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aoStRaLT

Ap ADVARNCED CONCERT IN THE DESIGN OF LARGE UNORTHODOX
STRUCTURESD

During the esarly years of design and construction of the large,
complex facilities and structures at the Kennedy Space LCenter
in Flarida, it became apparent that conventional structural
practice utilizing gengrous satety tactors would be
unacceptable. Therefors a small grouwp of civil servants in the
MNASA Design Enginsering Direciorate developed a new and
agovanced concepi for building these structures and facilities.

My Beorge Haltsr {(Deceased) led the investigation which
regsulted in the approach that will be discuassed at lsngth in
the paper. 1t is interesiing to note the rigorous interaction
that occurred with the Civil Enginesring Society and those
responsibis for the body ot structural codes.



ia INTRODUC T 10N

In discussions with the Florida Department of T ransportation,
it became apparsnt thait the problem of desiun of movabls
bridges is similar to the problems taced by NABAS Kennedy Space
Center in designing freg-standing towsrs o the Apollo launch
facilities. In both cases 1t is isportant to realize bthat we
are dealing with 2 dynamic structure rather than a static
structure. MNob only do operational considerationzs drive such a
design buf alsoc we musi consider more fthan the natural
environesenial factors. Iin KBl 's case the acoustical vibration
and launch related pressures coupled with a sewvere salt fog
pnvirgnmnent and potential hurricans forces dictated the design
options. This paper discusses some of the desian
considerations snploved by NAZS in the desion of the Mobile
Launch Umbilical Vowser for Complex 3% with the hope that somns
techrnology ftransfer will aid bridge designers.

The freguent reevaluation and changes in the

strucrtures associated with KBED facilities and equipment
emphasized the need for complete, detailed design drawings and
specifications supported by lucid, well organized calculations.
We lsarnsd that statically determined framing, whersver
possihle, simplifies e oanalysis and redesigrm. These non
ronventional facilities are program oriented or sxperimental in
rrature. These structures are characterized by unusual or
inadequately defined lpading conditions, a lack of established
design precedent, or Yreguent moditicatrions fTo support changss
in operational procedures. The EKSL-STH-L-0004 is considered o
be the standard developsd o direct siructural design edtorts
in fto channels which facilitated the response to operatrional
nesds and set forith other structural design reguisites which
have proven o be particularly suitable at KSL.

We uvused in our caigulations dynamic wind laads as illustrated
in Table 1 which lisis sismady state and peask design preossurss,
The magnitude of the pulse iz the summation o+ 2ach element of
peak pressure less 1is corvesponding sieady stais pressure
acting on the windward prolscition. The periocs between
adjacent pulses vary but over a minuite or two the average time
betwesn pulses can be assumed as constant with little sifect on
the final design.

Hurricane Desion FPresssurs
{pounds per souarse foot)




Feet Abhove Fmak Wind Sieady State Feak Fressure
Ground Level Velocity FPH FPressure

G 125 E0,8 B52.0
&0 138 3%2.5 HE.3
100 148 47.3 2.8
200 1464 Li. & 82.4
Tabis 1
H.0 TOWER DESIGN CONSIDERATIONS

The Mobile lLauncher Umbilical Tower was the designed in 1963 by
Dr.ii.E Brintesr assisted by Dr.blon Sawyer under contract o
Reynolds, Seith and Hills. The post design studies were by
Dr.b . H. Con. The towmsrs wmere +tree-standing and more slendse
than used in gensral pracitics. Theraefore we were coOncernegs
about the Natural Periocd. The slenderness ratios (height to
lmast side of base) of these towsrs vary from & o 1 to ¥ to 1.
The natural perigds of the ftowsrs fundamental bending mode
have varied between 1.464 and 1.20 seconds per cycle.

Since the structural frases must be designed betore many ot the
+inal operational requiresents have besen developed, 1t is
useful o follow the folliowing design sequence.

There should be a prelisinary dynamic analvsis perforesed.  He
recomnend 2 computer program be sstablished to study the
dvnamic sffects of the wind pulses on the structure. The pulse
should be assumed a3 acting on the windward and leeward facss
simultansecusly. This is conservative bepcausg depending on the
distance betwsen two faces, the positive pressure woulg asually
be out of phase with ths suciion on bthe lesward side and would
tend to reducs pscillation in a tower. The natural period of
the first bending sode should be established for the towsr in
as many vertical bending planes as required (o establish a full
array of representative samplies. [t should be understood that
we have taken the position that the saore probable destrucitive
sffzct of a2 hurricans is that of largs wind pulsss that vary
coansiderably in freguency bul which seem naturally to occur
with an averagse +rogusncy within the possible resonancos2 limits
of a towsr structurs. We further recommend sudficient computbtse



runs Tor zach representative bending plane, over an array o¥f
average gust period { none to be less than (.46 seconds! to
determing which combinations stabilize and how many seconds it
takes for the combination teo stabilize or reach a ®aximum.
These data should be arranged 10 the fore of a matrix. & final
dynamic check should be mades including:

ial Spring constants at tower leg reactions.

§= Strengthening of diagonals to transter the shear
of the accelsrating mass above them as the towser
oscilliates.

{c} Check of records for local wind conditions.

One of the significant detzils is the desiagn of ensrgy
absorpition joints so that the proper orientation of ths web
menber connecitions in ths plane of each tower face pereitis the
high strength bolés be in shear if the friction joints of the
member connections were to sliip. As a special precauvtion
against tower faijure under exbtreme oscillations, the slipping
of the 4aving surfaces, with respect to one ancther, while
sti11ll clamped by the bolts, would be a most effecitive dampener.
He sized the bolt holes of the inner clamped membasrs to be
/14 inch oversize instsad of the usual 17146 i1nch.

4.0 DIHER DESIEN COMSIDERATIONS

& topic which will be developed in both this paper and the
presentation i1s satety factors. The term “"tactor ot safety™ is
used as a mesasure of structural integrity bul its precise
definition varies with the degree of uncertainty and who doeg
the defining. HMost agrese that design satety +factors bassd on
yvield strength should take into account the ultimate strengib
characteristics of the components. But it must also be a
function of how confident the designer is in selecting design
ioads that represent the actual ssrvice loads both bhoth present
and future, Im using the term “factor of satety, the least
ratio of capability to regquirements should be the impliesd
criterion. Whereas tension, comprescion, or bending stress may
be the usual basis for the gupressed facior of safeiy, we
recommend the designesr wverify that no other sitresses ore
conditions give a smaller ratio. Other stress and condibtions
include shear, torsion, bearing, Herizian sitresses, conbined
stresses, bDuckling, Ffatigue, Ccresp, corrosion and wear. Loads
wihtich have been incresassed by arbibtrary load tactors_should not
be used in calculating stresses for use In determining factors
of zafsitv. Only combinations of static and the static




equivalent of dynamic loads should be used.

To ensure that the safety {factors are meaningfuil, we direct
vour attention to connections and fittings. We feel that
special care shall be taken to ensure that the connections or
jittings Jjoining the parts are designed to represent the actual
end conditions of theseg parts. Factors of safety shouwld be
increasad to retiect the stress concentrations that are
inherent 1in such connections. The end connection shouwld be
designed to develop the full allowable strength of the
connected part rather than :1ts required calculated strength.
The intent is to maintain consistency in the factors of safety
for the connected part and i1ifts connections and to simplity the
inevitable future modifications.

2.0 OGESERVATIONS

Whilse the previous discussions draw heavily on the MNASA ESC
Standard it also refliects the experience of successful design
and operational structures at the kennedy Space Center launch
pads. [Y becomes the moment o+ truth when signiticant cracks
appear in the struciture or operational requirements change the
existing structure as in the case ot the Apollos/Soyer mission
which regquired the fabrication of a "milk stool" to adapt a
asmaller launch vehicle to the existing umbilical tower. These
experience have given us confidence that our approach was
surcessful and could serve as a gulde to designers of similar
structures. Further, the basic design ot a movable bridage
strurture appear to have similar design characteristics and
might benefit +rom our tower sxperiences.
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ABESTRACT

AN ADVANCED CONCEFRT IN THE DESIGN OF LakiBE UNODRTHODOX
STRUCTUREDS

During the marly yvears of design and construction of the large,
complex facilities and structures at the Kennedy Space Denter
in Flprida, 1% became apparent that conventional strucitural
prachtice utilizing gensrous satety +tactors would bhe
unacoceptabie. Theretore a small group of civil servants in the
MNASAH Design Engineering Direciorste developed a new and
advanced concept for building these structures and facilities.

M. Beorge Haltesr (Deceased} led the investigation which
resulited in the approach that will bhe discussed 2%t length in
the paper. it s interesting $to note the rigorous intsraction
that occurred with the Civil Enginesring Socisty and those
responsible for the body of structural codes.



i. INTROBUCT 10N

In discussions with the Florida Departeent of Transportation,
it pDmcame apparsent that the praobles of design of sovable
bridges is similar to the problems faced by MNASA Kennedy Space
Centesr in designing free—standing towers for the &pollo launch
facilities. In both cases it is important fto realize that we
are dealing with a dyvnamic strugture sather than a static
structursa. Mot only do gperational considerations drive such a2
design bul also s must consider more than the natural
snvironmental factors. in K50 s case the acoustical vibration
and launch relasted pressures coupled with a severs salt +og
environment and poientiazl hurricane forces dictated the design
options. This paper discusses some ot the design
considerations emploved by NAEA in the design ot the tobile
taunch Umbilical Tower +or Complex 3% with the hope that soms
technoliogy franster will aid bridge designers.

2.0 _GEMERAL

The frequent reevaluaticon and changes in the

structures assocliabted wiith KELD facilitiss and sguipsent
smphasized the need ftor complete, detalled design drawings and
specifications supporited by lucid, well organized calculations.
We learned that statically determined framing, whearever
possible; simplities e analysizs and redesign. Thase non
conventional facilities are program oriented or sxperimental in
natures. Thegse structures are characterized by unusual ore
inadeguatsly detined loading conditions, a lack of established
design pracedent, or freguent modifications to support changes
in operational procedure. The KSC-STD-Z-0004 is considered (o
he the standard developsd to direct structural desion efforis
in to channels which faciliftated the responss to operational
needs and 2t forth obthesr structuyral design reqguisites wihich
have proven to be particularly suitable at ESC.

We gsed in ouwr calculzstions dvnamic wind ioads as illusirasted
in Table 1 which lists sitzady state and peak design pressurssg.
The magniitude of the pulss is the summation of sach =lement of
peak pressure less iis corrssponding steady state pressure
acting on the windward projection. The pesriods bstwesn
atjarent pulses vary bul over a2 minute or two the average fTime
between pulses rcan be assumsd as constant with little effect on
the fimal desion.

Hurricans Uesign Pressurs




{pounds per square {foot)

Feet Above Feak Wind Steady State Feak Pressurs
Ground Le=vel Velocity MPFH  Fressure

30 125 .8 2.0
&G 138 F9.5 &5, 5
100 148 47 .5 Fa. 8
20 164 Ll.& 8%.4
Table 1
Z.0 TOWER DESIGN COMSIDERATIONS

The Mpbile Launcher Umbilical Tower was the designed in 19463 by
Dr.i.E Grinter assisted by Der.Don Sawver under contract to
Revnolds, Semith and Hills. The post design studies were by
Dr.l.. M. Cox. The towers were fres-standing and more slender
than used in general praciice. Therefore we were soncerned
about the Matwral Period. The slendsrness ratios (height to
Ieast side of base!) of these fowers vary from & to 1 o 7 to 1.
The natural pericds of the towsrs fundamental bending mode

have varied between .66 and .25 seconds per cycle.

Since the structural frames must be designed betors many o+f the
final operational requirements have Deen developsd, 1t is
useful to follow the following design sequence.

There should be a preliminary dynamic analysis pertormed. We
recommend a2 compubter program be established $o study the
dynamic effecis of the wind pulses on the siructure. The pulse
should be assumed as acting on the windward and lesward faces
similtanesusly. This is conservative because depending on the
distance bsitween two faces, the positive pressure would uswually
e out of phase wiith the suction on the leeward side and would
tend to reduce oscillation in a towsr. The natural period of
the first bending @aode should be established for the ower in
az many vertical bending planes as required to establish a full
arvray of representative samples. It should be understood that
we have taken the position that the mors probable destructive
effect of 2 hurricane is that ot large wind pulsass that vary
congiderably in freguency bubt which seesm naturally o occous
with an average frequengy wWithin the possible resonance limitg



nt a tower structure. We further recommend sufficient computer
runs +or each representative bending plane, over an array of
average gust period { none to be less than .64 ssconds) to
deteraine which combinations stabillize and how many seconds it
takes for the combination to stabilize or reach a maxisum.
These data should be arranged i1n the form of a matrix. 4 final
dynamic check should be made including:

{ajd Spring constants at towesr leg reactions.

(b} Strengthening of diagonals to transtsr the shesar
of the accelerating mass above them as the owsr
pscillates.

{3 Check of records $or local wing congditions.

One of the significant details 1s the design of snsrgy
absorption joints s0 that the proper orisntation of the web
member connections 1n the plane of sach tower face permits the
high strength bDolts be in shear if the friction joints of the
member connections were to slip. As a special precavtion
against tower failure under extreme oscillations, the slipping
0f the faving surfaces, with respect to one another, while
s5ti1l clamped by the bolts, would be a most effective dampener.
We sized the bolt holes of the i1nner clampesd members to he
3/1ié6 inch overs:ize instead of the usual /16 inch.

4.0 OTHER DESIGH COMSIDERATIONS

& topic which will be developed in both this paper and the
presentation is satety factors. The fterm "factor of safety" is
uzed as a osasurse of structural integrity but 1ts precise
definition varies with the degree of untertainty and who does
the defining. Most agres that design saftety factors based on
yield strength should f(ake infto account the ultimate strength
characteristics of the components. But it must also bs =2
funcition of how conftident the designer is in selecting desian
loads that repressent the acitual service loads both boibh present
and future. In using the term "factor of sateity, the least
ratio of capability o reguirements showuld b2 the inplieg
criterion. Hhersas tension, compression, or bending siress may
be the wsual basis +0r the expressed facior of safety, we
recommnend the designer verify that no cther stresses or
conditions give a Smaller ratio. Other stress and conditions
include shear, ftorsion, bearing, Hertsian stresses, comcinsd
stresses, buckling, fatigue, creep, corrosion &and wear., i pads
which have besn increased by artitrary load factors should mni
be used in caloulating sitresses for use in determining factors




of safety. Only combinations of static and the static
equivalent of dynamic loads should be used.

To ensure that the safety factors are meaningful, we direct
your attention to connections and fittings. We +fesl that
special care shall be taken to ensure that the connections or
fittings Joining the parts are designed to represent the actual
end conditions of these parts. Factors of safety should be
increased to reflect the stress concentrations that are
inherent in such connections. The end connection should be
designed to develop the full allowable strength of the
ronnected part rather thaen ifs required calculated strength.
The intent is to maintain consistency in the factors of satety
for the connected part and its connections and to simplify the
inevitable futurse modifications.

3.0 OBRSERVAT IONS

While the previous discussions draw heavily on the NASa 50
Standard it also reflects the experience of successful design
and operational structures at the Kennedy Space Center launch
pads. It becomes the moment of fruth when signiticant cracks
appear in the structure or operational requirements change the
existing structure as in the case of the Apolio/Soyez mission
whiech requirsd the fabrication of a "milk stool® to adapt a
smaller launch vehicle to the existing umbilical tower. These
sxparisnce have given us contidence that our approach was
successful and could serve as a guide to designers of similar
structures. Further, the basic design of a movable bridge
structure appear o have similar design characteristics and
might benefit +rom our tower experiences.



