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A N  ADVANCED CONCEPT I N  THE DESIGN O F  LARGE UNORTHODOX 
STRUCTURES 

Dur ing  t h e  e a r l y  y e a r s  oC d e s i g n  and  c o n s t r u c t i o n  o f  t h e  l a r g e ,  
complex f a c i l i t i e s  and s t r u c t u r - e s  a t  t h e  Kennedy S p a c e  C e n t e r  
i n  F l o r i d a ,  i t  became a p p a r e n t  t h a t  c o n v e n t l o r i a l  s t r u c t u r a i  
p r a c t i s e  u t i l i z i n g  g e n e r o u s  s a f e t y  + a c t o r s  would n e  
u n a c c e p t a b l e .  T h e r e i o r e  a s m a l l  group of  civil s e r v a n t s  i n  t h e  
NASA D e s i g n  Engineering D i r e c t o r a t e  d e v e l o p e d  a new and 
a d v a n c e d  c o n c e p t  f a r  b u i l d i n g  t h e s e  s t r u c t u r e s  and  facilities, 

H r . 6 e a r g e  Waiter (Deceased )  l e d  t h e  i n v e s t i g a t i o n  which 
r e s u l t e d  i n  t h e  a p p r o a c h  t h a t  will h e  discussed a t  l e n g t h  i n  
t h e  p a p e r .  I t  i s  i n t e r e s t i n g  to  n o t e  t h e  r i g o r o u s  i n t e r a c t i o n  
t h a t  o c c u r r e d  w i t h  t h e  C i v i l  E n g i n e e r i n g  S o c i e t y  and  t h o s e  
r e s p o n s i b l e  +or t h e  body o i  s t r u c t u r - a 1  c o d e s .  



In discussions wath the Florida Department oS Transportatlnn, 
it became apparent that the problem 04 design o i  movable 
bridges is simiia- to the problems taced by NASA Kennedy Space 
Center in designing iree-standing towers tot- the &pollo la,inch 
facilities, In both cases it is important to t-eailze that we 
are dealing with a dynamic strcrcture rather tha-n a static 
str-ucture. Not only do operational cons~det-ations drive such a 
design but absa we must consider- more than tne naturai 
environmental factors. In kSC s case tk@ aioustncal vibt-at ion 
and launch related pr-essures ~~Ltpled wi ti? a severe salt i-og 
environment and poteritiaB hurricane iorces dictated the design 
options. This papes discusses some a4 the design 
considet-ations employed by NASA in the desrgn o f  the i-lobile 
Launch Umbilical. lower for Complex 35' with the hope that some 
technology transfer wlil aid bridge desrgners. 

The frequent reevaluation and changes in the 
structures assocrated with KSC facilities and equipment 
emphasized the need Cor complete, detailed deslgn drawings and 
specifications supported by lucid, well organiredcalculatinns. 
Me learned that statically determined iraming, wherever 
possible, simpi if ies t'e analysis and redesign. These non 
conventional facii ities are program or-iented or- e::perirnental in 
nature. These structures ar-e characterized by unusual or 
inadequately defined loading conditions, a lack: o f  established 
design precedent, ar .Frequent modi-fications to support changes 
in operational procedure. The KSC-STG-Z-r:3r>O4 is consrdered to 
be the standard developed to direct structu-al design eCSorts 
in to channels which facilitated the response to oper-ational 
needs and set -forth other structural aesign requisites which 
have proven to be particularly sultable at CSC- 

We used in our calruiation~ dynamic wind P * o a $ ? i i  as illitstrated 
in Table 1 which lists steady state and peak design pressures. 
The magnitude a+ the pulse is the summation oi each element oS 
peak pressure less its corresponding steady state pressure 
acting on the windward projection. The periods between 
adjacent pulses vary but over a minute or- two the avet-aqe time 
between pulses can be assumed as constant with little eifect nn 
the Sinai design. 

Hlirricane Uesrsn F'ressure 
(pounds pet- square foot i 



Feet Above Peak Wind Steady State Feak Pressure 
Ground Level Velocity HPW Ft-essure 

30 125 30, $3 52.0 

60 158 39.5 63. -3 

lil0 E 48 47.5 72.8 

200 154 hi-& 89.4 

Table 1 

3.0 TOWER DESIGN CONSlDERATIDNS 

The Mobile Launcher Umbilical Tower was the designed in 1953 by 
Dr.l.E Grinter assisted by Dr.Don Sawyer under contract to 
Reynolds, Smith and Hills. The post design studies were by 
Dr.L.W.Cox, The towers were iree-standing and more slender 
than used i n  general practice. Therefore we were concer-ned 
about the Natural Period, The slenderness ratios (height to 
least side a+ base) af these t o w e r s  vary from b to 1 to 9 to I .  
The natural periods of the towers iundamentai bending mode 
have varied between 1.66 and 1.25 seconds per cycle. 

Since the structurai Brames must be designed before many a+ the 
final operational requirements have been develnped, it is 
useiul to follow the following design sequence, 

There should be a preliminary dynamic analysis performed. We 
recommend a computer program be established to study the 
dynamic effects o f  t h e  wind pulses on the structure. The pulse 
should be assumed as acting on the windward and leeward faces 
simultaneously. This is conservative because depending on the 
distance betwe@n two 'laces, the positive pressure woulo usually 
be out of phase with the suetian an the leeward side and would 
tend to reduce oscillation in a tower, The natural period of 
the Sirst bending mode should be established +or the tower in 
as many verticai bending planes as required to establish a full 
array of representative samples. It should be understood that 
w e  have taken the p o s i t i o n  that the more probable destructive 
effect oi a hurricane is that of large wind pulses that vary 
consider-ably i n  irequency but which seem naturally to occur 
with an average irequency within the uassible resonance limits 
of a tower structure, We iurther recommend sufiicient camputer 



runs for each representative bending plane, over an as-ray of 
average gust period ( none to be less than 1.66 seconds) to 
determine which combinations stabilize and how many seconds it 
takzes for the combination to stabilize or reach a maximum. 
These data should be arranged in the form 05 a matrix. A final 
dynamic check should be made including: 

ia) Spring constants at tower leg reactions. 

(b) Strengthening of diagonals to transfer the shear 
a+ the accelerating mass above them as the tower- 
oscillates. 

(c) Check oB records far local wind conditions. 

One of the signiiicant details is the design of energy 
absorption joints so that the proper orientation of the web 
member connections in the plane a4 each tower +ace permits the 
high strength bolts be in shear if the frictlan joints of the 
member connections were to slip. As a special pt-ecautlon 
against tower failure under extreme oscillations, the slipping 
of the faying surfaces, with respect to one another, while 
still clamped by the bolts, would be a most efiective dampener. 
We sized the halt holes of the inner clamped members to be 
5/16 inch oversize instead of the usual 1 / 1 0  inch. 

4.0 OTHER DESIGN CONSIDERATIOS 

A topic which will be developed in both this paper and the 
presentation is safety factors. The term "factor of safety" is 
used as a measure oi structural integrity but its precise 
definition varies with the degree of uncertainty and who does 
the defining. Most agree that design saiety factors based on 
yield strength should tak@ into account the ultimate strength 
characteristics of the components, But it must also be a 
function of how confident the designer is in selecting deslgn 
ioads that represent the actual service loads both both present 
and future. In using the term "factor of safety, the least 
ratio of capability to requir-ements should be the implied 
criterion. Whereas tension, compression, or bending stress may 
be the usual basis for the expressed factor of safety, we 
recommend the designer verify that no other stresses or 
conditions give a smaller ratio. Othec stress and condrtions 
include shear, torsion, bearing, Hertzlan stresses, combined 
stresses, buckling, iatigue, creep, cot-r-osion and wear. Loads 
which have been increased oy arbitrary load + a c t o t * s _ - e ~  
be used in calcuIat~ng stresses for use in deter-minlng +actors 
of saiety. Only combinations oi static and the static 



equivalent of dynamic loads should be used. 

To ensure that the safety factors at-e meaningfui, we d~t-ect 
your attention to connections and fittings. M e  feel 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 refiect the stress concentrations that at-e 
inherent in such connections. The end connection should be 
designed to develop the 4uli allowable strength of the 
connected part rather than its required calculated strength. 
The intent 15 to maintaln consistency in the factors of sa4ety 
for the connected part and its connections and to simplify the 
inevitable iuture modifications. 

5.0 OBSERVATIONS 

While the previous discussions draw heavily on the NASA KSC 
Standard it also reilects the experience of successful design 
and operational structures at the kennedy Space Center launch 
pads, It becomes the moment of truth when siqnificant cracks 
appear in the structure or operational requirements change the 
existing structure as in the case of the Apollo/Soyez mission 
which required the fabrication of a "milk stool" to adapt a 
smaller launch vehicle to the e:<isting umbilical tower. These 
experience have given us confidence that our approach was 
successiul and could serve as a guide to designers of slmilat- 
structures. Further, the basic deslgn of a movable bridge 
structure appear to have ssmilar design characteristics and 
might benefit from our tower experiences. 
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ABSTRACT 

A N  ADVANCED CONCEPT IN THE DESIGN OF LARGE UNORTHODOX 
STRUCTURES 

During the early years oi design and construction oi the large, 
compiex facilities and structures at the Kennedy Space Center 
in Florida, it became appar-ent that conventional structural 
practice utiiirlng generous safety factor-s would be 
unacceptable. Thereiore a small group ui civil servants in the 
NASA Design Engineering Directorate developed a new and 
advanced concept +or building these structures and facilities. 

Hr.6eorge Walter (Deceased) led the investigation which 
resulted in the approach that will be discussed at length in 
the paper. It is interesting to note the rigorous interaction 
that occurred with the Civil Engineering Society and those 
responsible for the body oi structural codes. 



1. INTHODUCT I O N  

i n  d i s c u s s i o n s  w i t h  t h e  F l o r i d a  Depar tment  of  T I - a n s p o t - t a t l o n ,  
i t  became a p p a r e n t  t h a t  t h e  problem o f  d e s i g n  o f  movable  
b r i d g e s  is s i m i l a r  t o  t h e  p r o b l e m s  f a c e d  by  N A S A  Kennedy S p a c e  
C e n t e r  i n  d e s i g n i n g  -Free-s tanding  t o w e r s  f o r  the  k p o l l o  l a u n c h  
f a c i l i t i e s .  I n  b o t h  c a s e s  i t  is i m p o r t a n t  t o  t - e a i i z e  t h a t  w e  
are d e a l i n g  w i t h  a dynamic s t r u c t u r e  vather-  t h a n  a s t a t i c  
s t r u c t u r e -  N o t  o n l y  d o  o p e r a t  i o n a l  c a n s i d e r a t  i o n s  d r l v e  s u c h  a 
d e s i g n  b u t  also w e  must  c o n s i d e r  m o r e  t h a n  t h e  n a t u r a l  
e n v i r o n m e n t a l  f a c t o r s ,  I n  K S C  s rase t h e  a c o u s t i c a l  vxht-at  i o n  
and  l a u n c h  r e l a t e d  p r e s s u r e s  c o u p l e d  w i t h  a severe s a i t  i o g  
e n v i r o n m e n t  and p o t e n t i a l  h u r r i c a n e  f o r c e s  d i c t a t e d  t h e  d e s l g n  
o p t i o n s .  T h l s  p a p e r  d i s c u s s e s  some o i  t h e  d e s ~ g n  
c o n s i d e r a t i o n s  employed by N A S A  i n  t h e  d e s i g n  o f  t h e  M o b i l e  
Launch Umbilical Tower f a r  Complex 39 w i t h  t h e  h o p e  t h a t  s o m e  
t e c h n o l o g y  t r a n s f e r  will a i d  b r r d g e  d e s i g n e r s .  

The C r e q o e n t  r e e v a l u a t i o n  and  c h a n g e s  i n  t h e  
s t r u c t u r e s  a s s o c i a t e d  w i t h  kSC f a c i l ~ t i e s  and  e q u i p m e n t  
emphas i zed  t h e  need  +or c o m p l e t e ,  d e t a i l e d  d e s i g n  d r a w i n g s  and  
s p e c i f i c a t i o n s  s u p p o r t e d  by l u c i d ,  w e l l  o r g a n i z e d  c a l c u l a t i n n s .  
M e  l e a r n e d  t h a t  s t a t i c a l l y  d e t e r m i n e d  i r a m i n g ,  whet-ever 
p o s s i b l e ,  s imp1  i f  ies re a n a l y s i s  and r e d e s i g n .  T h e s e  non 
c o n v e n t i o n a l  i a c i l i t i e s  are pr-ogt-am o r z e n t e d  o r  e x p e t - i m e n t a l  i n  
n a t u r e .  These s t r u c t u r e s  a r e  c h a r x c t e r - i z e d  by  u n u s u a l  or- 
i n a d e q u a t e l y  d e i i n e d  l o a d i n g  c o n d i t i o n s ,  a l a c k  a+ established 
d e s i g n  p r e c e d e n t ,  or  I reqcren t  modif i c a t i o n s  to sctppor-t c h a n g e s  
i n  o p e r a t i o n a l  p r o c e d u r e .  The k.sC-STD-z-~3t:)tI~4 is c o n s i d e r e d  t o  
be t h e  s t a n d a r d  d e v e l o p e d  to  d i t - e c t  s t r u c t u r a l  d e s i g n  eiior-t.5 
i n  t o  c h a n n e l s  which S a c i i i t a t e d  t h e  r e s p o n s e  to o p e v a t i o n d l  
n e e d s  and set f o r t h  o t h e r  s t r u c t u r a l  d e s i g n  requisites w h ~ c h  
h a v e  p roven  t o  b e  p a r t i c u l a r l y  s u i t a b l e  a t  KSG. 

W e  used  i n  out- r a l c u l a t i o n r ;  dynamic wind Loads a s  i l i i i s t r a t e d  
i n  T a b l e  1 which lists s t e a d y  s ta te  and  peak  d e s i g n  pt-essut-es.  
The magn i tude  o f  t h e  p u l s e  is t h e  summation a+ e a c h  e l e m e n t  o f  
peak p r e s s u r e  less its c o r r e s p o n d i n g  s t e a d y  s tate p r e s s u r e  
a c t i n g  on t h e  windward p r o j e c t i o n .  The p e r i o d s  be tween  
a d j a c e n t  p u l s e 5  v a r y  b u t  o v e r  a m i n u t e  n r  t w o  t h e  aver-age t i m e  
between p u l s e s  c a n  b e  assumed a s  c o n s t a n t  w i t h  i i t t l e  e f f e c t  on  
t h e  f i n a l  d e s i g n .  



(pounds per square foot) 

Feet Above Peak Wind Steady State Peak Fr-ecsure 
Ground Level Velocity MPH F~ressure 

- .- ->U 125 30. 8 52.0 

60 1 3 8  39.5 , -  - 
0.3. 1, 

1 00 P 48 41.5 72.8 

2~:)0 164 61.a 87.4 

Table i 

3.0 TDWER DESIGN CONSIDERATIONS 

The Mobile Launcher Umbilical Tower was the designed in 1963 by 
Dr.i.E Gr-inter assisted by Dr.Don Sawyer under contract to 
Reynolds, Smith and Hills. The post design studies were b y  
Dr,i,H.Gex. Ine towers were +pee--standing and more slender 
than used in general practice. Therefore we were concerned 
about the Natural Period. The slenderness ratios (height to 
least side of base) a+ these towers var-y irom b to i to 9 ta 1. 
The natural periods of the towers iundamental bending mode 
have varied between 1.66 and 1.25 seconds per cycle. 

Since the structural frames must be designed before many o f  the 
final operational requirements have been developed, i t  is 
use+ul to iollow the following design sequence. 

There should be a preliminary dynamic analysis performed. We 
recommend a computer program be established to study the 
dynamic effects a+ the wind pulses on the structure. The puIse 
should be assumed as acting on the windwat-d and leeward faces 
simultaneously. This is conservative because depending on the 
distance between two iaces, the positive pressure would usually 
be out oi phase with the suction on the ireward side and would 
tend to reduce oscillation in a tower. iî ?lr natural period of 
the first bending mode should be established for the tower- i n  
as many vertical bending planes as reqctir-ed to establish a f~ti1 
array of representative samples. It should be understood that 
we have taken the position that the more probable destruct; w e  
effect of a hurricane is that oi large wind pulses that vary 
consider-ably in frequency but  which seem nacur-ally to ocrritt- 
with an averase irequency w r b h l n  the possibie r-esonancn ? i s n i t s  



o f  a t o w e r  s t r u c t u r e .  W e  f u r t h e r  recommend s u f f i c i e n t  computet- 
r u n s  f a r  e a c h  r e p r e s e n t a t i v e  bend ing  p l a n e ,  o v e r  a n  a r r a y  of 
a v e r a g e  g u s t  p e r i o d  i none  t o  h e  less t h a n  1.66 zeconds i  to  
d e t e r m i n e  which combinations s t a b l l r z e  and how many s e c o n d s  ~t 
t a k e s  f o r  t h e  combina t ion  t o  s t a b i l i z e  ot- t-each a  ma:<imctm. 
These  d a t a  s h o u l d  b e  a r r a n g e d  i n  t h e  form o f  a m a t r i x .  A i i n a l  
dynamic c h e c k  s h o u l d  h e  made i n c l u d i n g :  

( a )  S p r i n g  c o n s t a n t s  a t  tower  l e g  r - e a c t i o n s .  

i b )  S t r e n g t h e n i n g  o f  d i a g o n a l s  t o  t r - a n s i r r  t h e  s h e a r  
o i  t h e  a c c e l e r a t i n g  m a s s  above  them a s  t h e  t o w e t -  
oscillates.  

( c j  Check a f  r e c o r d s  f o r  l o c a l  wind c o n d i t i o n s .  

One o f  t h e  s i g n i f i c a n t  d e t a i l s  is t h e  d e s i g n  o S  e n e r g y  
a b s o r p t i o n  j o i n t s  so t h a t  t h e  p r o p e r  o r i e n t a t i o n  0 4  t h e  n e b  
member c o n n e c t i o n s  i n  t h e  p l a n e  o f  e a c h  tower  f a c e  p e r m i t s  t h e  
h i g h  s t r e n g t h  b o l t s  b e  i n  s h e a r  i f  t h e  f r i c t i o n  j o i n t s  o f  t h e  
member c o n n e c t i o n s  w e r e  t o  s l i p .  A s  a s p e c i a l  p r - ecau t ion  
a g a i n s t  t o w e r  f a i l u r e  u n d e r  e x t r e m e  o s c i l l a t i o n s ,  t h e  s l i p p i n g  
o f  t h e  f a y i n g  s u r f a c e s ,  w i t h  r e s p e c t  t o  o n e  a n o t h e r ,  w h i l e  
still, clamped by t h e  b o l t s ,  would b e  a m o s t  e f . + e c t i v e  dampener.  
W e  s i z e d  t h e  b o l t  h o l e s  o f  t h e  i n n e r  c lamped member-s t o  b e  
3/16 i n c h  o v e r s i z e  i n s t e a d  o f  t h e  u s u a l  1/16 i n c h .  

4.0 OTHER DES I GM CONS1 D E R b m ?  

k t o p i c  which w i l l  b e  deve loped  i n  b o t h  t h i s  p a p e r  and t h e  
p r e s e n t a t i o n  is s a f e t y  f a c t o r s .  The t e r m  " f a c t o r  o f  s a f e t j i " i s  
u s e d  as a measure  o f  s t r u c t u r a l  i n t e g r i t y  b u t  i t s  p r e c i s e  
d e f i n ~ t i o n  v a r i e s  w i t h  t h e  d e g r e e  of  u n c e r t a i n t y  and  who d o e s  
t h e  d e f i n i n g .  Most a g r e e  t h a t  d e s i g n  s a f e t y  f a c t o r s  b a s e d  on 
y i e l d  s t r e n g t h  s h o u l d  t a k e  i n t o  a c c o u n t  t h e  u l t i m a t e  s t r e n g t h  
c h a r a c t e r i s t i c s  a+ t h e  components.  Rut i t  m u s t  a lso h e  a 
f u n c t i o n  o f  how c o n f i d e n t  t h e  d e s i g n e r  is i n  s e l e c t i n g  d e s i j n  
l o a d s  t h a t  r e p r e s e n t  t h e  a c t u a l  s e r v i c e  l o a d s  b o t h  b o t h  p r e s e n t  
and f u t u r e .  I n  u s i n g  t h e  t e r m  " + f a c t o r  o f  s a i e t y ,  t h e  l i z a s t  
r a t i o  of  c a p a b i l i t y  t o  r e q u i r e m e n t s  s h o u l d  b e  t h e  imp l red  
c r i t e r i o n .  Idhereas t e n s i o n ,  compress ion ,  or b e n d i n g  s t : - e s s 'may  
b e  t h e  u s u a l  b a s i s  + o r  t h e  e x p r e s s e d  f a c t o r  o i  s a f e t y ,  w e  
recommend t h e  d e s i g n e r  v e r i f y  t h a t  n o  o t h e r  stresses ot- 
c o n d i t i o n s  g i v e  a s m a l i e r  r a t i o .  O t h e r  s t r - e s s  and c o n d i t i o n s  
i n c l u d e  s h e a r ,  tors1 ani b e a r i n g ,  Her-tz i a n  stresses, combined 
stresses, bitcki rng,  + a t  xgue, c r e e p ,  co r r -os ion  s n d  w e a r - .  Loads  
which have  been i n c r e a s e d  by a r b i t r a r y  l o a d  f a c t o r s  s h o u l d  n o t  
b e  u s e e  i n  c a l c u l a t i n g  stresses .Pot- u s e  i n  n r t e r m i n ~ n g  f a r t o t - s  



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 feel that 
special care shall be taken to ensure that the connections or 
fittings joining the parts are designed to represent the actual 
end conditions 04- 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 aliowable strength of the 
connected part rather than its required calculated strength. 
The intent is to maintain consistency in the factors of safety 
for the connected part and its connections and to simplify the 
inevitable future modiiications. 

5.9 OBSERVATIONS 

While the previous discussions draw heavily on the MAS6 KSC 
Standard it also reflects the experience of successful design 
and operational structures at the Kennedy Space Center- launch 
pads. It becomes the moment of truth when significant cracks 
appear in the structure or operational requlrements change the 
existing structure as in the case of the ApollolSoyez mission 
which required the fabrication of a "milk stool" to adapt a 
smaller launch vehicle to the existing umbilical tower-. These 
experience have given us confidence 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 to have similar design characteristics and 
might benefit from our tower exper-lences. 


