4.4], at a strength level of 220 psi (1.52 MPa)
the embedment length fnr a no. 4 bar in compression is 40.5 in (1029 mm).
Bécause the ACI code requirement incorporates a 25 percent increase in
embedment length over that required to develop yield [7,1], the value
obtained from the ACI code should be reduced by 25 percent to reflect

the actual needed embedment length. Thus, the corrected compression
embedment length for a no, 4 bar becomes 32,4 in (823 mm),

The maximum amount of stresgs that can be developed In the steel was
computed based on available length of embedment, The bars in the circum-—
ferential direction, which are in compression, could develop full yield
strength of 60 ksi (414 MPa) except at lap splices. At the locations
where lap spllices occur the maximum stress that can be developed in the
bar is limited by the length of splice, For the splice length of 22 in
(559 mm), which was provided for no, 4 bars (fig. 2,2), the maximum com-
pression stress in the steel is limited to 60 ksi x 22/32.4 = 40,7 ksi
{281 MPa), For the bars in the meridian direction the available length
of embedment varies depending on the distance from the top edge of 1ift 28
to cross sections being considered, For a cross section located 32.4 in
(823 mm) below the top of 1ift 28, the steel can develop to yield (60 ksi,

414 Mpa), Under combined bending moments and axial forces, some bars

‘were in tension, For these bars embedment length of 28.8 in (732 mm) was

computed using the pullout test results, However, at all locavions where
the tension embedment length would be a governing factor, the magnitude

of these moments and axial forces are relatively low and their combined

effects fall well within the interaction diagram,
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For the shell cross sections of unit width shown {n figuve 7.2 and
using the limiting concrete and ateel stresses described sbove, interaction
diegrams for axial load and bending moment are obtained for critical loca-
tions 4n 1lift 28 (fig. 7.4). 1In developing the interactlion diagram, it
was assumed that the crushing strain of concrete is 0,003 in per in® and
that the reinforecing 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
meridional forces (hereafter referred to as the horizoutal cross sectian)
for all cross sections 32.4 in (823 mm) below the top of lift 28, Below
this point a sufficient embedment length is available for the vertical
bar§ to develop yield. 1In lift 28 the meridional force and bending moment
are mwaximum at cross sections along a line through polnts BAB as shown in
figure 7.4, Maximum force and moment combinations for cross sections along
this line are plotted in figure 7.5 in which the poiat correspounding to
‘location A 1is show; as a square and the point corresponding to location B
as a circle. It 1is to be noted in this figure that at both locations the
cross section is conﬁrolled predominantly by bending moment. Because the
cathead gantry loads are supported at the rib lociations, 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

cempression failure of concrete would initiate at the inside of the shell

J&/In rectangular beam tests, strains 0,003 to 0,004 have been measured
near maximum load carrying capacity., Many tests of beams and columms
have shown that a satisfactorily accurate prediction of ultimate
strength can be made using the crushing strain of 0.003 [4.4]., Linmited
test data are available for concrete strength of 220 psi (1.52 MPa).
However, a more accurate determination of the conerete strain at
waximum repistance was not made in this Investipation because the
effect on rhe interaction diagram {s not large.
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at the rib'locations and propagate along the circumference at a distance
1 £t (0.3 m) above the bottom of the panel.

The locations of lap splices of the horlzontal bars were not known
for the cross section resisting hoop forces (hereafter referred to as the
vertical cross section). Hence, two interaction diagrams were prepared
depending on the maximum stress that can be developed in the steel, If
lap splices of the bars are & sufficient distance away from a sectiou
being considered, the steel can develop yield (60 ksi, 414 MPa). For
cross sections vwhere lap splices occurred, the maxiwum stress that can be
developed is limited by the length of the splice (40.7 ksi, 281 MPa),

The interaction diagrams obtained using these two steel stresses are shown
in figure 7.6. These diagrams give the combinations of the hoop force
and bending moment for failure of the cross section. In lift 28, the hoop
force and associated bending moment are maximum at locations C and D. They
are plotted on the interaction diagram for these septiong in figure 7.6

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

corresponding to location D in circle. It is seen in this figure that with
peint D lying considerably outside of the interaction curve a compression
failure of concrete at the top of the shell would take place at the rib loca-
tions, points D, due to cowbined effect of high moment and axial force with
or without the presence of lap splices., At the center of the panel, the

shell section 1s subjected predominately to axial force.

7.3 Strength of Shell Under Shear

In the presence of axial compression the shear capacity of a rein-
forced concrete section increases., This complex interaction between shear
and axial compresaion is not fully understood., In the absence of a suit-

able meang of determining the shear strength of a shell section, tﬁe
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expressions 'in the ACI code [4.4] are used for insight into the strength

of the shell in shear, Those expressions are:

N
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where
V. = nominal shear stremgth provided by concrete
N, = axial normal load to cross section
Ag = gross area of section
fl = compressive strength of concrete in psi

b = width of section

d = distance from extreme compression fiber ta centroid of
tension reinforcement

Radial shear values in the vertlcal and horizonal cross sectioms of
elements at the top of 1lift 28 are given ia table 7.1 together with cor-
responding shear capacities computed in accordance with the above formulas.
It may be seen in the table that the radial shears in the vertical and
horizontal sections (Qe and Q¢} are very high at rhe top of lift 28 alopg
two ribs, while the radial shears at the center of the panel are eilther
zero or very small. The radial shear in both the vertical and horizontal
gections in the region near the top of 1lift 28 along the ribs, points D in
figure 7.4, exceed those values computed by the formulas. Although the
calculated ghear values way be influenced by the distribution of concen-
trated loads along & line, as discussed in section 6.5, this clearly indicates

that relatively high radial shear forces were present in this region of the

shell.
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7.4 Probsble Mode of Failure

It was shown in the previous sections that maximum stresses occur in the
region nf the panel bounded by tha two ribs where cathéad gantry no. 4 was loéated.
The analysis aﬁowed that a compression failﬁfe of concrete would have initiated
in lift 28 along the circumference of the shell at a distance 1.0 fr (0.3 m) above
the bottom of 1ift 28, the lime through points BAB in figure 7.4. In addition,
because both thé large hoop forces and moments along the ribs, 2 band cf the
coupraesion failure would alse have spread along the rib of the panel, The
presence of high radial shear in the panel could have further weakened the shell
where combination of high axial loads and moments occurred and could have initiat-
ed the failure befors the capacity in axial forces and moments was reached.

Therefore, it may be concluded that the failure of 1lift 28 resulted
from inadequate strength of the shell sectior where cathead no. 4 was
located to resist the applied comstruction loads. The failure was brought
about by compressive crushing of the concrete due to combinations of

axial forces and moments, and/or cracking due to the high radial shear.
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8. SUMMARY ANT CONCLUSIONS

As a result of the coollng tower constructlion collapse at Willow
Island, West Virginia, the National Bureau of Standards [NB3) was requested
by the Occupational Safety and Health Administration {(0SHA} to ecarry out
a detailed study aiming at the determinaticn of the most prebavle cause
of the collapse, 1In response to this request, NBS has undertaken a compre-
hensive field investigation, laboratory tests of construction assembly
components and concrete specimens, and chemical analyses of concrete,
In addition, mithematical models of the tower were prepared and analyzed
by computer using shell analysis program. The findings presented in this
report are based on the results of these field, laboratory and analytical
studies with other information such as structural drawings of the tower
and OSHA case records,

1. At the time of failure the concrete bucket was in transit
from the base of the tower to cathead no. 4. The measured
length.of the heist cable indicated that the bucker was about
60 ft (16.4 m) below the cathead beam. This also agrees with
eyewitness accounts. . Therefore, it is belleved that the con-
crete bucket did not hit the cathead to cause it to fail.

2. Alrhough the hoist cables for catheads no. 4 and 3 were broken,
field observations and the laboratory test ilndicate that the
breakage of the cables occurred after the onset of collapse
of lift 28, Thus, the hreakage of the cables did not rrigger

the failurve.
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Field and laboratory investigaticns revealed that the major

components of the hoisting, scaffolding and formwork systems
did not fail prior to the collapse. Thus, the collapse‘did

not initiate due to any component failure of these systems,

Based on the results of field cured cylinder tests, the com-
pressive strength of concrete of that part of lift 28 where

cathegd no. 4 was located was estimated to be about 220 psi

{(1.52 MPa) at the time of the collapse.

The analysis of the shell as well as eyewitness accounts

indicared that the collapse initlated in 1iftr 28 at the area

where cathead no. 4 was located. The analysis showed that

calculated stress resultants at several points 1n|this area
equaled or exceeded the strength of the shell in compress;on,
bending and shear. Failure at any of these points would have
propagated causing the collapse of 1lift 28.

These results of the analysis indicate that the most probable
cause of the collapse was due to the imposition of construction
loads on the shell before the concrete of 1ift 28 had gained

adequate strength to support these loads.
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Table 4.1 Thysical Properties of Type II Ccment Samples

ASTM €-150 Law Engineering Testing NBS
Physical Data
NBS Sample OSHA Sample NBS Sample |OSHA Sample
i. Air Content Max., 12 7.4 7.2 —— ————
(% by volume)}
2. Fineness,* min. 2800 3710 3720 3788 3750
(spsciﬂc surface
cm“/g)
3. Compressive Strength
of mgriar,** psi (MPa)
3 days 1500 (10,3) 2140(14,8) 1680 {11.6) —— ——
7 days 2500 (17.2) 2200(15,2) 1900 (13.1) ——m —
4. Time of setting **%
(Gilmore Test)
Iritial Set Not less than 1 hr 2 hr 49 min 3 br 10 oin ——— —
F/nal Set Not more than 10 hr 4 hr 45 min 4 hr 50 min — ———
* ASTM C 204 [4.2]
*k ASTM C 109 [4.2]
**%  ASTM C 266 {4,2]

Preceding page biank




laie o, vhemical Properties of Type 11 Cement

ASTM Wet Chemical Analysis
Chemical C 150
Elements NBS Sample OSHA Sample
# z %

Silicon Dicxlide B Min., 21.0 20,6 20.0
Aluminum Oxide Max. 6.0 5,3 5.2
Farric Oxide Max. 6.0 3.0 3.9
Calcium Oxide - 64.1 63.5
Magnesium Oxide Max, 6.0 2.4 2.1
Sulfur Trioxide Max. 3.0 2.1 2.0
Total Alkalies -= 0,38 0.44
Loss on Ignition Max, 3.0 1.2 1.6
Insoluble Residue Max, 0.75 0,22 0.25
Tricalcium Silicate - 60 60
Dicalcium Silicate -~ 14 12
Tricalcium Asuvminate Max. 8.0 7.1 7.1
Tetracaleium Alumioferrite - 9 12
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Table 4.3

Element Analysis of Flyash

NBS Sample OSHA Sample

Element Gin %) (4n %)
Aluminum 12.8 11.3
Boron 0.05 0.05
Barium ) .15 0.20
Carbon 0.50 1.30
Calcium 2.00 3.00
Chromi um 0.01 0.01
Copper 0.01 0,01
Iron 9.8 10.5
Potassium 2.00 2,00
Lithium 0.15 0.12
Magnesium 2.00 2.00
Manganese 0.05 0.05
Sodiur 0,30 0.30
Nickel 0,01 0.01
Rubidium 0.01 0,01
Silicon 20.9 20.7
Strontium 0.07 0,10
Titanium 0.50 0.50

Takle 4,4 Chemiczl Composition of Fly Ash

NBS Sample OSHA Sample ASTM C 618
Aluminum Oxide 24,1 21.3 -
Iron QOxide 14.0 14,9 -
Silicon Dioxide 44,6 44,2 -
Sum 82,8 80.5 70.0
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Table 4.6 Data on F

resh Concrete

Range Average
1., Unit Weight of Concrete 140.5 - 144.,4 1431
1b/£¢3 (kg/und) (2251 - 2313) (2292)
2. Slump 6 -9 7.4
in (mm) {152 - 229) (188)
3. Air Content 4,5 - 5.9 5.1
4
4. Temperature of Concrete 66.3 - 66.9 66,4
at the Time of Pour (17,2 ~ 20,6) (19.1)
°F (°C)
Table 4.7 Results of Tension Tests of Cables
Hoist End Section Drum End Sectibn
1 28.53 kip (126.91 kN) 26,55 kip (118,10 kN)
2 26,82 (119.30) 27.00 (120.01)
3 27,20 (120,99) 26,20 (116,54)
4 27,75 (123,44) 27.45 (122,10)
5 27.40 (121.88) 27.78 (123.57)
Averape 27.54 kip (122.50 kN} 27.00 kip (120,01 kM)
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Table ¢

k]

«r;. 1 Forces and Reactions Induced by Holsting Loads -

- 2! case 5)

{2) (b)
Impact Factor 0% 100%
W 29G0 5800
1b %kg) (1315) (2630)
s 219.17 219.17
fr {m) (66.80) (66.80)
Condition of .
Support G Fixed Elastic Fixed Elastic
F, 2460.14 2451,69 4928.35 493173
ih (N) {(10943,24) {10905.,66) (21922.31) (21937.42)
T 5378,64 4772.26 8860.59 7670.59
1b (N) (23925.37) (21228.06) (39413.85) (34120,47)
Eg 11311.67 10131.61 18760.19 16339,7
1b (N) (50316,80) (45067 ,63) (83449,45) (72680.58)
Ay 18630,78 16913.27 31858,23 28461,90
1b (N) (82873.81) (75233.95) (161712.41) (126604.79
Bp 296,91 496.14 1213,33 1602.59
1b (N) (1320.72) (2206,94) (5397.15) {7128.67)
Ay 3453,00 3134,69 5804.57 5275.1¢
b7 (W) (15359.70) (13943.79) {26264 ,83) (23464.81)
B, 57,71 96,44 235.84 3L1.5:
b7 (N) (256.71) {428.99) (1049.07) (1385.67)
Ly 95.0 100 95.0) 100
ft (m) (29,0) (30.5) (29.0) (30.5)
L, 123.56 118,56 123,56 118,56
fr (m) (37.66) (40.41) (37.66) (40.41)
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Table 6.2a

Stress Resultants in Lift 28 for Swum of Load Cases
at Angles of 0 and 1.875 Degrees

Sum of load Ceges: 1 2, 3, 4, 5 g = 0°
Point of Top N N N M M Q Q
Load of ¢ b 8¢ ¢ 8 ? 5
Application | Location Element | Node k/ft k/ft K/ ft in-k/ft in-k/fe k/it kit
TL 28 1 1 0.000 -27.11 0.0 0.000 ~2.449 0.0000 0.0
I 2 2 0.034 -25.81 ¢.0 1.912  -1.255 0.0225  0.G
K 3 3 ~0.047 =22.45 0.0 8.804 -~3.632 0.7103 0.0
4 4 -0.114 -18.64 6.0 23.832 -7.899 0.9382 0.0
5 5 -0.127 -14.94 0.0 46.840 =-10.266 0.9345 0.0
L 6 5 -0.09¢ ~11.72 0.0 47.892 -11.707 0.8687 0.0
J 7 7 0.023 - 9.46 0.0 54,312 -11.3%44 0.9554 0.0
TL 27 8 8 0.102 -13.18 0.0 60.768 -24.5696 0.4627 0.0
Sum of Load Cases: 1, 2, 3, 4, 5 e = 1.875°
Point of Top N N N M H @,
Load of 4 8 64 b 8 Q )
Applicarion | Location Element | Node “kffr k/fe k/fx in—k/ft in-k/fc k/ft /it
TL 28 1 1 -0.001 -31.91 0.000 0.000 -76.416 0,000 4.3880
1 2 2 -5.341 -28.28 ~1.122 -8.732 -81.792 8.594 1.4400
K 3 3 ~3.644 -22.59 -1.274 18.492 -62.628 4.707 -0.5434
4 4 ~1.869 -17.64 ~=1.362 35.400 -34.080 3.234 0.2385
5 S -0.824 -13.97 ~1.671 49,908 -13.788 3.074 0.1788
L & 6 0.374 -10.94  -1.343 70,644 3.307 2,322 -1,5720
J 7 7 -3.811 - 9.06 -0.792 89.520 13.704 -3.506 -0.585%
TL 27 g 8 -2.012  -12.28 -1.3B7  62.556 5.300  -1.326  1.6810
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it .r *-ress Resultants in Lift 28 for Sum of Load Cases
.. Angles of 0 and 1.875 Degrees

Sux of Losd Cases: 1, I -+ @ o _a_-_O_‘”
T
Pnt;\:dof ;r;p ; NQ Ng H“ M~ HB Q. Q
Application | Location | Element | Node /o /o KN/ KN¥-n/m  XN-un/z K/ m KN/m
T 28 1 1 0.002  -395.7 0.00 0.000  ~-0.908 0.000 0,00
1 2 2 0.493  =376.7 0.00 0.708  —0.465 0.431  0.00
K 3 3 -0.679 -335.0 0.00 3.263 -1.346 10,368  ©.00
4 4 -1.667 -272.1 0.00 8.721 -2.853 13.694 0.00
5 5 ~1.B58 -218.1 0.00 13.653 -3.811 13.640 0.00
L 6 G -1.438 -171.1 0.00 17.749 ~4,139 12.674 0.0¢
J 7 7 0.342 -138.1 0.00 20.128 ~4.204 13.952 .00
L Ty 27 ] 8 1.486 ~192.4 .00 22.521 -9.152 6.754 0.00
Sum of load Capes: 1, 2, 3, 4,5 8 = 1.875°
Point of Top N N N M M Q Q
lLoad of b s 8o ¢ s ¢ ¢
Application { Location | Element | Node | XN/m XN/ m KN/m FN-m/m  KN-m/m KN/m KN/m
TL 28 1 1 -0.01 -465.8 .00 0.00 -32,03 -0.00 64.05
1 2 2 ~77.95 -412,8 -16,38 -3.24 -30.31 125.40 21.02
K 3 3 =53.19 ~329.7 ~18.62 6,85 -23.21 68.70 -7.93
4 4 -27.28 -257.5 -19,88 13,12 -12.53 47.20 3,48
5 5 -11.88 -203.9  =24.3% 18,50 - 5.11 44,67 2,61
L & 6 5.47 -153.7  -19.60 26.18 1.23 33.89 -22.95
J 7 7 =-55.63 ~132.3 =11.56 33.18 5.08 ~81.17 =8.55
TL 27 8 ;B -29.37 -1{9.2 -20.25 23.18 1.96 22,27 24.54
{ .
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Table 7.1 Shear Forces im Lift 28
Loading Cond. Qa Shear Qg Shear
1,2,3,4,5 Strength Strength
(in pounds) (in pounds)
At Center 0 2539 30 2225
At Rib 4388 2594% 8594 2286

* Capacity of the section 1s less than shear force.
Q¢ = Radial shear in the wertical cross section

Q¢ = Radial shear in the :arizontal crosas section
1.0 1bf = 4.44822 N
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Figure 1.1 A General View Showing Completed Tower Unit No, 1 and init No., 2
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1 ft = 0305 m
1in = 25.4mm

Figure 2.1 Elevation and Plan View of Ccoling Tower Unit No. 2
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Figure 2.3 Perspective View of

the Scaffolding System

/ Cathead gantry

- -.;.?q-.«_u.._..;.,.
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¥ Sterl skidhoard

Figure 2.4 Interior View oi a Tower Under Counstruction
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Figure 2.5 A Cross Section through the Formwork and Scaffolding Systems
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Flgure 2.6 ‘ttachment of Jumpform Beam to the Exterior of Shell
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Figure 2.7 Junpform Bean Detail
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INTERNALLY THREADED COMNECTOR GOING INSIDE
AND DUTSIDE JUMPFORM BEAM PAIRS
INSIDE JUMPFORW BEATY PAIR

g

" X\,,_.ﬁw—-—- QUTSIDE JACKING-FRAME

STIFFBALK -FORMWORK ATTACHED

INSIDE JACKING FRAME T2 JACKING FRAME

JACKING FRAME ROLLER POSITIONS

—— OUTSIDE JUMPFORM BEAM PAIR

TYPICAL 5 FT. LIFT & in. THICK

EXTERNAL RIB

Figure 2.8 Attachment Detail of Jumpform Beams and Jacking Frames
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Figure 2.9 Jacking Frame Assembly
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Stiffback channel

Figure 2,10 Formwork Support System
(Note five levels of adjustable jeists are used per life,)
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Receiving position for
—--~ lower jumpform heam

“Jacking” of formwork

Elevation 156.283"

Y Lower outside
Diamates 271142° T ‘

'\ jumpform beam

\l——-im
Scaffolding system
fallowss formwork

Figure 2,12 Raising of Forwwork and Relocation of Jumpform Beam after Casting
of Lift 27
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Elevation 161.126" ,
Diameter 268.645° 1

Elevation 156,289 4%
Diameter 271.142°

Figure 2.13 Position of Jumpform Beams Prior te Concrete Placement for Lifr 28
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Receiving position for
lower jumpform beam

' Elevaticn 168128 |
Diameter 268.645° |

Elevation 156,289 | Lower inside jumpfarm [\AY
Diameter 271.442° 1

Sy Scaffolding system
beam removal follows formwork
\t

Figure 2.14 Raising of Formwork and Relocation of Jumpform Beam after Casting
of Lift 28
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(oLl

Elevation 165.969°
Diameter 266.167° |

Elevation 161.12&
Diameter 268.645 |

Elevation 156,239
Diameter 271.142° #

Figure 2.15 Position of Jumpform Beams Prior to Concrete Placement
for Lift 29
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Figure 2,16 Cathead Ganiry Assembly
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Cathead
No. 3

loading
statian

\\‘ Cathead
“ N 2

Twin deum haist

Figure 2,18 Location of Drum Hoist Relative to Cathead Gantries
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Ny

Figure 3.1 Exterior View of Tower Unit No. %

Haist cable for cathead no. |

. !‘41 T

Figure 3.2 Top of Lift 27 Showing Jagged Edge
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Figure 3.4 Distribution of Debris Around the Bage of the Tower
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Hoist cable for Y
«cathead gantry #1:
03 ;

£

Flgure 3,5 Top of Lift 27 at Cathead Cantry to. 1

Location of cathead
yanliy ng 2

Lowar anchor
boit
& -

bl

away with upper
anchor bolt |

Figure 3,6 Exterior View of Top Portion of the Shell Between Cathead
Gantry No. 1 and No. 2
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. Cuncre‘&‘ br&._‘n aw;iv
1o iher with top }’

% anchor boit 1., o f-

— Bottom ancher belt

1

Filgure 3,7 Typical Rib in Lifr 27

Hexhead hoit

/ Comped rod Washer

Threaded
coupler

Figure 3.8 Anchor Bolt Assembly
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T age
k4

L gcalized crushing

Figure 3.9 A Close~up view of the Bottom Bolt in Lift 27 Which
Suppotted a Cathead Ganiry

Top of Lt 27

m— — — p—
N — — ———— —— — —
e — A — —

Agproximate position
}/ of 10p anchor hoit

Lol ¢

o e T
‘ T ; s 3
- . .‘r.. R , S ‘ e
; . DI S - o~
. . » L
. T e a . 4 £
LN - - - - 7
. .

Figure 3.10 Close-up Yiew of Top of Lift 27 at a Rib Location
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Figure 3.11 Close-up ¥iew of Top of Lift 27 Showing an Anchor Bolt
Hole in Concrete

Cathead Lieam

Sratie line

Figure 3,12 An Overall View of Cathead Gantry
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B Bent bdlt‘}';’x ~

Figure 3.14 Displaced Slide Plate of Cathead Gantry No., 6
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/

Calhéadheam

I

Inside leg

Figure 3.15 Inside Legs of Cathead Gantry No, &

tUethead heam

\'fﬂzfﬂiﬁi?

Figure 3.16 Outside Legs of Cathead Gantry No. &
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Figure 3,17 A Groove in the Shell Cut by the Holst Line at
Cathead Gantry No. 4

Figure 3.18 Concrete Basket Used for Cathead Gantry No. 4 Which
Was Recovered from Wreckage
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Figure 3,19 Drum Hoist for Cathead Gantry Ne. 3 and 4
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Figure 4.1 Temperature Variation Used to Cure Test Specimens
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Figure 4,2

Compressive Test
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Figure 4.3 Compressive Strength vs, Maturity
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Comprassive stress (fc), psi

Secant Modulus (E) @ 0.4 f'c, 106 psj
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Figure 4.4 Compressive Strargth ws. Modulus of Slasrielty
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No. 4 DEFORMED
STEEL BAR  n

LVDT EXTENSOMETER

2X4 SUPPORY
HOLDING TRIPOD \ﬁ 2

TEST SPECIMEN : JF
9 A:
iy 5
COPPING PLATE N4 1 Fon
e Bt SPHERICAL SEAT
48 n Min.
WIRE GAGE G2 em}
] X ] INFORCEMENT
TESTING MACHINE .
CROSS HEAD g
SOFT RUBBER
TUBING € ln. Dla.
oLD
j
" s M
No. 4 DEFORMED m\ T_——
8lnlinzom) 8in
4 (20 5cm)
3 ! !
L) L LTSS -
+ @8em)
] .
l;ll.:S‘l’lc FURNITURE PLYWOOD BASE

Figure 4.5 Pull-cut Test Setup Figure 4.6 Ssction Through Pull-out Specimen Rack and Mold
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Figure 4,8 Williams Anchor Bolt Assembly

Figure 4.9 Appearance of Williams Anchor Bolts After Temsion Test |
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Reproduced from
best available copy.

Figure 4,10 ¥Fractured Williams Anchor Bolt Embedded in & Concrete Block
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Figure 4,11

i
¥
H

Figure 4.12

Typical Wire Rope Test Specimen

Tension Test Setup for Wire Rope
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13 Test Setup for Chain Holst

Figure 4

Fractured Cover Plate for Gear Box

Figure 4.14
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Reproduced from %
best available copv. &7

Figure 4.15 Anchorage of Static Line to Ground Through Grip-Hoist
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i,.
B!

Figure 4.17 A Close-up View of Grip-Hoist After Tension Test.

The Hook Pulled Away from the Housing.
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.M‘\J i /-cathoad b-?am 'ﬁ —

Slide plate
assembly

Counterstatic line

Chein hoit /

Haist cable

Static lins

Insids fags —— Qutside tags

i
i
'-
"}
1

= Jumpfarm heams

?'.

Steel balls

78

Y )
i Butside support

4
o5 VH brackst

Jacking frame
Insida sypport brackat

fovel 2
Jacking frama

Anchor balt -

Level 3

Steel skidhoard

tovel &
Figure 5.1 Cathead Gantry Assembly
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SLIDE PLATE ASSEMBLY

INSIDE SHEAVE
CATHEAD BEAM

& _;ﬂ o *
e i T L)
COUNTERSTATIC LaX~~___QUTSIDE
PULLEY LINE SHEAVE
CATHEAD

CHORD OF /

STATIC LINE ,’
. W/

UPPER
TOP OF . DIAGONAL
LIFT 28
—_LOWER
DIAGONAL
TOP OF
JACKING LIFT 27
FRAMES
B0 (OUTSIDE)
TOP OF
LIFT 28
ROLLERS

an

Scoiey F—— e

Im

Figure 6.1 General Sectional Configuration of Comstruction Scheme
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— TOP OF LWWT 27

\—- JASE OF CONCREYE SHELL

FIELD SURVEY DATA

C: cathead wo, 5 static line elevis ar concrete hogper
Elevation 9t C = 105,37 £t (32,13 »)
B # DE /) EF L AD

norizontal Distances, fr (m)
I B0 DE Ay T EF
{ 8. 4583 5, 5417 1.0675 2.0
(2.5798) £1.9952) (0.3241) (0.61)
b CE [ TT AF
2.7708 1.5417 52,5825 8.6073
(0.8451)  (0.4702)  (25,2316) (2.6253)

Coordinates, £t (um)

Spate Coordinates
location and i-*
Description of Point Yorth $South '1 Elevation
=
A:  Center Heem~ t 918,46 1023,29 1 $2.81
(280.43) (312.1%) {29.30)
B: Cathead & Statlc 970,94 1022.66 104,92
Lire Clevis ap Hopper (283,00 .91y | (32.00)
T: Sheave Block for Halst ! 1600.60 1000,00 | 98,45
Lines of Catheads 3 and & Y} (305,00) £305,00) {30.07)
N: Cold Jofnt Top of = 1009.23 923,50 264,68
L1t 27 ar Cathend 4 ) {307.82) (281.57) (80.73)
s Holex Dran for 1| 107%.80 976.84 99,33
Catheads 3 ond & 1) (329.34) ' (287.94) _£30.36)
Q: Cround Sheave for Holwr 1| 1040.92 £81,84 98,61
Line of Cathesd 4 (7.8 €270.79) _(in.o8)
¥ cave Block for Holst ] B852.27 973,94 98.49
Lines of Catheads 5 mnd 6 !} (259.93) £297.03) (30.04)
W: Coid Joint Top of ‘ B6Y. 4R B9g8.75 265.54
Lift 27 ax Cachead § (264.56) {27¢,12) {80.99)
R: Ground Sheave Ior nolst | B31.94 89q,3% 96.90
Lire of Cathead 5 259.04) {260,58) {3p.16)
[ 5% dolat Brum lor "Lna.ﬂ 835,38 99.36 |
Catheads 5 and € {23%.36) (231.93) {30.30)

Figure 6.2 Field Survey Data f{or Location of Holsting Cables
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_FIELD DATA
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9 :I y T
4,92 ~ DATUM{EL»500.00") ) ___l Vi v <
ag ! 4z3u3 7
ﬁ,r__..__,[c_
LENGTH OF HOIST LINE (UK) AT CATHEAU 4 = 470.4 FT.
LENGTH OF HOST LINE AT CATHEAD % 1 4(8.6 FT
COMPUTED RESULTS
N lacLo
G:E 932,68
EL+ 20010
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Figure 6.3 Sectlomnl Elevatlen at Cathead 4 and Conputed Hesults
of Cable Layout for CatHesds & und 5
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@\\* B\ i WF BEAM
B B N ;
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DIAGONAL

LOWER
DIAGONAL

) ’

I o A,

0z o O
BEAM MODEL 34 :
\=°. b % 3 % 1
’ h TUBULAR "] \
. guanaes, o0 \, SECTION ) -
D ped 8 i ‘
o upraR® ' : X
— . LX)
t1 2 0.308m Seate "i——L—"‘—”"
(2} Jacking frames. (b} Scaffolding and cathead profile.
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Figure wv,4 Foreces Acting us Lue Jacking Frames
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1= O.308m

Figure 6,5 Forces on the Jumpform
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Load Case(?) — Weight of Scaffolding

¥y{paroltel 1o atieit)

My
\F’ Fx.

4

x{normal 1o sheit}

T (fangent to shali)

J.oad Cage (3) ~ Live Loads

Loc Loe
1 J K L I J K L
Farce Forces ]
Fy -674 366 gl -226 F 337 -212 3z o
Fy ~2426 -2426 0 0 Fy -570 ~970 8 0
F, 0 4] Q Q *Fz [ 0 a G
My OJ 0 a D‘ *My 0 0 o 0
Load Case (4) -Weight of Cathead Load CGase (5) - Hoisting Loads
Loc Lod]
i J % L I J K L
Forces Foaxce
Fx ~1233 784 ~55 232 Fx ~1902% 12296 426 2964
Fy ~828 ~928 0 0 Fy ~1996 -1996 o] 0
*F. 2}.3 =123 71 -66 *F, 2151 -2151 707 §-1544
*My 67 65 101 9l *l‘ly 798 798 | 1243 2115

*
Near side jumpform beam (forze on far slde beam equal and opposite)

Units:

Moment in ft — 1b (1,00 fr = 1b = 1,36 N —~m)

Force in 1b (1.00 1b = 4,45 N)
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Figure 6.6 Summary of Loads Applied to the 3hell




) Cathesd bssm

S wg iV ] .
Static ling —w-] Wy
‘ Hoist line
. Caunterstatic
\ line
l w
To) Chain hoist % w2)
W) / /y
‘ - Jumpfgm beams l
Rafling post
{W3)
P - < P L(l"wsl
‘ o B s s
= Tt e Formwark and steel joists
X : \ ' -Upper diagonal
" \ . Guard rails
i \
Wit
Climhing frames 1 4
. - >y Lowaer diaganal
Yubuler steel sa¢tion ® Planking
Psp! ' { Brackets
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St:d board U
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(vertical arrows designace forces Y
of components acting at their ~
regpective centrolda--forces in o Rollars
parentheses cccur only at cathead
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Figure 6.7 Definition of Gravity Loads
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-k 3.46
159 .42 - 5.85 .82 CATHEAD
5 J- BEAM
G| @
;¥*4f1:“f*L“'1‘1§\ Bl L o g B
H ' Jd -
-8 s .
B i 0 hcié‘QB
' )
B I }- €,
Fo
fo
n
L
.TN "‘:
o
o
b o
!
BN
w0
- @
© ]
~
[
—f
324
A, B = supports of imelde and ocutside cathead legs, respectlvely,

Ays By # cathead leg reaction components in plane of figure and
norinal to AA, and BBy, respectivell.

Ap, Bp » cathead leg reaction components ia plane of figure and

parallel to AA; and BB;, respectively. .
Az, By » horizontal cathead leg reaction components of A and B,
respectively, normal to plane of figure,

=
L ]

resultant welght uf cathead beam assembly

T, T, = tension in static line due to hoisting loads and self weight

tension in hotst line (F, = F_)

F. = tengion In counterstatic line

a = Ak = 1B.65 ft Wy = 23% 1b

b = BE| = 17.64 fr 9, = 77,740°

W= 1071 1 gy 79,436
o= 500 1b Gn ™ 53,03L°
W, = 449 Lh o, = 12,4°

L Et = 0,305 o
L Lb = 0.433 kg

Figure 6.8 Freaz Body Diagram of Cathend under
Gravicy and llolsting Loads
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12" ¢ sALL

WELDED PIPE -
/
)
S
7
4 '5” A\é’
Pal
CHUTE DETAIL ” -—>}<—o.2" THICKNESS
T } CHUTE
HOISTING LOADS . _ !
VOLUMES :
= ) ) 6 3 .
- . 1 BN
Bucket 695 in” (11.40 x 10Y mm™”) scaLe: ' ) 3”"
Chute = 130 in® (2.13 x 10% mmd)

1/2 yd. Concrets 13.5 ££3 (0,378 m3)

WELGHTS:

Bucket = (.283 % 695) = 197 1b (B9.2 kg)

Chute = (,283 x 130) = 37 1b {16.8 kg)

Concrete = (150 x 13.5) = 2,025 b (917.3 kg)

Steel Balls (two) = 580 1b (263 kg)

Misc., Hardware = 65 1b (29 kg)
TOTAL = 2,994 1b (1316 kg)
Use Wy = 2,900 1b (1314 kg)

Figure 6,9 Concrete Bucke: Dimensions and Weiuhts
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CONSTANT INPUT PARAMETERS

Fo, (ASSUMED PARALLEL.
TO KG}

VARIABLE INWPUT PARAMETERS

L

BG ~ 218.56 ft (66.66 m) L, = BQ
0.098 1u? (63.21 un?) L, = 6Q
13 x 10° pei (89.7 x 10° kw/m?) D = XQ
135.94 ft (35.36 m) Wy = Bucket Welght

185.27 ft (56.51 m)

Figure 6,10 Simple Model for Analysis of Cable
Forces Due to Hoisting Loads
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Y), = ten : 1D/Ll) b

Yy = tan~! (D/Ly)
L. refer to fig., 6.10

85 = (33 + 35)/2

By~ 8-

Bs — By J
F =iy sin Bl/sin (8y + 8,) = force on static line

Fp = Wy stn By/sin {B; t+ B,) = tension of hoist lime

T = F/(2 cos Bg) = tenslon in static line

D = Llfsin £, = length BK, fig, 6.19

Dy = Ly/sin B, = length GK, fig. 6.10

8 =0y + Dy = stressed leﬁgth of static line under tension T
§ = Tsf/{AE + T) = static line elongation

y, =5 = 5 = gtregg~free length of static line

Xg = ¥ coordinate of G after elastic deformation of cuthead
Y; = ¥ coordinate of G after elastic deformation of cathead

F, = force in counterstatic line due to hoisting loads

Ap

BP Cathead leg reaction components in directions
ghown in figure 5.12 due to holsting loads

Az

Bz

Designates recults printed out by computer

Figure 6.11 Procedure for Cable Analysia Program
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(a) Space configuration )
of a carhsad leg.

View of cathead legs
in tangential planc.

CATHEAD LEGS

\

1.837° I 14.097*

ra131.85"

r=1{34 35
N ‘ \ )
bl COUNTERSTATIC
39 LINE
r=133.04a'
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4
r=133.85' 192'
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. P, (¢} Configuration of cathead leg
‘) Partial ehell profile, reactions relative to shell,
t# = 0.305m

Figure 6.12 Configuration of Cathcad Legs and Reaction
Components Relative t¢ Shell
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(a= 810
PROFILE DEVELOPED LENGTH
FORMULATION OF LOAD-DISPLACEMENT EQUATIONS
Cable: A= 0,154 in? (99,33 wa?) € = Ecly/2 (AE},
E = 13006 kai (89,7 x 100 kw/u?) 8, = Faly/2 (ARD,
Chatn: A = 0.110 in? (70,95 mal) 8y = RLy sec o/ {AED,
L = 29000 ki (200 x 108 xnim?y fyp = F, (3L, - Ga)/1E1
Toany e Ay - 2x 108 1 (89w 108 W) 4,00 £ Chygps Ls. Ly, 8g. 9g)
(4B, = 1.2 x 105 1b (14,2 % 10% W) e ® by + 0y ¥ a4 8y
R = 0.522 F, L KI-‘: (K = cansr.)

Lt = 0.308a

* B, = displacezent of potnt C due co lateral deflection b1 of WY beaw

Flgure 6,13 CGepmetric, zterial and Load-displacement
Characreristics of Counterstatic Line
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,L ______ 3
1
i
i__,,/— e
! X
E"—vk Qe
4
l"

SALL DISPLACEMENT GEOMETRY:

ByBy = bag'l BBy, BBy = AjAy = GGy = CC, = ByB, cus(-% - 0g)
ByBy = BB, sin (—'5— - Bg)y AjAy = AjA4 tan (-!‘2-- 8,)

o = tan L((AjAy+B,B3)/A By ], AyGy = 4G

GGy = A3Gl tan ag + Aghy, %X * ByB4, Yo = clcz

C1Cy = Ay = AT tan ag, c;a:l = tan"}(c,€,/CC,)

%1 ™5~ & - C:EEJ.- ¢, = (&8 + EeH)M/?

4, = C4C 81in 85y, A, = KF, (from figure 6.13)

Ké = (chéc)xc’ Yé - (‘clac)yc**

* a, =~ rotation of BB, about point B

*k X&, Yé = displacement of G due to Fo

Figure 6.14 Displacenment of Point G due to Axial
Elongation 4. of Counterstatic Line
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Known ¢

T, Fp, F

T T R
E= 29 x 10% psi (200 x 108 pN/n?), 1= 65.2 1n* (27.1 % 16" m?)
Ly = 5.3 ft {l.6 m}, Ly = 3,7 it (1.1 m)
Ly = 1.8 fr (0.35m), L, - 10,5 fr (3,20 m)
Camputed:
8y = PLIIRL, &5 = (3Ly - Ly) PoLE/eET
Mp o= PiLy, My = Byly, Mg = Paly
B = {2 + My + M3)L/BEL, &4 = L0
Vg = d)p t oyt by
X'('; = Q=
G KL R = XL (see fig. 6.14)

Yo = YL o+ YL {see fig. 6,14)

* K, YEY = displacement of G due’ to cathead beam deflect.on

* % (K“.YG) = dicplacement of G due to elastic deformation of cathead

Figure ».15 Displacement of Vaint ¢ duc to Plexsral
Detormat ior of Zuthead Beanm
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EXPANDED VIEW QF TOP 3 LIFTS, .E. MODEL
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Figure 6.16 Cooling Tower Finite Element Model
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SHORE fll LINE LOADS

z(-v) .
~L. / ?

A, Meridionaj and pormal forces S;/,/

y(-u)

2.{-v} K

\\
X

8. Tangential force

——- My, 88

7.{-v)

x,(w)

C. Meridional moment

flgure o0.17 shoere-1I1 Line Loads
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Stress-couple resultants

Figure 6.19 Sign Conventions
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Meridional stress resultant - N¢, kips/ft -
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Figure 6,20 Meridional Stress Resultant at Cathead No. 4
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Hoop stress resultant - Ng, kips/ft
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Figure 6,21 Hoop Stress Resultant at Cathead No, 4
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Circumferential moment - Mg, in. kips/ft
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(57} ABSTRACT

In an apparsius for corstructing high-rising. poured
concrele whlls, pairs of spaccd-apart, upright supports
are i on a d. and then
detazhably I:uched to:both sides of 4t least » partially
hardened leve! of concrets wall and at intervals along
the Jength of the wall for repeated. upward, step-wite
use as the wall is being formed; a plurality of carrges
arc mounted on adiacent tupporis aloag both sides of
the wal for i upwrd mo s the w:ll is
being zast, and adj i
age ymounted on the carrisges. Fach lssl:mbl) opposing
a similn assembly to define a cuntinuous mold imo
which néw concrele is poured on top of previously
poured concrete 1o form 1he wall,
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1
APPARATUS FOR CONSTRUCTING CONCRETE
WALLS

CROSS-REFERENCE TO RELATED SUBJECT
MATTER ~

Related subject matter is disclosed and claimed in my
U.S. Pat. No. 3,779,678 granted Dec. 18, 1973,

BACKGROUND OF THE INVENTION

Modern concrete wall casting techniques frequenuly
utilize pairs of spaced.apart, shaping forms beld in posj.
tion by various types of movable supports. the concreie
being poured between te forms and on 10p of the section
of wall poured earlier and partially set. After the last
pourzd concretz has at least parially set, the forms are
removed and relocated abeve the former position and
then the procedure is fepeated until the wall is com-
pleted.

SUMMARY OF THE INVENTION

This invention provides & new and improved appara-
tus for cffcu:m cuung cflhnpcd concrete walls and, in
the p embod n plurality of prirs
of spaced- lpan, upright suppcm.s extmding from the
foundation inltislly and then sttached 1 opposing sides
of the wall being formed along the entire length of the
wall, sections of each support being detachable at the
bottem of the support and from the wall at intervals and
re-attached ot the upper end of the suppon to form a
continuously sdvancing support as the wall is formed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is & perspective, stylized view of the base
portion of & cooling tower vcﬂ being formed by the
casling app of

FIG. 2 is & vertical section of the apparatus showing
the preferred form of supports and cartiags;

FIG. 3 is & top view of the apparatus snown in FIG.

FIG. 4 is an enlarged, fragmentary siile elevation of a
farm or shaping sstembly;

FIG. 8 is an enlarged, vertica) section showing the
cerrisge elevating and retaining mechanism;

6 is an enlarged, vertica) section showing the
. intermediate form in relstion 1o the carrisge;

FIG. 7 is a rear clevation of the sheet pontion of the

form assembly;

H

25

0

3

40

A5

FIG. ¥ 1s » fragmentary horizontsl 1ectional view of

the form assembly and related a thy;
FIG. 9 is s perapective view of the hoisting apparatus;
and -

F1G. 10 is & side 2ievation of the houting apparatus.

DESCRIPTION OF THE PREFERRED
" EMBODIMENT

‘The preferred embodi of the app s et
forth hcrem. for ustrative purposes. in connection
with the eomstruction of a conerete veil or ide walt

0

$

“

2

During the initial 2onstruction of & cooling tower And
after the ground foundation has been laid, psirs of op-
posed, spaced.aparz, generally vericsl supports or H-
beams, designated 20 for the inside 14 and 20' for the
outside 12, are enchored on the foundation. Each sup-
port 20 and 20°, not shown in FI1G. 1 burt located a1
each cerriage 1P, is 20-30 feet long and is composed of
several sections 22 of eatruded aluminum, gencrally
H.shaped beams, jointed at their ends by boliad pistes
24 as shown in FIGS. 2 and 8, The beams of cach pair
are separeated from each other by & distance while will
gzneraliy Se the thickness of the wall 10 being formed,
which at the base of a tower is about 30 inches. The
beams are spaced apart, as desired, as best shown in
FIG, 5, by a plurality of horizontal spacers or internalty
threaded insstis 26 attached to the beam flanges 20A by
bals 262 before coneraie is poured between the beams.
Each pair of beams ese scparated by about 10 fect from
similer pairs around the wall s that the beams are Jo-
cated a1 spaced imervals completzly along hoth the
inner and outer wall surfaces 12, 14, As the concrete is
pouted between the beams and the wall increnses in
beight, a lower seciion of each team is dewached from
the side of the wall 10 by removing bolts 262 from the
specers 36, leaving the spacers in the wall. Then' the
seclion is attached to the top of the same beam, As the
corncrete cures, the lower sections of esch support held
tightly sgainst the well surfaces easily support the car-
risges 18 and other structures mounted on them. The
beam sections 22 may be lified into new potition by a
simple block and 1ackle or other lifting means mounied
on the carriages 18, The beams 20-20' are alsa provided |
with spaced apart lugs 30 (FIG. 2) permanently affixed
10 the outer fisnge 20B of each bear for a purpose later
described.

A plurality of carriages 1B, shown in FIGS. 1, 2, 3, 4,
5 and §, wre sepamtely maunied for vertical movement
on beamns 20-20° and adjacent carriages support there
between concrete form assemblies 36 which shape the
surfaces of the wall being formed. Additionally, as
shown on FIG. 2, the carriages provide s working plai.
form for men and equipment which extends :mir:ly
around the wall being formed.

Each casriege 18, reference being mads to FIGS. 2, l.
% and 6, includes & pair of timilar frames 19 composed of
several common structursl beams welded and bolted
together 1o form a mrong, unitary structure, Tn detail
and as shown in FIQ. 2, each frame includes & vertical
channel 32, which is welded 10 a horizontal fcbing 46,
which in tura it bolted with bolt 132, 10 channel 34,
which is weld=d 10 channel 44. Two adjacent frames 19,
one being constructed opposite hand, are jointed to-
gether to form each carringe 18 mounted on & beam N
by bolted connector plates 33 (FIG. 5), angle 38, rollet
frame 148, and mechine bolts 108, 126, 128, 130 and 332,
which 1110 serve as axles 10 other components. A pipe
42 and » thread rod assembly 48 are bolied between
sdjacent frames 19, and serve a3 an adjustable support

of a nature dralt cooling wwer, which frequently rises
450 feet above the ground and has a diametzr of 350 feet
at ground level, In such construction, the round con-
crele wall decreases in diameter as it rises until narrow
section or throat is reached, and then incresses in dism-
eler 10ward the 10p 1 form the hyperbolic shepe. As
ilinstrated in FIG. 1, the tower veil or wall 10 has an
outer surface 12 and sn inner surface 14, and a senies of
carriages 18 Jocated entirely around the 1op of the wall.

160
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1o channel 34, Wheels 310 are mtached 10 channel 32
and tube 45 of each frame by axles 102, 104, 106 and 108,
and ride againtl opposing aides of the two outer flsnges
208 of the beam holding the cArriage against the beam.

A hydeaubic jack 11% {F1G. 3) is attached to plate 33
snd roller frame 148 in each carringe by bolis and
mounts and exerts upward thrust againat the carriage
when hydraulic pressure it supplied through flexible
hose 120. A reciprocating bar 140 is sitached to the tam
of the hydraulic jack 111, which in tum has a pivoted



- 4,040,774

pawl 162 which is spring loaded (spring not shown) to

insure positive engagement, between pawl 142 and lug

30 on bearm 20-20°. L.
Further, wheels 184 arc mounted on roller frame 188

which ext¢ ads between adjmcent beams 32, and arc in. §¢

rolling contact with teciprocating bar 140 to resisi lat-
eral forces on bar 140 and prevent di be.

f
pans] 64 .is,only supported from (alling, by.brackey, 66
and can easily be pulled out be shiding it upward fram
between the support beams 20-20" and the sieel, trusses
<10 for cutting. e e
The nature, of the extruded aluminum beams 22 thal
meke up the support beams 20-20° permits thai chey can

tween pawl] 142 and lugs 30. In addition, » follower
pawl 124 welded to a short pipe 125, which in turn is
mounted for rotstion o0 a shaft 126 extending Bétween
beams 32, engages lugs 3¢ and is held in engagement by
spring M6, o o
Normally, the carriages progress in an upward direc-
tion by extension of pawl 142 until toeth 124 enguges »
higher lug, 30 followed by withdrawal ‘of paw| 142 for
relocation against u higher iug 30, and repeating; How-
ever, il necessary, & carriage can be-lowered by extend-
ing hydraulic jack 118 so that the load carried by Tol
lower paw] 124 is now transferred 1o extendable pawl
142 and engaged cleat 30. When the load is thus trans-
- ferred, pawl 124 can be pivoted so thet by slowly re-
tracting the jack will allow the carriage (o sente and
. follower pawl 124 to engage in the next]ower cleat 30,
. A working scaffold is formed by planks. 36 resting on

beams 3% of adjacent carringes and an ouier.rail 44 2

between whichiropes or plenks may be placed. |
Concrete chuping form assemblies 16, generally

shown in FIGS. 4, 6 and 7 spsn the dictance hetween

adjacent carriages 18 on both sides of the wall being

formed and form and sides of the ma!d into which fresh 30

conerele is poured. Ezch form assembly 16 includes a
forming sheet 64, two end stiffoack chznnels 56, to
which laiera, 1el=zcoping sieel trusses 70 are bolted,
with incorporated wedges 74, that strengthen the

be repeatedly bemt or flexed approximately 3 inches
over each length. without permanent damage. |
Usiag this characteristic, (F1G..2) & frame 76, com-

10 prising two opposite hand weldments are aached to

cither helf 19 of the carriage 18 or one sideof the wall
10, The frame 76 encases the outer flange 208 of a2
.. romion of beams 20-20" which is adjacenr 1o firm con-
+ erete, Similasly & frame 82 i -mounted on the top of

15 cithes half-19 of the caeriage 18 W'izh encases the outer

flange 205 of beams 20-20' above the form enclosure.
An srm 78 is bolted 10 the lower frame 76, and-in turn
a stream-bolt ratchet 80 connecty 1o the top frame 82,
By extending or comtracting the steam-bolt ratchet 86,

0 areral pressure is applied sufficient to bend the support

beam 20 and propeily align the wall 10 bring cast.
The vertical strength afforded by such a forming
sysfem is also used 10 best aduantage’ by eliminating

5 excestively high mobile cranes or lower cranss required

in high rise construction, as usad in previous forming
*syStems. (antries are erected at selected points around
‘the top of the towes as illustrated 1 FIGS. 9"and 10.
' Each-ganiry is compriséd of a beam 88, which is bolted
* 10 four pipc’{cgs 86, which in turn are atiached to four
separste carriages 18, On the tppér side of beam 88, two
sheaves 90 are attached. A commercial hoisting engine
93 on the ground is used with these gantries so that the
load line 92, originating from the hoisting engine on one

tzusses 70 when in the praper position. Forming sheer 35 0t of wall 10, is supported over the wall on sheaves 30

&4 may be 3741 plywood for example. of eny ridgid
material that can be easily cut, or added to, 10 provide
a smooth casting surface, ielescoping trusses 70 provide
Jateral support for sheet 64, throughout their cffective
length, ence the incorporated wedges T4 are wedged
firmly.

The stiffszck channels $6 are structural chennels that
are vertically supported at the bottom by asle 104
which zaterd beyond beam 32, thru sloited holes 63
{FiGS. 6 and B110 & resiner plate 2. Further, axle 108
also eatends beyond beam 32 10 the rctainer plate 62,
The form panet 64 is held firmly apainst she estruded
fiaage 20A cof beams 20—20". This is sccomplished by
wedging the opposite side of the stiffback channel %6

so that materials can be hoisted on the opposite side of
wall 10 as the arrows indicaled in FIG. 10, Also, a
stationary static linc 94, which extends from beam 83 to
a strategic point or concrate hopper on the ground, 15

0 used as a guide for the load line 92, which is attached to

a small block 96 so that its sheave wheel rolls on stauc
line 84, The static line 34 serves 1o make the ground
loading point {nct shown) central, which expedites
soncrele handling from e conerele truck or hogper, as

a5 well as keeping the workmen fiom working benzath the

scafTolding slong the perimeter of the tower.

The two variations in the form sutface, or Ranges 20A
of jack beamns 20 and 11, are shown as in cacling tower
construction, the cuter wall surface 12 is generally

(F1G. &) with a stee) wedge 58 against the extended axle 0 fidged and the inner wall surfuce 14 is generally

108,

Similarly the top of channel 56 forces form panel 64
tightly against the extruded flange 20A of beams 20-20',
with » hurdwood wedge 80, driven between its oppus-
ing side and sngle 38. With reference the F10S. 6 end 7,
the forming shect 64 is held vertically by a bracket 66
which merely serves to keep the sheet 64 from falling
aut when the entire form assembly is unwedged as re-
qulred while “jacking™.

As in the case of cooling tower construction, as the
toswer moves upward in height the diameter decreases
{0 the throat or neck of the tower, reguiring the car-
risges 18 to become closer together. With reference
made to FIG. 8 it can be seen that as the carriages 18
move upward and wedges 74 of the siee) trusses
being loosensd. they ars forced together, or can open
freely as required. FI1G. 8 also illustrates that while the
form assembly 16 has its weadges iposened. the form

161

smodth. The plurality of vertical ribs thus formed on
the outside surface 12 of the completed t1ower serve 10
induce air wrbulance, thus enhancing heat transfer.

Tn casting the initia} conrses of the wall, an ardinary

ss genera] ¢rane is used to raise the plastic concrele from

the ground 10 the working scaffold where it is distrib-
uled by wheeled carts to the forms areund the periph-
ery of the struciure. It will be apprecisted that several
cranes ey be used simultaneously so that such a large

60 siructure can be cast at a reasonable rate. When the

structore height exceeds reach of the cranes, o number
of gsntries are atlached to selected carpages.spaced
around the wall. These ganiries now provide the means
te trensport plastic concrete and other materials 1o the

65 work area, The concrele is raised in buckets {approxi-

mately b cu. yd. capacity} by cables running over the
gantries and returning to hoisting engines on the
ground. Thus, the necessity for using a large tower
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CTne B Rvoided aad the Work o8 prograts much moss wyll snd, at intervals, support yrgments are de-
quickly snd tafely thap with mch 8 crpe. : tached from the boitom of each suyzort and at-

1 claim: . ‘acheg 10 the top v provide s continuous track for

L Aprp fot forming p concrate wall comprising thy carvinges,

4. & plunality of generally vertical supports spaced 5 g, each casting murfas prises the inner susfaces of
spart along beth sides of the wall being formad, genzrlly harizontal, plywood shosts which com-
each support being located opposite to another bine to form & ontinudus casting surface.
support on the other side ol the wall and datpcbably s, each casting assambly comprising 8 plurality of
connacsed jo sk opposag suppers by b plurality of " goncrally hosizontal braces vasitioned contiguous
mmmmcfuﬂchmmuludm%wﬂw the outer surface pf the plywond sheets to support
previously formad, sach support cossisting of spe- the sheets Whils the concrete s setting agsinst the
e mimests deiarhably Joined togaber a1 thels inner surface of said shests, and
bl contguovs ibe mrfve of the Wl pevviouly 1 b cating uaembly compriing at ks + pait of

poction tlotted beams mavably caryied by adjacent car-
previoualy * risges, a2ld pluratity of horizontal braces mounted

betwoen seid slotiad beams which are adaptad 1o be

X wrdged agsinat said adiscent carrisges, 10 that by
* :dwvmd“ WWM fag n::;mﬂ‘\;d&pg‘u;: wedging the satied beama againyl the carriages the
perta 33 the wall is formed, 0 inger suface of the shoats arc drawn into contact
€. 8 plurality of concrels Casling Matmblies koasted sgainet the adjscent supports thereby provicing
slong and on both sida of the wall being Jrmed uid continpous mold.

sdjscent its top, eech assembly supporied st its ends 3, The ppparatus dafinad in :!.in 1 further including
by two carrieges on sdjscent supports apd aach heiting means suached 1o 5ai3 carmiages, 3 ground

surface 25 Juppor 'boilﬁnidlliqe.lndlhuislin; cable connect.

sdjscent mupports a3 thatthe ing said houliag engine and said haisting means.

ansemblios and the euppors togsther defing 8 con- 3. The sppasatus defined in claim 2 furthsr including
talious mold exiending op tof of the wall inta & sationary cable connecting the hoisting means to #
which concrste is poun:.‘ whortoy mi the concpet:  cantrel loading point balow on which the hoitting cable
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Appendix B
Computer Programs for Shell Analysis
B.1 Introduction

Failure of the cooling tower shell under the imposed construction
loads at the location of cathead gantry no. 4 was believed to be a
plausible cause for the initiation of the total collapse of 1lift 28,
Thus, an analysis of the shell structure as it existed at the time of
the collapse was made using the construction loads. The complexity of
the loading conditions as well as the variation in shell thickness and
material properties required that the finite element method be employed
as tlie means of analysis. A survey of finite element programs available
for the analysis of this type of shell structure with the constraints
mentioned previcusly indicated that SHORE-II1[6.2] satisfied these
requirements and has been used previously [B.l, B.2] to analyze this
type of structure.

As a means of verifying the results obtained in the SHORE-III
analysis, a second finite element program, SAP IV [6.3}, was selected,
SAP IV is a general finite element program which provides an alternate
wethod for load input and an alternate shell model from those used in
the SHORE-III analysis.

This appendix will present a discussion of the pertinent features
of the two finite element programs used in the analysis of the shell

and a comparison of the results obtalned from each analyseis, for

selected loading conditions.
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B.2 Discussion of SHORE-III and SAP IV

SHORE~III (SHORE) is a finite element program for the linear
elastic static and dynawlc analysils of arbitrarily loaded axisymmerric
plates and shells., SAP IV (SAP) on the other hand is a general finite
element structural analysis program for the linear elastic analysis of
three dimensipnal structural systems. Although both programs are capable
of performing either a static or dynamic analysis, this discussion will
be limited to the static amalysis since all construction loads used in
the analysis were treated as being static. Furthermore, since SAP has
a rather large element library (truss, beam, plane stress or strain,
three-dimensional solid, pipe, etc.) only the plate/shell element which
was used in the SAP analysis will be discussed,

The capacity of SAP is primarily dependent upon the total number
of nodal points needed to model the shell while SHORE is restricted to
a model comprised of no more than f£ifty (50) elements, This element
restriction for SHORE is not serious for this analysi; since the stress
distributions at the lower elevations of the shell do not have a sig-
nificant effect on the results obtained for 1ift 28, Thus, the number
Ef elements used to model the lower portion of the shell can be reduced,

The shell model is developed for SHORE by discretizing the meridian
curve of the shell with a series of curved rotational ring elements,

SAP requires a discretization along the meridian and around the circum-
ference of the shell in order to develop its model.' Thus, the SHORE
model is composed of a series of continuous ring elements along the meri-

dian of the shell while the SAP model is a three-dimensional assemblage

of flat plates,
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Only a brief description of the elements useéd in the SHORE and SAP
analysis will be presented. References which present the detaiis on the
formulation of the individual elements are giveu in the description. The
curved rotational ring element [B.3] used in SHORE has an element stiff-
ness matrix which is derived from displacement fields that may vary from
linesr to sixth order and includes the exact geometry of the shell as
well as the effect of transverse shear deformation. The extra coeffi-
cientg in the higher ovder displacement fields are eliminated by
kinematic condensation at the element level, Sixth order displacement
flelds were used throughout im this analysis. The element used in the
SAP analysis is a quadrilateral of arbitrarv geometry formed from four

t
compatible triangles. A constant strainm triangle [B.4] and a linear
curvature éompatible triangle with nine (9) degrees of freedom [B.5]}
are used to represent the membrane and bending behavior, respectively,
of the SAP element. A central node is located at the average of the
coordinates of the four corﬁer nodes and has six degrees of freedom
which are alsoc eliminated by condensation at the element level.

Each element in both SHORE and SAP have constant material prop-
erties (moduli of elasticity) although the properties may vary as
requived from element to element in the respective models, The thick-
ness of a particular element in SAP must be constant, but may change as
required throughout the SAP shell model. The thickness of the SHORE
element can vary linearly along the meridian as dictated by the shell
gapmecry,

Vafious loads including thermal effects may be used as input for
both the SHORE and SAP analysis with distributed loads {gravity,
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pressure, etc.) and thermal loads being treated as consistent eguivalent
nodal loads in both analyses, However, a major difference exists in
the nanner in which other loads are input for analysis, ©SAP requires
that all external loads including moments applied to the shell structure
be input as concentrated lecads at nodal points while for the SHORE
analysis all loads are expanded in Fourier harmonles with respect to

an element nodal point and the final reéuit is obtained by superimposing
thie results of each harmonic.

Finally, both finlte elewent programs solve the resulting set of
linear simultanecus eguations for the structural model by a wodification
of the Gaussian elimination scheme which takes advantage of tﬁe symmet¢ric
narrow banded nature cof the global matrices used.

B.3 Comparison of Results

Several of the most significant differences between the th finite
element models are considered and comperisons of results are made, The
differences include the effect of elemeat discretizatlon, boundary condi-
ticns, the method of applying the loads, the precision'uf calculations
and the type of elements used.

One of the biggest diiferences between the two analyses lies in the
initial scheme for discretizing the shell, While SHORE uses continuous
ring elements as shown in figure B.l, SAP requires that the rings be
broken into numerous elements, The radial grid adopted is shown in
figure B.2. The changes in radial increment were chosen to reduce the
number of nodes required for the model in hopes of making the program
manageable on the computer while preserving resolution at cathead gantry
no, 4 and providing loading points at tﬂe other catheads. As it was,
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the SAP anilysis required more than eight hours of computer time, The
effect of having varying radial increments was tc introduce some varia-
tions In the salution which could be attributed directly to the variations
in the size of the elements. This can bz best 1llustrated by considering
the gravity loads which should be ildentical at any angle, Figures B.3
and B.4 illustrate the radial variation of hoop stress, Ny, and the
meridional stress, N¢,‘respectively, 1.5 £t (.457 m) below the top of
1ifc 28, The radial variations in the stresses as predicted by SAP are
due to the changes in size of adjacent elements and to the poor aspect
ratio of the larger elements. The smallest elements at cathead no. 4
{elements 126 and 127) are 2.18 ft (G.656 m) long by approximately 0,6 ft
(0,18 m) high for an aspect rario of 3,63 while the largest elements near
the top (elements 112 and 120) have an aspect ratlo of approximately 58,
As can be seen in fipure B.3 and B.4 element size change has more of an
effect on Nb (fig. B.3) than the aspect ratio, while the gspect ratic has
more of an influence on N, (fig, B.4), However, figure B,3 and B.4 do
illustrate that the stress distribution hecomes more uniform near céthead
no. 4 where the mesh is finer and the aspect ratio of the elements is more
favorable to obtailning a good solution, In the SHORE analysis, the
radial stress distribution is dependent only upon the equations used to
develop the ring elements. The SHORFE and SAP analyses for the gravity
1pad showed good agreement between N, and Ny along the meridian at
cathead no, 4, The largest difference was less than 5 percent,

Different boundary conditions are used in the two madels. The
SHIORE model uses an open type element developed specifically to repre-
sent the columns at the base of the shell. The effect on the model is
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to smear the stiffness of the columns into a ring. In the SAP model

the shell at the top of the ring beam tylng the columns together was
£ixed by prescribing zero displacements. This wasg done to reduce the
number of nodes in the SAP model, Congequently, the stress distributions
within the bottom ring of the shell are quite different for the two
models. However, in element 17 of the SHORE model (see fig. B,1) and
the corresponding elements in the SAP model, the stress distributions
are similar, The same results are presented in veferencze B,l where the
effect of different boundary conditions on a hyperboloidal shell were
studied, Consequently, the effects of the boundary conditions at the
base seem to be far encugh away from the area of interest, the taop two
lifrg, so that none of the differences in results are due to the differ-
ences between boundary conditions used in the two models.

The method of applying the loads seems to have a great impact upon
the results, SHORE requires that the loads be applied as line loads
acting over some finite length, The length is chosen to allow 2 reason-
ably rapid convergence of the fourier series used to generate the load,
SAP requires that the loads be point loads applied at nodes. For this
problem where the loads are essentially applied to the shell by bolts,
the point load approach is more realistic. The effect of using the
distributed line loads is to cause the stress distribution to he more
uniform near the point of application and the maximum stress predicted
should be lower than the real stress experienced by the shell,

The loading function used in the SHORE analysis is develcped by
first distributing the conceatrated loads about the centerline of the
Jumpform beam, The loads are distributed over 0.358 degrees (10 in
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or 254 mm at lift 2B) for the scaffold loads (load cases 2 and 3) and
0.859 degrees (24 in or 610 mm at 1lift 28) for the cathead gantry and
hoist loads (load cases 4 and 5}. The 10 in (254 mm) distribution width
is the surface contact length between the shell and jumpform beam. This
distributed load is then expanded in a Fourier Series which applies the
load at the required points around the circumference of the tower for
that particular construction load. The larper distribution angle used
in load cases 4 and 5 wa;_chosen because it reduces the number of Fourier
series harmonics required to adeguately define the loads. Ideally, a 0.358
degree distribution angle should have been used for all cases. However,
when the distribution angle was reduced from 0.859 to 0.358 degrees, the
number of harmonies required to produce a load function with an acceptable
shape increased from 56 to 150 and computer time and costs almost tripled.
4 sample analysis was conducted using both the 0.358 and 0.839 degree dis~
tribution angles and the maximum stresses differed by only a few percent.
The stress distributions were also essentially the same. Consequently,
it would appear that the compromise between distribution gngle and computer
analysis time is justifigd..‘Figure B.5 illustrates this distribﬁted line
loading for the normal, meridion and tangential forces Fx’ Fy, and Fz,
respectively and for the meridion moment My’ applied to the shell by the
jumpform beams. The bold vectors represent the points loads used in the
SAP analysis,

The development of a convergent Fourier series with only a few har-
monics was found to be a difficult task for load cases 4 and 5 which are.

applied only at cathead 4. This is because as the mumber of application
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points decreases (tvo points or yibs for cases 4 and 5), the number of
harmenics required for a convergent series increases rapidly. In additionm,
the required computer time to analyze a load case using SHORE is related
to the number of harmonics. An investigatlion of the stress distributions
that occurred around the circumferénce of the ghell in load case 4 where
the six cathead gantry loads are applied, for both the SHORE and SAP
analysis, indicated that the internal shell forces decayed rapidly to a
small value at approximately 20° from the cathead as shown in figures B.6
and B.7. :Thus, it was concluded that since the catheads are 607 apart, the
loads applied at a céthead have little influence on the internal forces at
the catheads on either side. Consequently, in order to reduce the number
of harmonies necessary to obtain convergence, the loads for load cases ¢4
and 5 were applied, in the SHORE analysis, at all six cathead locatious
instead of just at cathead no, 4. Figure B.8 1liustrates the loading
function for a normal force applied to the shell by the jumpform beams

at a csthead. This ioad would then be repeated at all six cathead loca-
;Lans in load case 4 to produce a svumetric loading conditiom.

The loading functions were developed for each construction load
(cases 2 through 5) and a separate analysis was made for nach case,
including the gravity load which was internaliy generated by both pro-
grams. Singe both SHORE and SAP are linear elasiic finite element
programs, the principle of superpositien applies and the results for
each load case may be combined algebraically to fird the resulrant

stresses for any combination of the construction loads.
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Comparison between values of Qembrane atress, He , and bending woment,
Me » obtained for solutionms to load case 4 using SHORE and SAP are illus-
trated In figures B.6 and B.7. The comparisons are illustrated for selected
elevations in 11ft 28 and are typical of results from other ioad cases.
It 18 imnteresating to note that although the loads are distributed over an
are length in the SHORE analysis, the struss magnitudes predicted compare
well with those obtained using SAP. However, because locads are applied at
points in the SAP analysgis, the stresges would be expected to be larger
than those obtained using tke SHORE analysis. Several features of the SAF
model and solution process may contribute to the apparent inconsistency.
A major feature is that SAP calculates stresses at ghe center of the element
which essentially represent the zverage stress in the whole element. Since
zven the smﬁllest elements are over two feet wide and‘the stress distribu-
tion is sharp the peak stress may be missed by a gignificant amount. A
second feature involves the precision of the calculatlons. SKEORE carriles
out all calculations in double precision on a 32-bit word macﬁine while
the version of SAP used carrles out single precision calculations on a
36-bit word machine. Consequently, roundoff errors may have occurred in
the SAP solution process, especlally since there were over 6400 equations
to be gsolved and the band width of the stiffness matrix was 612. Another
reason the SAP program calculates smsller atresses may be the poor aspect
ratio of the elements and the relative slze of adjacent elements, Fin-
ally, there are differences in the types of elements used in the two
models. SAP uses a plate/shell element whichprovides only for membrane

stresges and bending moments. SHORE on the other hand uses a shell

element which accounts for transverse shesr and thus provides for a better

estimate of bending moments since the elements are relatively thick (0.667
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fr, 0.2 m) in }ift 28. This appears to be corroborated by the fact that
the coméarison between membrane stresses in figure B.6 is better than the
comparison betwecn bending moments in figure B.7.

B.4 Conclusion

Degpite the differences im the values of the stresses there are
several eqcouragiug points which arise from the comparison of the two
solutions, Both models gave stresc distributions of similar shape for
corresponding stress components., Also, the fact that such different
models could lead to the prediction of stresses and moments frr which
the peak values agreed within a few percent for membrane stresses 1is
encouraging, especially since insufficient time was available to refine
the SAP model, Consequently, the SAP model is considered to be a first
cut at verification of the SHORE results, while the SHORE program is
designed specifically for the solution of problems involving shells of
revolution,.

Based primarily on the difference between the SHORE cleosed ring ele-
ment, which included transverse shear deformation, and the SAP plate/shell
approximation which does not, it is believed that the stress resultant and
moments obtained in the SHORE analysls are a better approximation of the
stress levels experienced by the shell in 1ift 28 for the specified con-
struction loads. The actual stress levels may be higher since the distri-
buted loads used by SHORE to represent the loads applied to the shell at
the jumpform beam bolts tend to smear the loads over a larger surface area
of the shell than actually occurs and the shell model is not sufficiently
able to model the stress distributions that occur at the bolt locations,

Both the SAP and SHORE models glve stress distribution that agree
reasonably well for the type of loads applied in 2ach analysis. Thus, the
areas of high stregses in 1lift 28 could be predicted from the results of

either model.
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APPENDIX C

Results of Chemical Analysis of Cemet
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MATERIALS TESLING ENGINELRS

!E b SOI. AND FOUNDA TION [NVESTIGATIONS
-l

412 Plastars Ava, N.E. o PO Box 13815, Sta. K

REPORY

Cileat: LETCD MC LEAN
Preject: KBS SAMPLE #45

LETCO J0B NO. M- 110

ATLANTA, GEORGIA 30324
OF CEMENT ANALYSIS

LAW ENGINEERING TESTING COMPANY

Oftea: Atlanta, Georgia

Dats: August 9, 1978
Lsb. No. 215318

BRAND OF CEMENT T

PLANT 1

PHYSITAL DATA

SETTING TIME {Gillmore)
Injtial Set:
Final Set:

SOUNDNESS (Expansion)
FINEMESS (Surface Area,Blaine)

COMPRESSIVE STRENGTH, PSI
- 1 Day Break
3 Days Break
7 Days Break
28 Days Break

AIR CONTENT {Percent by Yolume)

CHEMICAL ANALYSES

Silican Dioxide (5i0;)
Atuminis Oxide (A1203)
Ferric Qxide (fe 03)

Calcium Oxide (C403
Magnestum Oxide (MgD)
Sulphur Trioxide ($0.)
Alkalies (Na,0 & O.SEB KZO)
Loss on Ignifion
Insoluble Residue
Tricalcium Slicate (3Ca0.5i0,)
Dicalcium Silicate (2Ca0.Si0 7
Tricalcium Aluminate {3Ca0.A
Tetruczlcium Aluminoferrite
(4CaD.A\203.Fe203)

H%URS ML l{'%TES_
T TE

0.00 1
3720 Sq. Cm./Gn.

N E—
900

7.2

—_—
203) i J . -

12

HOTE: The Type of this cament 1s ant known.

cc: H.S. Lew Mashington, D.C.

Respectfuliy submitied,

LAW EN

RING TESTING CO.

"~ DAN MELCH
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'

LAW ENGINEERING TESTING COMPANY

MATERIALS LESTING ENGINEEKRS
= b . SOIL. AND FOUNDA TION INVESTIGA FIONS
¥ 412 Plasters Ave. N E. = P O.Box 13815 %1 K
55./ ATLANTA. GEORGIA 10124
REPOERT OF CEMENT ANALYSIS

Qisat: LETCO MC LEAN ' Ofice: Atlanta, Georgia
Project:NBS SAMPLE #29 Date: August D, 1978
LETCO 0B NO. M- 110 Lab. No, 21531-A
BRAND OF CEMENT 7 ‘ PLANT_? N SAMPLE RECEIVEDZ-15-78

PHYSICAL DATA

SETTING YIME {6i1imore) HOURS  MINUTES
Initial Set: 2 43
Final Set: 4 45
SOUNDNESS (Expansion) 0.00 )4
FIMENESS (Surface Area,Blaine) 3710 Sq. Cm./Gm.
COMPRESSIVE STRENGTH, PS!
1 Day Break =
3 Days Break 2140
7 Days Break 2200

2B Days Break -
R1R CONTENT {Percent by Volume) 7.4

CHEMICAL ANALYSIS

Silicon Dioxide ($10,)
Aluminim Oxide [A1203)
Ferric Oxide (Fe, 0

20.6
5.3
3.0
Calcium Oxide (Cg(ﬁ [ZR]

Magnesium Oxide {MgQ) 2.8
Sulphur Trioxide {3D4) 2.1
Alkalies {N2,0 & O, egs KZO) G,38
Loss on Ignitien 1.2
Insoluble Residue 0.22
Tricalcium Silicate (3060.510;) £0
14

Dicalcium Silicate f{ZCaD.Sio?

Tricalcium Aluminate (3Ca0.ATg0,} 7.1
Tetracalefum Aluminoferrite ]

(4Ca0.AY;0.Fe,0,) 9

NOTE: The Type of this cement 4s not known.

o Reopectfully submitted,
ce: B S Lew LAW ENGINEERC z: TESTING CO,

o bt

DAN WELCH -

186



APPENDIX D

Regules of Analysis of Concrete
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Tachnical Service ﬁngg;}
Proiegt: Slow Setting Concreve Wall Seceion
Projuct No.t CT-04A77 Date: November 7, 1978
Customer: National Bureau ©f Standards (Washingtom, D.C.)

Objective

Determine if Pozzolith 200-N, a weter~-reducing admixture, was
present in concrete placed in a wall gection of & thin wall
atructure at a concentraticn sufficient to account for an
unusually slov sscting behavior.

Conclukion

The concrete in uestion contained a water—raeduecing admixture,
similar in composition to Pozzolith 200-N, 8t B level not ex-
ceeding that normaliy recommended hy ths admixture manufacturar
{3 o 5 f1, ©2./100 1bs, of cement).

Sample Identification and Background Information

A piece of hardmnned concrele, waighing about 11 1bs,, and three
- small bottles of various ligquid substances, idantified as Poxzo-~
1ith 200-N, 5tarch Hydrozylats, and Amine Derivativas Mixture,
respactively, were received from Dr. M. 6. lew, Structures and
Materinls Division, Center f£Or Bullding Technology, on §/5/7B.

Meihods of Test

The concrete Bampla was subjected o chenicel analyses to dater-
mins the prasence and addition level of a water-relucing admix-
turs (ASTM C~494, Type A). The liguid sample identified ax
Pozzolith 200-N was characterized to obtain ity chemical
composition and cartain physical properties. The two ramaining
liguid samples, identified sz Starch Uydrorylate snd Arine
Perivatives Mixture, were subjected to infrared analysis to
deternine the principal ingredients present.

Results and Discussion

' The liguif sample identified as Pozzolith 200-N consisted prin-
eipally of a mixture of corn syrup (Etarch Hydrozylste) and.

triethanolamine {Amine Derivatives Mixture). The lattazr conm=
rrised 118 of the admixture formulation s received., Chicride
don (€1 ) in the amcunt of 0.24% also was detarctad. A comparison
of this sample with ome analyzed previously by us in October
1975 suggested they were guite similar.

Chenical analysis zevealsd the conprete sanmple most 1ikely con-
tained no more than » normal dose of a vater-reducing admixture
similar in composivion to Porzolith 200+N (ASTM C=494, TYPR M),
In this case, » normal dose is an sddition rate of 3 to ¥ Zluid
cunces per 100 lbi. of cemant, as recommended by the adnixturs
manufactuyer (Master Buildars),

A mere precise dstermination of Admixture conceéntration is not
possible st this time, unless a calibration curve was to bs
prepared employing actusl job materials at the lavels specifisd
in the mix design.

;-'n\5=R¢41.\»%quL;
L. M. Meyer, Hanage!

Tzchnical S2rvices Section Chemical Analyses by:

ig J. R. Polky

Cr-0477 Ressarch Chenist

Copy to = A, M. Rlonze Al4.

Je J. Ehideler htsociste Rassnrct Chemist

D. L. Glochovwsky
Assistent Ressarch Chamist
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