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PREFACE 

Preparat ion of this handbook was begun in 1965 with ONR sponsorship 

[contract NONR 22 16(20)] under the direction of Dr. William Van Dorn 

of Scripps Institution of Oceanography, Univer sity of California. The 

work was completed a t  the offices of Tet ra  Tech, Incorporated in 

Pasadena under the joint authorship of Dr. Van Dorn and Drs. B. LeMeXautg 

and Li-San Hwang because of the extensive experience and contributions of 

the Tetra Tech staff i n  the field of explosion-generated waves. 
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FOREWORD 

The problem of wa te r  waves generated by underwater explosions became 

of conceptual impor tance  with the inception of a tomic test ing in a water 

environment. Ini t ia l  i n t e re s t  in waves was p r imar i ly  t o  appra ise  them a s  

an  adjunctive h a z a r d  t o  such testing. However, a s  l a rge  thermonuclear 

devices w e r e  developed, questions a r o s e  a s  to  the t ac t i ca l  and/or s t rategic  

implications of the wave sys'tems that were  produced. Thus ,  even during 

cur rent  tes t ing  m o r a t o r i a  investigation of these problems has  continued. 

The f i r  s t  p r o b l e m  systematical ly  attacked was tha t  of coas ta l  damage due 

to  large explosion-generated waves,  since,  by analogy with the well-known 

phenomena of t sunami  waves generated by ear thquakes,  i t  was  initially 

hypothesized tha t  the explosion of la rge  atomic weapons a t  s e a  could r e su l t  

in considerable  coas t a l  damage by wave run-up a n d / o r  flooding. 

Later ,  a s  theore t i ca l  and experimental  studies r evea led  the relatively in- 

efficient wave making potential of large explosions, and  that in many c a s e s  

most  wave e n e r g y  i s  dissipated by breaking on the continental  shelf before 

reaching s h o r e ,  conce rn  over run-up per se  was rep laced  by the realization 

that other m o r e  se r ious  wave problems exist. Accordingly,  recent em-  

phasis has  been  d i r ec ted  towards assess ing  the na tu re  of the breaking wave 

regime offshore and i t s  implications on the vulnerabili ty of ships and under - 
sea  s t r u c t u r e s  t o  breaking waves in  relatively deep  water  (100 feet) .  These  

studies,  in  t u r n ,  have indicated m o r e  refined secondary  problems. These 

include h a r b o r  osci l la t ions induced by cumulative wave action offshore, and 

anomalous wave-induced clogging or  erosion of h a r b o r  entrance channels by 

sediment t r a n s p o r t .  

Most of these  problems a r e  amenable to analysis ,  and present  techniques 

have been developed for  g r o s s  wave predictions over  f a i r ly  complicated 

topography tha t  a r e  in good agreement  with exper imenta l  and field tes t  

resul ts .  But increas ing  prediction accuracy r e q u i r e s ,  unavoidably, in- 

creasing envi ronmenta l  detai l  and consequent complexity of treatment.  

It is  to  be emphas ized  that  there  i s  no cut-and-dried shor tcu t  to accurate  

xiii 



prediction, and each  c a s e  of importance must  be considered a s  a separate  

problem. 

This  repor t  s eeks  to  p resen t  t o  the non-disciplinary educated scient is t  a 

procedure fo r  wave predict ions based upon the s ta te -of - the-ar t  in  the field 

of explosion-generated waves.  Rather than attempting t o  a s s e m b l e  a l l  the 

advanced hydrodynamic theor i e s  related to  the explosion-generated waves, 

which have been c a r r i e d  out during the past decade, c a r e f u l  s e  Lection has 

been made with the a i m  of presenting the minimum amount of information 

necessary  to  justify the conclusions reached without sacr i f ic ing  logic. 

Second-order e f fec ts ,  even  though sometimes thoroughly investigated 

elsewhere,  have been  neglected in this presentation when they do not 

significantly a l t e r  t hese  conclusions.  

A specific background in hydrodynamics and water waves would indeed 

be necessary  f o r  m o r e  exhaustive analysis than that presented  h e r e ,  and 

the reader  who wishes  t o  study the subject in depth i s  d i r ec t ed  to  the 

abundantly re ferenced  ma te r i a l .  

It i s  to  be hoped tha t  the accumulation in one repor t  of widely sca t te red  

information wil l  p e r m i t  the r eade r  a basic understanding of the s tate-of-  

t he -a r t ,  and a l s o  p e r m i t  efficient orientation of fur ther  r e s e a r c h  on un- 

answered questions which a r e  of interest  to the Department  of Defense. 

xiv 



C H A P T E R  I - INTRODUCTION 

G E N E R A L  CHARACTERISTICS O F  E X P L O S I O N -  

G E N E R A T E D  WAVES 



1-1 GENERATION HYDRODYNAMICS 

Anyone who h a s  w i tne s sed  a  pebble being tossed into a l a r g e  shallow 

pond i s  f a m i l i a r  w i th  the type of wave s y s t e m  s e t  up  following i t s  im pac t  

with the f r e e  s u r f a c e .  Rings of waves  sp r ead  out o v e r  the s u r f a c e ,  e a c h  

propagat ing r ad i a l l y  outward until the ma rg in s  of the pond a r e  r e ached ,  

a f t e r  which the  individual  c r e s t s  a r e  e i the r  re f l ec ted  in  a r a t h e r  compl ica ted  

manne r  o r  a r e  a b s o r b e d  by breaking a n d / o r  v i scous  d i s s i pa t i on  on the 

sloping s h o r e .  E x c e p t  f o r  secondary deta i ls  and a n  e n o r m o u s  d i f fe rence  

in s ca l e ,  th i s  phenomenon i s  a  pe r fec t  analog to the wave  s y s t e m  produced 

by a  l a r g e  exp los ion  in  the s e a .  Indeed,  the p r e s e n t  b e s t  e s t i m a t e s  of the 

waves  and wave e f fec t s  to be  expected f r o m  v e r y  l a r g e  n u c l e a r  explos ions  

a r e  obtained f r o m  observa t iona l  data  on the waves  produced by  explos ions  

on a  m u c h  s m a l l e r  s c a l e ,  together with a  genera l i zed  hydrodynamic mode l  

to which the a p p r o p r i a t e  scaling fac to rs  can  be appl ied .  

Bas ica l ly ,  the  wave  s y s t e m  i s  produced by the a t t e m p t s  of the  f r e e  s u r -  

face to r e s t o r e  i t se l f  to i t s  original  l eve l  under g rav i ta t iona l  f o r c e s ,  

following the de fo rma t ions  and velocit ies impar ted  to i t  by the  explosion.  

While the  wave  s y s t e m ,  once fo rmed ,  c an  be c ,onsidered to conse rve  

energy  dur ing  i t s  subsequen t  development,  the gene ra t i on  p r o c e s s  a p p e a r s  

to be e x t r e m e l y  non-conservat ive ,  in that  only a  s m a l l  f r a c t i on  of the to ta l  

avai lable  t h e r m a l  e n e r g y  of the explosion e m e r g e s  in  the f o r m  of o rgan ized  

wave mot ion.  Th is  f rac t ion  appears  to i nc r ea se  s lowly wi th  the absolute  

energy  of  the explos ion.  I t  i s  sensibly  negligible f o r  exp los ions  re la t ive ly  

high above o r  f a r  benea th  the sur face ,  and r eaches  a  m a x i m u m  of a  few 

percen t  f o r  those  in  the immediate  vicinity of the s u r f a c e .  

As  much  a s  5070 of the t h e r m a l  energy available in  a  s u b m e r g e d  (nuc l ea r )  

explosion i s  l o s t  a s  i r r e v e r s i b l e  heating o r  shock in  the w a t e r  during the 

f i r s t  bubble expans ion .  Al l  of the r ema inde r ,  ( excep t ing  tha t  s m a l l  f r a c t i on  

appear ing  a s  wave mot ion)  appears  a s  d i sorgan ized  t u rbu l en t  mot ion,  and  

l a te r  is d i s s i pa t ed  a s  heat .  These  phenomena a r e  r e a d i l y  obse rvab l e  f o r  a n e x -  

plosion a t  sha l low dep th  by the  success ive  appea rances  of the  m a s s i v e  s p r a y  



dome,  column, plume, and base surge a s  p r e c u r s e r s  t o  the issuance 

of waves f r o m  the c e n t r a l  region. F o r  very deep explosions the turbulence 

i s  generated within the violent toroidal circulation assoc ia ted  with suc-  

cessive bubble pulsations,  and there  may be ve ry  l i t t le sur face  mani -  

fe station. 

F o r  explosions above the sur face ,  the percentage of energy  effective in 

water wave generat ion i s  < < 1% and decreases  with bur  s t  height. Attempts 

to  explain wave generat ion f r o m  a i r  burs t s  theoret ical ly  have been largely 

unsuccessful. 

Fortunately,  however ,  ce r t a in  observable fea tures  of both chemica l  and 

nuclear explosions have been found to be scaleable in t e r m s  of power 

functions of the explosive energy re lease .  It has  a l s o  been  found possible 

to  express  a l inear  theory  for  wave generation in t e r m s  of s imi l a r  functions. 

This theory, when normalized to  a given set  of exper imenta l  data ,  adequately 

predicts the wave cha rac te r i s t i c s  observed f r o m  other exper iments  on 

much la rger  s c a l e s ,  provided that geometric simili tude i s  maintained. 

Enough exper imenta l  data for surface and subsurface chemica l  explosions 

(112 - 14, 500 lb s ,  T N T  equivalent) now exists to normal ize  the theory to  a 

wide range of ini t ia l  conditions. The extension to  nuclear  t e s t s  where wave 

measurements  w e r e  conducted i s ,  however, limited t o  two deeply submerged 

explosions in the kiloton range (Wigwamand Hardtack Wahoo), s e v e r a l  megaton 

range surface shots  within an atol l  (Operation Redwing), and a number of 

high-altitude megaton-range shots over the open s e a  (Operation Dominic). 

Although the accuracy  of the wave measurements  fo r  the deep t e s t s  was 

very poor, the b e s t  es t imate  of the maximum wave heights was well  within 

the confidence l imits  for  scaled chemical explosions, under s imi lar  geo- 

met r ies .  This sugges ts  that the wavemaking efficiencies of submerged 

nuclear and chemica l  explosions do not differ significantly. Although the re  

i s  no comparable  chemica l  data for the surface (atoll)  and high-altitude 

t e s t s ,  the effective surface loading (pressure- t ime h is tory)  is known to be 

very different in the two cases .  Therefore,  one suspec ts  that the scaled- 



up r e s u l t s  f r o m  c h e m i c a l  explosions in the a t m o s p h e r e  would not be a 

re l iable  guide to  n u c l e a r  ef fects  in the s a m e  g e o m e t r y .  However ,  the 

l a r g e s t  p r ev ious  a i r - b u r s t s  have produced s u r f a c e  d i sp l acemen t s  only 

of the o r d e r  of inches  d i r e c t l y  below the shot  point  and a max imum of a 

foot o r  s o  a t  a n y  s h o r e  location.  Since  i t  i s  known tha t  a i r - i m p u l s e  ef fects  

s ca l e  v e r y  w e l l ,  no wave  e f f ec t s  of c r i t i c a l  c iv i l  o r  m i l i t a r y  impor tance  

a r e  to be  expec ted  f r o m  a i r  b u r s t s  a s  l a rge  a s  100 mega tons .  F o r  this  

r e a son ,  waves  f r o m  a i r - b u r s t s  wi l l  not be cons ide r ed  f u r t h e r  in this  

context .  

The a p p r o p r i a t e  s ca l i ng  f o r  nuc lea r  su r face  exp los ions  i s  a t  the s a m e  

t ime  the m o s t  c r i t i c a l  and the m o s t  uncertain.  T h i s  i s  because  of a n  

anomalous  h igh  peak  i n  the c u r v e s  of reduced m a x i m u m  wave height 

v e r s u s  c h a r g e  dep th  f o r  chemica l  explosions a t  the  s u r f a c e  - a phenomenon 

which c u r r e n t l y  h a s  no sound physical  explanation - toge ther  with the 

mixed boundary  condi t ion that  chemica l  scal ing a p p a r e n t l y  works  in w a t e r  

but not i n  a i r .  T h e r e  a p p e a r s  to be  no re l iable  guide to  se lec t ing  the 

be s t  s ca l i ng  coef f i c ien t ,  s ince  predic t ions  fo r  c r a t e r i n g  by nuclear  dev ices  

in solid m a t e r i a l s  s u f f e r  f r o m  p rec i s e ly  the s a m e  l a c k  of exper imenta l  

informat ion.  T h e r e f o r e ,  pending fu r the r  e x p e r i m e n t s ,  i t  wi l l  be a s sumed  

that  s u r f a c e  n u c l e a r  explos ions  wi l l  produce e f fec t s  ident ica l  with those  

f r o m  c h e m i c a l  exp los ions  scaled in the conventional  ra t io  of 1 k i lo-calor ie /  

g r a m  TNT equ iva len t .  

Despi te  the f a c t  tha t  ex tens ive  effor ts  have not provided a quanti tat ive 

pic ture  of s u r f a c e  a n d  s u b s u r f a c e  explosion hyd rodynamics ,  enough in-  

f o rma t ion  e x i s t s  t o  put toge ther  a fa i r ly  cons i s ten t  qual i ta t ive  picture.  

Some d i s c u s s i o n  of t he  m e c h a n i s m  i s  appropr ia te  h e r e  f o r  comple teness ,  

even  though no  d i r e c t  phys i ca l  connection with the  gene ra t i on  model,  

de sc r i bed  l a t e r ,  c a n  b e  defended.. 

To begin wi th ,  we neg lec t  any  considera t ion of hydroacous t i c  shock 

effects  in wave  fo rma t ion ,  except  to note that e n e r g y  going into shock 



i s  considered t o  b e  i r r e v e r s i b l y  los t  and unavailable. T h e  percentage 

of tota l  available t h e r m a l  energy  los t  t o  shock va r i e s  f r o m  a min imum 

of about 40% fo r  a su r f ace  explosion to  over 9070 for  a v e r y  d e e p  one, 

where in  s e v e r a l  bubble pulsations may have o c c u r r e d  (Kotj 1964). 

Secondly, ignoring any  in t r ins ic  difference in the na tu re  of the  explosive,  

an  explosion anywhere  within the water  column produces  a cavi ty  in  the 

water .  The shape and  subsequent  t ime-his tory of the  cav i ty  depends upon 

the absolute ene rgy  r e l e a s e ,  the  depth of the detonation point beneath the 

f r e e  sur face ,  and the  proximity of the bottom. In the absence  of boundaries ,  

the  explosion cav i ty  t ends  t o  sphe r i ca l  symmetry.  However ,  t h i s  symmet ry  

i s  ver t ical ly  m o r e  and  m o r e  d i s tor ted  the c loser  the proximi ty  of the f r e e  

sur face ,  owing t o  the  hydros ta t ic  p r e s s u r e  differential  a c r o s s  the cavity. 

If the  cavity vents  before  reaching i t s  maximum expansion,  the  resul t ing 

c r a t e r  will be approximate ly  parabol ic  in section a t  e a r l y  t i m e s .  Since 

th i s  differential  w i l l  be  l ea s t  fo r  s m a l l  explosions because  of a tmospher ic  

p r e s s u r e ,  the cor responding  cavi t ies  will approach s p h e r i c a l  s y m m e t r y  a t  

relatively shal lower  charge  depths than those f r o m  l a rge  explosions.  The 

cha rac t e r i s t i c s  of explosion cavi t ies  a t  reduced p r e s s u r e  have been  

modeled in de ta i l  on a s m a l l  s ca l e  by Kaplan and Goodale ( 1962). 

In  contradist inction t o  explosion cavit ies in solid m a t e r i a l s ,  whe re  the 

ult imate cavity s i z e  i s  l imited by the rigidity and compres s ib i l i t y  of the 

medium, a wa te r  cavity can  continue to  expand under i n e r t i a l  f o r c e s  alone, 

even after the i n t e rna l  p r e s s u r e  has  dropped below the loca l  hydrostat ic  

p r e s s u r e .  As a r e s u l t  of the differential  p re s su re  a c r o s s  the  cavity,  the 

bottom of the cavi ty  wil l  r e v e r s e  direction and begin t o  move  inward 

(upward) in advance of the s ides  and top, respectively.  Thus  t h e r e  is  a 

gene ra l  tendency f o r  the cavity t o  tu rn  inside out, o r  e v e r t ,  dur ing the 

ensuing collapse phase ,  leading to  the formation of a je t  t ha t  i s  strongly 

acce le ra ted  ver t ica l ly  upwards by the potential field of the  collapsing 

cavity (Ash and E i c h l e r ,  1964). 

The  subsequent h i s to ry  of the jet appears  to depend r a t h e r  intimately on 

the initial charge  depth,  but for  situations important f r o m  the point of 



wave production, i t  penetrates  through the su r face ,  emerg ing  a s  a dense 

vert ical  column of wa te r ,  often enshrouded in a s p r a y  plume of explosion 

products and water  thrown up directly by the ini t ia l  cavi ty expansion. 

Upon falling back under gravity, the column degenera tes  into a turbulent 

and unstable mound of water  which, a t  some undefined point, might 

be considered a s  the mathematical p r e c u r s o r  to  the format ion  of 

water waves.  As might be expecced, e i ther  d isp lacement  of the charge 

to  g rea t  depth o r  the  introduction of a r igid bottom in c lose  proximity 

beneath the charge  a c t s  to  inhibit the formation of a subs tant ia l  water  

column, and hence,  the formation of la rge  waves.  However ,  the resulting 

wave spec t rum wil l  be  quite different in  the two c a s e s  ci ted.  

Students of this  complicated subject wil l  recognize the considerable  over - 
simplification of the t r u e  state of affairs  in the above descr ipt ion.  Haw- 

ever ,  most  of these  phenomena a r e  readi ly observable  in  smal l - sca le  

laboratory exper iments ,  wherein hemispher ica l  c h a r g e s  a r e  detonated 

against a g lass  plate,  which acts a s  a t r anspa ren t  ha l f -space ,  through 

which the ensuing cavity his tory can be recorded  with high-speed 

photography ( see  F ig .  11-2). 



1-2  EXPLOSION WAVE CHARACTERISTICS 

F o r  a d i s c u s s i o n  of t h e  w a v e  s y s t e m  produced by a n  exp los ion ,  w e  r e f e r  

a g a i n  to  the  a n a l o g y  o f  t h e  pebb le  tossed  into a  pond. T h i s  a l s o  exhibi t s ,  

s equen t i a l ly ,  a  c a v i t y ,  a n  e v e r t e d  je t  that  c o l l a p s e s  into a  mound ,  followed 

b y  r i n g s  of w a v e s  s p r e a d i n g  o v e r  the s u r f a c e .  In  the  m a t h e m a t i c a l  s e n s e ,  

a l l  of t h e s e  w a v e s  o r i g i n a t e  wi th in  the s a m e  c e n t r a l  mound ( o r  d e p r e s s i o n )  

and a r e  s i m u l t a n e o u s l y  r e l e a s e d  to propagate  r ad ia l ly  ou tward  i n  t h e i r  

c h a r a c t e r i s t i c  a n d  f a m i l i a r  p a t t e r n .  If the w a t e r  dep th  i s  e v e r y w h e r e  uni- 

f o r m ,  o r  r e l a t i v e l y  v e r y  d e e p ,  the  pa t t e rn  wi l l  be p e r f e c t l y  c i r c u l a r ,  and 

c o n s i s t s  o f  c o n c e n t r i c  r i n g s  of c r e s t s  and t roughs ,  bounded a t  the  outs ide  

by a n  in tangible  " f ron t " ,  t h a t  expands  outward a t  the  l imi t ing  ve loc i ty  

c  = &J f o r  f r e e  g r a v i t y  w a v e s  in w a t e r  of depth  h  ( g  = grav i ty ) .  Al l  
0 

subsequen t  w a v e s  t r a v e l  m o r e  slowly.  At a n y  ins tan t  of t i m e  the  r a d i a l  

s e p a r a t i o n  b e t w e e n  s u c c e s s i v e  c r e s t s  (wavelength)  i s  l a r g e s t  n e a r  the f ron t  

and p r o g r e s s i v e l y  s m a l l e r  t o w a r d s  the c e n t e r .  Al l  indiv idual  waves  of the  

s y s t e m  r e t a i n  t h e i r  i d e n t i t y ,  al though the  to ta l  n u m b e r  of w a v e s  p r e s e n t  in-  

c r e a s e s  w i t h  t i m e ,  a s  if t h e y  w e r e  being pulled l ike  a n  a c c o r d i o n  bel lows 

out  of a  b l a c k  b o x  t h a t  c o m p r i s e s  the s o u r c e  region.  

I n  g e n e r a l ,  no two w a v e s  of the  s y s t e m  a r e  of the s a m e  s i z e ,  n o r  does  

the ampl i tude  of a n y  w a v e  r e m a i n  the s a m e  f r o m  p lace  to p lace  and t i m e  

to  t ime .  Wi th in  t h i s  e v e  rchang ing  pa t t e rn  the e n e r g y  d i s t r i b u t i o n  among 

w a v e s  i s  m a n i f e s t e d  b y  a m p l i t u d e  modulation of the wave t r a i n  in a  m a n n e r  

which i s  d e t e r m i n e d  b y  the  n a t u r e  of the s o u r c e ,  i t s  d i s t a n c e  f r o m  the 

point of o b s e r v a t i o n ,  and  the  dep th  of w a t e r .  As  the  p a t t e r n  expands ,  the 

ampl i tudes  of a l l  t h e  ind iv idua l  waves  a r e ,  on the a v e r a g e ,  d iminished 

b e c a u s e  the  w a v e  s y s t e m  c o n t a i n s  a  finite and cons tan t  a m o u n t  of ene rgy  

which i s  d i f fused  w i t h  i n c r e a s i n g  t ime  o r  d i s t ance .  T h i s  ef fec t  c a n  be 

re so lved  into two f a c t o r s :  d i s p e r s i o n ,  due to the i n c r e a s e  in  wave length 

and n u m b e r  of i n d i v i d u a l  w a v e s ;  and geomet r i c  expans ion ,  c a u s e d  by the 

i n c r e a s e  o f  c r e s t  l e n g t h  n e c e s s a r y  t o  c i r c u m s c r i b e  p r o g r e s s i v e l y  l a r g e r  

r a d i i .  



Most of t h e s e  f e a t u r e s  a r e  wel l  i l lus t ra ted in  Fig.  I- 1, which shows 

three  succes s ive  s t ages  in  the development of a n  explosion-generated 

wave t r a in .  The  v e r t i c a l  and horizontal axes  in  t h i s  f igure  a r e  dimen- 

s ion less  d i s tance  R = r / h  and dimensionless t i m e  T = t @ , r e spec -  

tive ly. T h i s  d i a g r a m  i s  therefore  appropriately ca l led  a n  R - T  diagram. 

The t h r e e  compu te r  -genera ted  oscil latory cu rves  show the amplitude - t ime 

h is tor ies  of a wave t r a i n  generated a t  the origin a s  they  would be recorded  

a t  the non-dimensional  d i s tances ,  R = 2 ,  4 ,  and 6. The  s y m m e t r i c a l  dashed 

curves  bounding the wave t r a i n s ,  compr ise  the wave envelope,  and se rve  to  

define the d i s t r ibu t ion  of energy  within the t ra in .  The  p r e c i s e  shape of ~ h e  

envelope depends upon the ini t ia l  source conditions,  w h e r e a s  the space - t ime  

coordinates  of the  individual waves a r e  independent of the  sou rce  and depend 

only on the  w a t e r  depth. A charac te r i s t ic  of the wave envelope i s  that  any 

identifiable portion of i t  - say ,  a node or  antinode - propagates  a t  uniform 

velocity, as shown by the s t ra igh t  lines o-a  connecting the or igin  with the nodal 

points del imit ing the beginning (wave front)  and o-b  ending points of the f i r  s t  

envelope m a x i m u m  in Fig.  I- 1. In contradist inction,  the  space- t ime 

t r a j ec to r i e s  of a l l  waves of the sys t em a r e  c u r v e s ,  concave upwards,  be-  

cause the waves  a r e  continuously accelerating towards  the limiting phase 

velocity c = ,/& of the  wave front.  Thus the waves  t r a v e l  f a s t e r  and pass  
0 

through the  succes s ive  nodes of the wave envelopes,  and  therefore  t h e r e  

a r e  p rog res s ive ly  m o r e  waves in each envelope segmen t  with increasing 

t ime or  dis tance.  F o r  l a rge  explosions in the deep  ocean,  by the t ime  the 

wave s y s t e m  has  t r ave l ed  a distance equivalent t o  300 water  depths,  there  

will be m o r e  than 100 waves between the f ront  and the f i r s t  nodal point. 

A second impor t an t  f ea tu re  of the wave envelope i s  tha t  i t s  amplitude,  a s  

measu red  along any s t r a igh t  line through the or ig in  of the R - T  d iagram,  i s  

inversely propor t iona l  t o  i t s  distance f r o m  the or igin .  Thus the height of 

the highest  wave in  the upper wave t ra in  of Fig.  I -  1 i s  about 1 1 3  that  of 

the cor responding  wave in  the lower t ra in ,  the l a t t e r  having t raveled th ree  

t imes  f a r t h e r .  The above fea tures ,  together with the experimental ly  de-  

te rmined  r e s u l t  tha t  the l inear dimensions of explosion cav i t ies  scale  

over l a r g e  r a n g e s  a s  a power function of the yield ,  r e s u l t s  i n  the often 

used and  over  - s implif ied expression:  





where H i s  the  wave height, usually taken a t  the f i r s t  envelope maxi-  

mum (i. e .  , the highest  wave in the t r a in ) ,  r  i s  d i s t ance  f r o m  the explosion, 

Y i s  the cha rge  weight (yield),  F i s  an empir ical ly  de t e rmined  function of 

charge depth and wa te r  depth ( re la t ive t o  the cha rge  weight) .  According t o  

scale  law the exponent p i s  one-half for  a s m a l l  explosion i n  a deep, pe r -  

fect  fluid with no  a tmosphe re .  The mos t  re l iab le  expe r imen ta l  r e su l t s  

give a somewhat  higher  value (p  = 0. 54), possibly owing to  the  p r i o r -  

mentioned hydros ta t ic  p r e s s u r e  difference a c r o s s  t he  explosion cavity, 

which i n c r e a s e s  with yield. 

Now in na tu re  the  water  depth i s  r a r e l y  uniform and  s ince  the  propagation 

speed of individual waves  depends in a r a the r  compl ica ted  way upon the 

water depth and the  local  wave length (itself an  imp l i c i t  function of depth), 

the init ial  s y m m e t r y  of the wave pattern soon b e c o m e s  somewhat  dis tor ted,  

the shallower port ions  being slowed down. This  e f fec t ,  analogous t o  phase 

distort ion in  op t ics ,  i s  mos t  marked a t  the outer m a r g i n s  of the  pattern.  

Here ,  the longer wavelengths a r e  more  sensi t ive  t o  depth var ia t ions  than 

the sho r t e r  waves  nea r  the center .  As  in optics,  the  influence of any s m a l l  

topographic i r r e g u l a r i t y  (compared with the loca l  wavelength)  i s  averaged 

out, and only l a r g e r  f ea tu re s  can appreciably a l t e r  the  symmet ry .  

Under these c i r c u m s t a n c e s  the wave sys t em development  can  no longer 

be simply p re sen ted  on a dimensionless R - T d i a g r a m .  I t s  behavior and 

cha rac t e r i s t i c s  a t  any t ime  and place mus t  be ca lcu la ted  s t e p  by s t ep  

over the r e a l  topography. Since these calculations depend upon the local  

wavelength, the r e s u l t s  a r e  no longer scaleable in t e r m s  of yield unless 

the water depth i s  re la t ively deep in comparison t o  a l l  wavelengths of i n t e r e s t  

These physical  wave cha rac t e r i s t i c s  can be s u m m a r i z e d  a s  follows: 

1.  The waves t r ave l  radially f r o m  the  location of the explosion. 

2. At a given location they appear a s  a succes s ion  of waves of 

dec reas ing  period. 

3 .  Wave amplitudes vary with t ime s o  tha t  they appear  a s  a 



success ion  of wave groups,  the number of waves pe r  

success ive  group decreasing towards a constant l imit .  

4. The  period of each  wave increases  with dis tance t raveled.  

5. The  number  of waves per group inc reases  with distance. 

6 .  T h e  length of a group increases  with dis tance.  

7.  T h e  a v e r a g e  wave height in a group d e c r e a s e s  with d i s -  

tance  t rave led .  

8. T h e  period of the maximum wave in a group i s  constant.  

9 .  The  max imum wave height of successive groups a t  a 

given location dec reases  with t ime. 

While the re la t ive  var ia t ion  of wavelength with distance is a significant 

feature of d i spe r s ive  waves in deep water ,  this var iat ion becomes l e s s  

pronounced in shallow water  and with distance. Relative variat ion of 

wave period f r o m  one wave t o  another a l so  dec reases  with decreas ing  

depth or  dis tance f r o m  the  explosion. For  these two reasons ,  the waves 

generated by a l a r g e  deep  water  explosion far  f r o m  the continental  slope 

can be t rea ted  a s  a success ion  of quasi-periodic waves on the slope 

and shelf. If the explosion is near  the slope, the d ispers ive  effect 

i s  s t i l l  significant s o  that  the variation of wavelength a c r o s s  the slope 

must  be considered.  



I-  3 WAVES ON THE CONTINENTAL S H E L F  AND COASTAL EFFECTS 

When the  w a v e s  app roach  the  continental  s lope,  a s m a l l  p a r t  of the  

energy  of the  leading waves  i s  ref lected seaward .  A f a i r l y  a c c u r a t e  

es t imate  of the  re f lec t ion  coefficient can  be m a d e  by a s s u m i n g  that  each 

wave behaves  a s  a per iodic  wave of the s a m e  per iod.  F r o m  a hydro- 

dynamic viewpoint,  cont inental -s lopes  a r e  s o  gent le  t ha t ,  f o r  m o s t  

p rac t ica l  p u r p o s e s ,  conserva t ion  of energy flux ob ta ins ,  and  ref lect ions  

can  be ignored.  

As the waves  f r o m  such  a s y s t e m  approach the  sho re l i ne  and pas s  into 

shallow w a t e r ,  the  individual wave amplitudes tend t o  become  l a r g e r  

and the i r  length s h o r t e r  a s  the  energy inc remen t  wi thin  e a c h  wave i s  

concentra ted i n  a n  increas ing ly  sma l l e r  volume of w a t e r .  Th i s  effect 

opposes the  tendency for  waves  t o  become s m a l l e r  b e c a u s e  of dispers ion 

and geome t r i c  sp read ing ,  and the re  will  t he re fo re  e x i s t  fo r  e a c h  wave 

of the s y s t e m  a m i n i m u m  amplitude a t  some  point in  i t s  h i s to ry .  Even- 

tually, a s  shoal ing and  wave growth continue, t he  l o c a l  wave amplitude 

will  amount  t o  a n  apprec iab le  f ract ion of the w a t e r  depth.  In  th is  "shallow 

water"  r e g i m e ,  addit ional modification of the wave s y s t e m  i s  brought about 

by amplitude d i s to r t i on ,  which i s  nonlinear,  h a s  no p r e c i s e  pa ra l l e l  in 

optics,  and i s  due t o  the  f ac t  that  the phase speed  of a f r e e  gravi ty  wave 

in very  shallow wa te r  i s  a l s o  a function of wave ampl i tude ,  a higher wave 

tending to  t r a v e l  f a s t e r  than a sma l l e r  wave of the s a m e  length. 

In shallow w a t e r ,  nonl inear  effects become impor t an t ,  and some  damping 

is  produced by bot tom fr ic t ion.  Due to  convective i n e r t i a ,  the  individual 

wave profi le m a y  become unstable,  each  wave subdividing into a succession 

of two or  t h r e e  undulations,  which t r ave l  e i ther  a s  s o l i t a r y  waves or  a s  

undular packe ts  s e p a r a t e d  by long flat t roughs.  Ul t imately ,  a s  shoaling 

and wave g r o ~ v t h  continue,  each  wave becomes unstable  and,  depending on 

i ts  s t eepnes s  and the bot tom slope,  e i ther  b r e a k s  o r  s u r g e s  up upon the 

shore .  

Wave behavior in  the  immedia te  vicinity of the s h o r e  i s  v e r y  complex,  



depending not only upon the slope and curva ture  of the shore l ine ,  but 

a l so  upon the h i s to ry  of e a c h  previous wave in the t r a i n ,  such  tha t ,  in 

general,  the point of breaking and the extent of local run-up  a r e  unique 

for every wave and fo r  e v e r y  point along the shore.  Moreover ,  even 

more  than with offshore propagation, these  effects a r e  not scaleable  in 

t e r m s  of charge weight because the local  effects depend upon the absolute 

wave height and length nea r  shore .  F o r  this  r eason  any predict ion 

method must  cons ider  each  c r i t i ca l  a r e a  of the coastl ine independently, 

and calculate enough different  si tuations s o  a s  to  be s u r e  t o  bracket  a l l  

c r i t ica l  conditions, before  g.enera1 s tatements  can be made  about sus  - 
ceptibility to  wave a t tack  f r o m  large  explosions. 

Aside f r o m  the d i r e c t  effects  of run-up on the shore ,  l a r g e  explosions 

can, under appropr ia te  c i r cums tances ,  produce very l a r g e  waves in 

deep water ,  which m a y  b r e a k  upon the continental shelf many mi le s  f r o m  

shore.  Since the wave s p e c t r u m  for  la rge  explosions is peaked a t  wave 

periods substantially longer than the longest prevailing swe  11 or su r f ,  

the net resu l t  i s  the c rea t ion  of a breaker  zone covering a ve ry  la rge  

a r e a ,  and which can  p e r s i s t  for  s e v e r a l  hours .  Such waves  could pose 

unusual and potentially s e v e r e  problems to  coastal  navigation, not only 

through direct  dynamic effects ,  but a l so  because of cumulat ive effects 

such a s  inducement of resonant  harbor  oscillations and the scouring or  

deposition of sediment  in  regions ordinarily immune to  n o r m a l  s t o r m  

conditions. 



CHAPTER I1 

WAVE GENERATION MECHANISM 



THE SOURCE MODEL 

The theory fo r  wave generation by explosions i s  not rea l ly  a physical 

theory, but a mathemat ica l  model,  based upon highly idealized source  

conditions tha t ,  having been once adjusted to  desc r ibe  the t ime variations 

of water  sur face  elevations a s  observed a t  some point not too  c lose  to  the 

source of an  ac tua l  explosion, will thereaf ter  reasonably predict  them a t  

any other dis tance or t ime.  This mathematical  model  i s  scaleable  i n  

t e r m s  of explosion energy  (yield). Since, however,  i t  i s  manifest  that 

the violent motions immediately following r e a l  explosions in water  a r e  

not converted ent i rely into waves,  no physical r ea l i ty  can  be ascr ibed  

to  the init ial  conditions a s sumed  for the model,  except to  s t a t e  that the 

same wave s y s t e m  would have resulted. Thus the choice of init ial  conditions 

i s  a r b i t r a r y  to  the extent that  severa l  model solutions can be  forced  to  f i t  a n  

observed wave t r a i n ,  and the particular solution presented  h e r e  i s  only one 

of seve ra l  proposed in the l i te ra ture ,  although it appeals  because of i t s  

mathematical  simplicity.  

The most  gene ra l  t r ea tmen t  i s  that of Kajiura (1963) although Kranzer  and 

Keller (1959) have given a c l a s s  of ax i -symmetr ic  solutions.  (See a l so  

Van Dorn (1964), Whalin (1965), Hwang and Divoky (1967), for  applications. ) 

In a l l  such solutions,  the wave t r a in  is  considered to  have originated f r o m  

within a bounded dis turbed region where the dis t r ibut ion of some forcing 

function within the region is  the known init ial  condition. The function 

can be an ini t ia l  elevation or depression of the su r face ,  a n  impulse 

on the f r e e  s u r f a c e ,  a given velocity distribution, or  any combination 

thereof.  Solutions a l s o  ex is t  for functions that a r e  t ime-dependent,  a l -  

though these have not been studied s o  extensively. But r ega rd le s s  of the 

f o r m  assumed  for  the initiating disturbance, it is t r ea t ed  thereaf te r  a s  

a problem of inviscid,  incompressible  potential flow, in which the r e -  

sulting wave s y s t e m  m a y  be thought of a s  a spec t r a l  continuum that can be 

subdivided into component frequencies ur, each of which propagates radially 

a t  i ts  cha rac te r i s t i c  group velocity v in water of depth h ( r  , 8)  given by 



1 

v = dwldk = ~ ( ~ k - '  tanh kh)' (1  + 2khlsinh 2kh) 

which i s  obtained by d i r e c t  differentiation of the equation 

ru2 = gk t anh  kh  , 

where k i s  the  wave number ,  r and o a r e  polar coordinates.  Consideration of Eqs. 

(II- 1) and (11-2) r e v e a l s  tha t ,  i n  general ,  low frequencies  propagate f a s t e r  than 

high frequencies ,  asymptot ical ly  approaching a l imit ing value v -r ,,/z 
a s  w -r 0 .  Thus  t h e  individual frequency elements  a r e  sepa ra t ed  a s  they 

travel away f r o m  the source ,  which process  has  been given the name 

dispersion. 

The distribution of energy  among frequencies i s  determined by the  spatial 

dimensions of the  source  a n d / o r  i t s  speed of occurrence  ( intensi ty) ,  

tending to  be  maximized  at a frequency corresponding to a wavelength 

L = 2n /k  which i s  of the  o r d e r  of the spatial dimensions of the source  in 

a given direction. Hence ,  a crude  method of determining the  source  

dimensions cons i s t s  of observing which frequencies  dominate  the spectrum 

made f r o m  a r eco rd ing  of the wave t ra in  a t  a distance. 

At any instant of t i m e ,  a three-dimensional  physical model  of the energy 

distribution might  cons is t  of two identical, e last ic  sp ider  webs placed one 

above the other and sepa ra t ed  by a vertical  distance corresponding - at 

every point - to  the  squa re  root  of the local energy density.  The peripheral 

s t rands of the web can be  likened to the instantaneous posit ions of discrete 

adjacent f requencies  a l l  propagating outward in the d i rec t ions  indicated 

by the radial  a r m s  of the web. The total energy in the s y s t e m  which can 

be thought of a s  subdivided by the web into d iscre te  patches i s  (Van Dorn. 1965)  

(II- 3) 

where H i s  the ve r t i ca l  web separation, or  the height any  wave would have 

i f  it  occupied tha t  region of space a t  the par t icular  t i m e  in  question, p i s  

density and d e  d w  i s  the patch a r e a .  At a l a t e r  instant of t ime the webs have 



been  s t r e t c h e d  t o  a g r e a t e r  r a d i u s  i n  a l l  d i r e c t i o n s ,  w i t h  a c o r r e s p o n d i n g  

r e d u c t i o n  in  the  s p a c i n g  between t h e m ,  s i n c e  the  t o t a l  e n e r g y  is constant .  

Such  a "quant iza t ion"  of t h e  e n e r g y  into pa tches  ( h y d r o n s )  h a s  b e e n  p r o p o s e d  

b y  a n a l o g y  to  t h e  phonons  of a c o u s t i c  r ad ia t ion  (Synge, 1962). 

T h e  v e l o c i t y  of t h e  l e a d i n g  d i s t u r b a n c e  (w = 0) is g i v e n  b y  

The  e n e r g y ,  of c o u r s e ,  is m a n i f e s t e d  by a n  a n n u l a r  g r a v i t y  w a v e  s y s t e m ,  

i n t e r p o s e d  be tween  t h e  w e b  me ' shes  s u c h  tha t  the  c r e s t s  a n d  t r o u g h s  jus t  

touch t h e  w e b s .  T h e  individual  waves  of t h e  s y s t e m  t r a v e l  at a c h a r a c t e r -  

i s t i c  p h a s e  v e l o c i t y  g iven  by 

1 1 

c = m/k = * = (gk-  t a n h  kh)' 
d t  

C o m p a r i n g  E q .  (11-1) wi th  Eq.  (11-5J, i t  i s  a p p a r e n t  tha t ,  i n  g e n e r a l ,  

c  > v,  but t h a t  v + c + a s  u: 3 0,  and  t h e r e f o r e  t h e  w a v e s  t r a v e l  

f a s t e r  t h a n  the e n e r g y  pa tches  given by t h e  web e l e m e n t s .  Equa t ion  (11- 5! 

h a s  so lu t ions  of t h e  f o r m  

- 
c o s  2 7  (iut - k r  - U) = constant  (11- 6 )  

w h e r e  r i s  t h e  s p a c e  coord ina te  of a p a r t i c u l a r  w a v e  p h a s e  a t  t i m e  t,  

and  i s  a  p h a s e  p a r a m e t e r  which,  depending upon t h e  in i t i a l  s o u r c e  

condi t ions ,  r a n g e s  f r o m  0 < @ < rr 1 2 .  If E q .  (11-5) is i n t e g r a t e d  with the  

a id  of E q .  (11-6) t o  o b t a i n  the  t r a j e c t o r y  of a  p a r t i c u l a r  w a v e  i n  a s p a c e -  

t i m e  c o o r d i n a t e  s y s t e m ,  i t  wi.L.1 be found tha t ,  a s  t h i s  w a v e  a c c e l e r a t e s  

pas t  t h e  s l o w e r - t r a v e l i n g  patches ,  i t  wi.l.1 a lways  p o s s e s s ,  ins t an taneous ly ,  

the f r e q u e n c y  a n d  w a v e  n u m b e r  a p p r o p r i a t e  t o  t h e  p a t c h  i t  is pass ing .  

ALL of the  f o r e g o i n g  p r o p e r t i e s  a r e  v e r y  e legan t ly  c o m p r e s s e d  into t h e  

two e q u a t i o n s  r e l a t i n g  t h e  p e r t i n e n t  v a r i a b l e s  ( s e e  K i n s m a n ,  1965):  



which can be derived v e r y  general ly  f r o m  the l inear  theory  of d ispers ive  

waves. These equations give the distribution of wave number  and f r e -  

quency in  the R - T  plane. 

Consider now the par t icu lar  example of an ini t ia l  su r face  deformation 

of height i i o ( ~ ,  P), where  Ro is sma l l  compared with the  uni form 

water depth h (Fig.  11- 1). Taking the origin of polar coordina tes  within 

the disturbed region,  the resul t ing local anomaly of s u r f a c e  elevation 

q ( R ,  T) .can be shown to be (Kajiura,  1 9 6 3 )  

~3 ~ T T  

.1 
R T = J o cos  O T a o ( ~ ,  B)Jo(oR) R d R d 0 d o  (11- 8 )  

0 0 0 

where the following quantit ies have been nondimensionalized i n  t e r m s  of h: 

- 
R = r / h  (dis tance)  II = w,/hlg = J u t a n h a  (frequency) 

( t ime ) V = v/Jgh (group velocity) 

a = k h  (wave number)  

Equation (11-18) r equ i re s  the evaluation of th ree  in tegra ls .  The  second 

and third integrals  r ep resen t  the summation of contributions f r o m  an 

infinite number of point sources  having polar dimensions dR and d€l 

and height Ro, while the f i r s t  integral is  the Hankel t r a n s f o r m  of - 
the init ial  deformation Ho. If we now r e s t r i c t  our at tent ion 

to  cases  where the dis turbance has  circular  symmet ry  with r e s p e c t  to  

the origin of the explosion (a single explosion), Eq. (11-8) c a n  be reduced 

to 
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Figure 11- 1 Schematic Source Distribution 



where  

OD 

I (D) = / A ( R )  Jo(R o) R dR 
0 0 

0 

i s  the z e r o - o r d e r  Hanke l  t r a n s f o r m  of the init ial  e leva t ion  (R) .  The 
0 

integrat ion of Eq. (11-9) in u c an  now be pe r fo rmed  by  t h e  app rox ima te  

method of s t a t i ona ry  phase ,  giving r e su l t s  that  a r e  valid e v e r y w h e r e  
.L .,* 

except near  the  s o u r c e .  

1 - 
1 2 

q ( R . T )  = ~ I ~ ( c 7 )  (- d;;du ) C O S  ( O R  - OT) 

The evaluation of t h e  r ema in ing  in tegral ,  I ( a ) ,  i n  (11-1 1) c a n  b e  p e r -  
0 

fo rmed  a lgebra ica l ly  if t h e  function B o ( ~ )  fa l l s  within a r e s t r i c t e d  l i s t  

of those  having known Hanke l  t r a n s f o r m s ,  although i t  is pos s ib l e  on a 

computer  to  t ake  t he  n u m e r i c a l  t r a n s f o r m  of an a r b i t r a r y  funct ion.  T h e r e  

a r e  enough t r a n s f o r m a b l e  funct ions ,  however,  t o  cons t ruc t  approx imate  

solutions fo r  a l m o s t  any  f o r m  of (R)  f r o m  s u m s  and d i f f e r ences  of 
0 

these  functions,  a l though the  r e s u l t  m a y  not sa t is fy  t he  cont inui ty  r e -  

qu i rement  that  no  w a t e r  i s  added or lost  by the  a s s u m e d  d i s tu rbance ,  

viz,  

While a number  of s o u r c e  models  (Whalin, 1965, and Van Dorn ,  1964) 

have been s tudied,  t h e  p rocedu re  followed has  been e s sen t i a l l y  t h e  s a m e .  

.!. -8- 

The  accu racy  of the  asympto t ic  solution has  been ca r e fu l l y  examined  
and found t o  b e  m u c h  be t t e r  than  one would ord inar i ly  suppose  f r o m  the 
assumpt ions  involved (W hal in ,  1965). 



One m a k e s  a gues s  as t o  t h e  m o s t  appropr ia te  t r a n s f o r m  f r o m  the shape 

of the observed  wave spec t rum,  and computes  a number  of s m a l l  va r i a -  

t ions unt i l  the  bes t  f i t  i s  obtained.  This  r e s u l t  i s  then  compared  to the 

r e su l t s  of o the r  wave expe r imen t s  and fu r the r  modified,  if de s i r ed .  At 

the p re sen t  wri t ing,  a n  in i t i a l  function that  s a t i s f i e s  the  above r equ i r e -  

ments  and  which r e s u l t s  i n  solutions tha t  c an  be normal ized  to c losely  

r e semble  the wave s y s t e m s  f r o m  ac tua l  explosions  under  widely varying 

geomet r ies  i s  given by 

- 
Ho ( R )  = b [Z (R /R  o )2- - I ] R 5 R o 

= 0 R > R  o 

where  b i s  ca l led  the  cav i ty  height and R o  i s  the  cavi ty  rad ius .  

This function cons i s t s  of a parabol ic  cavi ty  supe r imposed  

upon a cy l indr ica l  e levat ion . Perhaps  coincidentally,  th i s  shape 

physically r e s e m b l e s  the  f r e e  sur face  deformat ion  observed  a t  e a r l y  

t imes  i n  sma l l -  s c a l e  model  photographs of nea r  - s u r f a c e  explosions 

(Fig.  11-2). I ts  t r a n s f o r m  I. (31, eas i ly  de r ived  f r o m  known functions, 

i s  

and the f inal  f o r m  of the solution becomes 

bRo [ 1 
~ ( R , T  = - V/" IZ J ~ ( R ~ o )  cos (3 R - 0 ~ )  

R ' d V / d g  (11-15 

This equation i s  m o s t  e a s i l y  evaluated numer ica l ly  by ass ign ing  succes-  

sively equal i nc remen t s  to the  wave number  0 ,  and  per forming  the 

indicated computations i t e ra t ive ly  for  each inc remen t .  The t ime  of 

a r r i v a l  of each  wave number  increment  a t  a given r ad ius ,  and the c o r r e s -  

ponding wave per iod  a t  that  t ime ,  a r e  then expl ic i t ly  de t e rmined  by the 

definitions of group veloci ty  and f requency.  

The above f o r m  of the  solution has  interes t ing p r o p e r t i e s ,  in  that  wave 



F i g u r e  11-7 -4 H i g h  S p e e d  P h o t o g r a p h  oi Ini t la1 C a v i t y  S h a p e  

T a k e n  Unde r  t he  F o l l o ~ v i n g  Cond- t i ons :  

C h a r g e  S i z e  0 .  173 g r a m .  T N T  E q u i v a l e n t  

A m b i e n t  P r e s s c r e  0 .  0 0 3  A t m o s p h e r e  

C h a r g e  D e p t h  2 .  0 l n c h e s  

B o t t o m  Depth  0 0 .  0 i n c h e s  

( P h o t o g r a p h y  by  c o u r t e s y  o i  CRS)  



amplitude ( s p e c t r u m )  and wave position (phase) at any  t ime a r e  given 

by separa te  f ac to r s ,  e i ther  of which can be computed independently. 

This fortuitous c i r cums tance  allows us to predict  the local  wave height 

a t  any t ime  o r  place without having to worry  about the waves at  al l ,  

although the l a t t e r  can be put in la ter ,  if desired.  Since the phase 

function contains no information about the source dis turbance,  the 

wave sys t em is immutable ,  depending only upon the (constant)  water  

depth. That  i s ,  f r o m  a given point of observation, the s a m e  wave sys-  

t em will be produced by any  (symmetr ical)  dis turbance whatever ,  and 

only the height of  the waves depends on the source  conditions. 

The general  f e a t u r e s  of this  solution were shown in the R - T d i a g r a m  

of Fig.  I- 1, where  t h r e e  consecutive t ime h is tor ies  rl ( t )  of the  s a m e  

wave t r a in  w e r e  computed fo r  the (fixed) distances R = 2 ,  4 and 6, 

respectively,  as it has  been discussed previously. The t ime  sca le  

of this f igure  h a s  been  compressed  so  a s  to be t te r  proport ion 

the wave envelope dimensions.  Wave amplitude, while plotted 

in the R-direction, should be recognized a s  normal  to  the plane. With r e f -  

erence toEq .  (11- 15), at each  stage of i ts  development the wave sys t emcons i s t s  

of an osc i l la tory  wave t r a i n  where both amplitude and frequency a r e  

varying with t i m e .  The frequency variations a r e  governed by the phase 

factor,  which h a s  a max imum at  the wave front, indicated by the  s t raight  

line so labeled passing through the origin. However, the wave amplitude, 

governed by the amplitude spectrum, is zero a t  the f ront ,  i n c r e a s e s  

smoothly to a n  init ial  - and highest - maximum, and osc i l la tes  thereaf ter  

in accordance with the Besse l  Function J3(Roz), a s  indicated by the dashed 

lines bounding the wave pa t te rns .  Succeeding nodal points in the th ree  

envelopes cor respond to the zeros of J and can be connected by other  3'  
straight  l ines ,  the slopes of which give the Local values of group velocity. 

These l ines can  a l s o  be thought of a s  joining regions of constant  frequency 

and wavelength, a s  wel l  a s  boundaries delineating zones of constant total  

energy. 

The local wave amplitude, governed by the magnitude of the amplitude 



function a long a n y  such  l ine,  v a r i e s  inverse ly  with t i m e  o r  d i s tance ,  

owing to  the f a c t o r  R ' ~  in  Eq. (11-15). This f ac to r  should m o r e  
1 1 

proper ly  be w r i t t e n  R-' R", the  f i r s t  factor  being due t o  geome t r i c  

spreading of the  wave pa t te rn ,  a n d  the  second due t o  d i s p e r s i v e  s e p a r a -  

tion of ad jacen t  f r equenc i e s .  

The t r a j e c t o r i e s  of individual waves ,  two of which a r e  shown in  th i s  f igure  

(oc and od) by dashed  l i ne s  connecting consecutive posi t ions  of corresponding 

wave c r e s t s ,  a r e  parabol ic  c u r v e s  i n  this represen ta t ion ,  because  the 

phase velocity of a wave of a given frequency o r  wavelength i s  g r e a t e r  

than the group  veloci ty  everywhere  except a t  the wave f ron t .  A s  a resu l t ,  

individual waves  tend to  propagate  through the  envelopes giving the  energy 

distr ibution,  a s  a l r e a d y  desc r ibed ,  thus c ross ing  l i ne s  of constant  group 

velo city (and f requency) .  They  have  the interes t ing p r o p e r t y  that ,  while 

the period and  wavelength of the  waves  passing a f ixed point of observat ion 

continuously d e c r e a s e  with increas ing  t ime, they both a p p e a r  to  i n c r e a s e  

with t ime  to a n  o b s e r v e r  t rave l ing  a t  wave speed.  Siilce no wave can e v e r  

ca tch  the one ahead ,  the  net  r e s u l t  of these  dif ferent ia l  mot ions  i s  to  

accumulate  m o r e  waves  between any  two group veloci ty  l i n e s  with i nc rea s -  

ing t ime  and d i s t ance ;  tha t  i s ,  within any proport ional  s e g m e n t  of the wave 

envelope. 

If i t  s e e m s  s u r p r i s i n g  that  we have  not, until now, ment ioned  e i ther  the  

wave period o r  t he  wavelength, which, together with the wave ampli tude,  

compr ise  the  t h r e e  m o s t  physical ly  obvious f ea tu re s  man i f e s t ed  by wave 

motion, the r e a s o n  i s  tha t  the o rd ina ry  definitions of t h e s e  va r i ab l e s  

do not accu ra t e ly  apply  t o  a s y s t e m  of dispers ive waves .  Tha t  i s ,  the 

wavelength i s  only v e r y  approximate ly  the distance between consecutive 

waves ,  and  the per iod  approximate ly  equal to  the coresponding  t ime  

interval  - and th i s  approximat ion becomes increas ing ly  Foor  n e a r e r  the 

wave f ront .  Th i s  is because they a r e  not p roper t ies  of individual waves .  

Both wavelength and  per iod  should m o r e  properly be thought of a s  functions 



of the dimensionless wave number; viz: 

Both period and wavelength a r e  theoretically infinite a t  the wave front, 

descend hyperbolically, and diminish with increasing t ime like T-  and 

T respectively. 



2 THE SCALING LAWS 

While the non-d imens iona l  generation model  (Eq. 11- 15) is useful in 

descr ibing the  g e n e r a l  f e a t u r e s  of axisymmetr ic  wave s y s t e m s ,  the  

effects of varying the  ini t ia l  geometry (water depth and cha rge  position) 

and the re la t ive  e n e r g y  (yield) of an explosion can bet ter  b e  d i scussed  

by consider ing the  s a m e  model  in dimensional fo rm:  

where the phase f a c t o r  h a s  been  omitted a s  i r re levant  t o  the d i scuss ion  

of wave amplitude.  Equat ion (II- 18) s ta tes  that  the amplitude spec t rum 

q(k) when viewed f r o m  a fixed observing distance r ,  depends only 

upon the ini t ia l  s o u r c e  dimensions b and r o ,  and the w a t e r  depth h. 

The f o r m e r  can  b e  supposed,  i n  tu rn ,  t o  depend upon the c h a r g e  yield, 

Y ,  and the cha rge  depth,  Z ,  re la t ive  t o  the f r e e  sur face  ( Z  = 0).  

11-2. 1 Effect  of Wate r  Depth 

Consider ,  f i r s t ,  t he  effect  of changing the depth only, a l l  o ther  input 

conditions r ema in ing  constant.  F igure  LI-3 shows q(a) computed for  

five values of the  r a t i o  h / r  and plotted a s  a function of a =  kh. F o r  

c la r i ty ,  only the  f i r s t  m a x i m a  of the wave envelopes a r e  shown. When 

the depth i s  l a rge ,  the significant'  regions of the amplitude spec t r a  

become independent of depth. This i s  because,  a s  in  a l l  w a t e r  wave 

problems,  the m e c h a n i s m  of sur face  motion becomes independent of 

water  depth when the l a t t e r  exceeds a substantial f ract ion of a wave- 

length (h  > LIZ) .  A s  the re la t ive  depth progressively d e c r e a s e s  ( h / r  < I ) ,  

the spec t rum undergoes  dis tor t ion,  and the maximum wave ampli tudes  ( a s  

shown by the so l id  l ine)  f i r  s t  dec rease  to about half the deep-water  value, 

and then i n c r e a s e  inve r se ly  a s  the depth dec reases  without l imit .  But 

this la t ter  i n c r e a s e  i s  inconsis tent  with the very l imited da ta  available on 

explosions in shal low wa te r  ( s e e  Section 11-3). h ioreover ,  the  theory  becomes 

increasingly inaccu ra t e  f o r  s m a l l  values of kh. If,  however,  one accepts  the 





physically intuit ive a rgument  that  the maximum wave height can  never 

substantially exceed  the water  depth, 

where will  d imin i sh  toward z e r o  a s  the water  depth d iminishes ,  

a s  suggested by the dotted branch  A-A' in Fig.  11-3. 

11-2.2 Effect of C h a r g e  Depth 

We consider now the ef fec t  of varying the charge depth 2 ,  while holding 

the yield and water  depth constant.  Since our  model i s  not based on the 

physics of wave genera t ion ,  i t  says  nothing about charge  depth,  and its 

generality a s  a predict ion model  depends upon the above-cited assumption 

that the experimental ly-determined effects of charge depth variation can 

be incorporated i n  the p a r a m e t e r s  b and r (Eq. 11- 18), and in a manner 

(hopefully) scaleable  with yield. 

The influence of c h a r g e  depth on wave production has probably been studied 

m o r e  intensively on a n  exper imenta l  basis  than any o ther  single factor.  

Yet today, there  i s  no sa t i s fac tory  explanation for a l l  of the observed 

effects, typically i l lus t ra ted  in  Fig.  11-4, which i s  a plot of maximum 

observed wave ampli tude t ime radius 
ym r vs. charge depth  Z for a con- 

stant yield ( Y  = 385 lbs .  TNT) and radius of observation. As the charge 

position i s  moved downwards f r o m  a relatively unexplored geometry just 

above the f r ee  su r face  (where in  wave effects a r e  known to be sma l l  

o r  unimportant), the c u r v e  exhibits a very high, narrow max imum 

for shots very slightly beneath the surface,  followed by  a minimum,  

and a second - but lower  - maximum, af ter  which the widely scat tered 

resul ts  suggest that success ive ly  lower cycloidal maxima m a y  occur .  The 

f i rs t  two maxima have been  named the "upper and lower c r i t i ca l  depths", 

respectively, because  the l a r g e s t  waves occur a t  these cha rge  depths. 

At least  the second min imum c a n  be linked to the emergence  of the explosion 





bubble a t  the su r face  in a contracted phase following its f i r s t  expansion. 

While the lower c r i t i c a l  depth i s  understandably analogous t o  the  maximum 

observed in  s i m i l a r  plots of rad i i  and depths of explosion c r a t e r s  in solid 

mater ia l s ,  no sound physical explanation has yet been advanced for  the 

upper c r i t i ca l  maximum,  although a recent theoret ical  mode l  suggests  

that i t  may be due to  r e s t r i c t ion  of surface venting because of sur face  

shock reflection (Kriebel ,  1968). This effect is s o  f a r  unverified ex-  

perimentally. However,  s ince the entire region inter ior  t o  this  maximum 

i s  filled with data ,  i t  would appear to be a precarious s tabi l i ty  condition 

that resu l t s  in max imum effects ,  and one that i s  not readi ly  reproducible.  

Nevertheless  , the possibil i ty that a near -surface explosion might  produce. . 

waves of this  magnitude cannot be ignored when making wave predictions.  

An additional exper imenta l  observation (but one which m a y  be of princi-  

pally academic in t e res t ,  since the precise a r r i v a l  t i m e s  of individual 

waves a r e  not ordinari ly  of mil i tary significance) i s  a change of phase 

between the corresponding waves of t ra ins  generated by  explo- 

s ions above, or  below the upper cr i t ical  depth, respect ively.  Such a 

change, in fac t ,  is predicted between theoretical models of wave t r a ins  

generated by an ini t ia l  impulse and an initial elevation, respect ively.  

This fact ,  together with physical intuition, suggests that a n  impulse model 

may be m o r e  appropr ia te  fo r  above - or near-surface explosions.  How- 

e v e r ,  since neither model  i s  based on physical real i ty ,  and s ince the de- 

formation model  can be suitably adjusted to  give adequate predictions 

for surface explosions,  the la t ter  is employed exclusively h e r e  inafter.  

Turning now to  the question of scaling, empir ica l  cu rves ,  as shown in 

F ig .  11-5, which i s  s imi l a r  to  Fig.  11-4, have been obtained f o r  a 

variety of chemica l  (HE) charge  weights within the range $ lb < Y < 

14, 500 lbs (TNT equivalent),  but with a steadily increasing sca t t e r  

in wave amplitudes with increasing charge weight and cha rge  depth. 

While some of this  s ca t t e r  can be attributed to  differences in  the  

experimental  conditions, much of it appears t o  lie in  a n  inherent  





i r  reproducibi l i ty  of wave effects f r o m  la rger  explosions,  the l a t t e r  

exhibiting no we 11-defined amplitude maximum ei ther  a t  o r  below the 

surface.  In fac t ,  the  max imum waves for  large cha rges  w e r e  produced 

by re la t ively  deep  explosions .  However, the significant f e a t u r e s  of the  

depth-of -bur  s t  c u r v e s  a t  s m a l l e r  charge weights we re  only obtained 

by hundreds of repe t i t ive  t e s t s ,  and an upper c r i t i c a l  m a x i m u m  i s  s t i l l  

c lea r ly  p re sen t  wi th  c h a r g e s  a s  large a s  385 lbs. 

Because m o s t  of t he  above tes t ing was performed before  the develop- 

ment  of a sui table  hydrodynamic model, e a r l i e r  a t t empts  t o  r e l a t e  pe r -  

tinent var iab les  w e r e  r e s t r i c t e d  to  dimensional analysis .  Unfortunately, 

the water  depth w a s  not considered t o  be important,  and m o s t  of the la rger  

t e s t s  w e r e  c a r r i e d  out over  uneven bottom, which has  made  the  wave 

r e c o r d s  difficult t o  i n t e rp re t .  Nevertheless,  a t t empts  have pe r s i s t ed  

t o  force  r a t h e r  widely s c a t t e r e d  resu l t s  into the f r a m e w o r k  of t he  mixed-  

dimensional r e  lat ion 

where  " m 
i s  the l a r g e s t  recorddd wave amplitude a t  a d i s tance  r and 

G i s  an e m p i r i c a l  function (hopefully) to be determined f r o m  the optimum 

composite cu rve  of a l l  t e s t  data  obtained by t r i a l  adjustments  of the 

exponents p and q. On a purely  kinematic basis  one expects  that ,  if 

explosions of d i f fe ren t  s i ze s  produce geometrically s i m i l a r  d i s tu rbances ,  

then one should find that  p = 112, q = 113. Unfortunately, na ture  is  not 

quite so  kind, and the mos t  ca re fu l  review of exper imenta l  data  f o r  HE in 

the light of hydrodynamic theory indicates that, while the gene ra l  f o r m  of 

Eq. (11- 20) i s  valid o v e r  an impress ive  range of Y ,  the b e s t  value of the 

exponents p and q s e e m  to be slightly different f r o m  the above values ,  and 

that, because of a tmosphe r i c  p r e s su re ,  Z i s  not s imply  sca leab le  a s  a 

power of Y ,  a s  shown below. 

F i r s t  note that  Eq.  (11-18) shows that whenever a >  3 ,  r  i s  a function 

of the explosion p a r a m e t e r s  only, in accordance with Eq.  (11-20). 



In addition to Eq. (11-20), we must  establish the scal ing law relat ing 

wave number to source  radius for events where the cha rge  depth Z 

is  suitably scaled. Based on experimental r e su l t s ,  i t  i s  suggested that 

Charge depth scal ing,  particularly for surface-  venting explosions,  r a i s e s  

the problem of accounting for  energy partition between a tmosphere  and 

water on the cavi ty history. These effects a r e  mani fes t ly  different for  

chemical, re lat ive to nuclear,  explosions. Unfortunately,  the bulk of 

empir ical  data  fall  within the fo rmer  category where  the physics of energy 

partition i s  l e a s t  understood. It therefore i s  m o r e  appropr i a t e  to f i r s t  

consider scal ing bf subsurface explosions. 

Using dimensional arguments ,  and assuming that  a constant  percentage 

of explosion energy  goes into shock, for charge depths g r e a t  enough s o  

that the explosion cavity does not rupture the s u r f a c e  a t  f i r s t  expansion, 

Penny (1945) sugges ts  that the scaling law for  Z should be  

where P is  the atmosphere p res su re  head. This  re la t ion  shows that  Z 
a 

scales  like Y fo r  sma l l  charges (P  >> Z )  and like Y a 
fo r  very 

large ones (Pa << Z).  

Figure 11-5 i s  a plot of vrnr/Y O. 54  versus z / Y  fo r  a l l  available TNT 

explosions, where  the water depth was la rge  enough s o  that the wave number 

Om 2 3 .  Data w e r e  excluded when the products q,r a t  different 

ranges f rom a given event failed to agree within 10%. The amplitude 

scale-factor  Y 0 .  54 
was determined by minimizing the ve r t i ca l  RMS data 

0.3 scat ter  about the ar i thmetic  mean within integer  zonal mult iples  of Z /Y . 
It is  c l ea r  that pract ical  l imits for prediction purposes can  be expressed  as  



for  surface explosions,  and 

for  subsurface explosions.  

11-2. 3 Scaled Source  Coefficients 

Returning, now, t o  Eq. ( I I -2  l ) ,  if we let k = k a t  q = signify the m 
wave number of the  m a x i m u m  wave in the t ime- record  of a wave t r a i n  

observed a t  a dis tance r ,  then  km can  be evaluated f r o m  exper imenta l  

data knowing the (uniform) water  depth and a r r i v a l  t ime  of m. Figure  

II-6 shows the variat ion of km with yield Y for  the da ta  of F i g u r e  11-5 

which, again, a r e  pract icably divisible into two groups,  given by the 

power laws 

k = 0.44Y 
-0.3 

surface m , 0.25 > Z/Y O S 3  > -  0. 25 (11-25) 

subsurface k = 0. 39 Y-O' 3,  z/Y0' < - 0. 25 m 
(11-26) 

The scat ter  of data for  wave number is  very much s m a l l e r  than that  

for wave amplitude, s ince  the dispersion is  a function only of the water 

depth and source rad ius .  Equation (11-2 1) is  thus ver if ied f o r  explosions 

deep enough s o  that  k h > 3,  because the largest  waves will  occur m 
when rok, = 4. 2; giving the scaled source rad i i  

surface r = 4. 2/k $ 9. byo' 3 ,  0. 25 >z/y0' >-0. 25 (11-27) 
0 m 

subsurface r o  = 4. 2/k 2 10. 8 y 0 '  3 ,  Z/Y" < - 0. 25 m ' 
(11- 2 8 ) 

It i s  significant that  YO' i s  a l s o  found to be the opt imum scal ing ex- 

ponent for c r a t e r  r a d i i  in  solid mater ials  (Nordyke, 1962). 





Now, combining Eqs. (11-23), (11-24) and (11-27), (11-28), and noting that 

for  kmh > 3 . k r  = 0. 63 b r o ,  we obtain the source  amplitudes,  

surface b = 2 . 8 Y  0 ' 2 4 1  0 . 2 5 > ~ / ~ ~ ' ~ > - 0 . 2 5  (11-29) 

subsurface b = 1. 6 Y 0. 24 Z,yO. 33 
1 < - 0.25 (11-30) 

Again, Y O '  24 sca l ing  h a s  a l s o  been found to  be m o s t  appropr ia te  fo r  

c ra t e r  depths in solid m a t e r i a l s ,  although the re  is no corresponding 

upper - c ontr 01 m a x i m u m  in the la t ter  media. 

Since not only c r a t e r  r a d i i  but a l s o  c r a t e r  depths in solid m a t e r i a l s  

diminish a s  the cha rge  depth is decreased  towards z e r o ,  the anomalous 

increase in m a x i m u m  wate r  wave amplitude a t  the upper c r i t i ca l  depth 

can  only be the r e s u l t  of the kinetics of water motion following init ial  

expansion, probably abet ted by the better impedance ma tch  between 

water and a i r  than that  fo r  mos t  solids.  

As evidence of the gene ra l  applicability of the model,  Fig.  11-7 shows 

wave envelopes computed f r o m  Eq. (11- 18) (phase fac tor  omit ted)  

normalized to the s tated max imum amplitudes f o r  th ree  wave t rains  

r e c o r d e i  during the 1966 Mono Lake t e s t  s e r i e s  (Po l l a rd  and Wallace,  

1967). (The s tandard  subsurface  prediction [b = 1. 6 Y 0. 24 , r  = loyo '  3] 
0 

would have given uni form maximum envelope amplitudes rl = 0. 38 ft. m 
a t  r  = 3600 f t ,  thus over-predicting for the shallower shots  by about 

22'70 and 3570, respec t ive ly .  This i s  necessar i ly  the c a s e  with sca t te red  

data;  the prediction m u s t  cove r  the possible maximum case . )  
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DEPTH AT EXPLOSION 1250 
DEPTn AT GAGE 9 6 n  
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GAG€ AND SZ 3,660011 

Figu re  XI-7 C o m p a r i s o n  of OSI 1966 Mono Lake Exper imen t s  with Theory 
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3 SHALLOW WATER WAVE GENERATION 

In teres t  in shallow water  generation s tems f rom the fac t  tha t ,  although 

the wave-making efficiency i s  sma l l e r  than that for an  equivalent explosion 

in deep water ,  a g r e a t e r  f ract ion of the resulting wave ene rgy  goes into 

the leading waves of the t ra in .  This i s  because the cavi ty r ad ius ,  which 

controls the wavelength of the principal waves (Eq. 11-27), is substan-  

t ially independent of the water  depth. Moreover, because of the i r  low 

steepness  (rl, km < h  km < I ) ,  such waves a r e  l e s s  apt  t o  b r e a k  on 

gentle slopes,  and hence a r e  potentially capable of a higher  absolute 

shoreline run-up  than s t eepe r  waves of the same height. Thus ,  the  

tendency for g r e a t e r  run-up  is  opposed by decreasing avai lable  wave 

energy a s  the generat ion depth decreases ,  and i t  i s  des i r ab le  t o  inquire 

whether the absolute run-up  will  increase or  decrease  in such  c i r -  

c ums tanc e s . 

0. 3 
While the deep water  prediction model becomes invalid f o r  h < 6Y 

a general  theory exis t s  fo r  shallow water generation (Kajiura ,  1963).  

As with deep water  generation, however, an acceptable predict ion 

model  must  be normalized to  a n  extensive set  of exper imenta l  data.  

Unfortunately, present  data  a r e  limited to a single s m a l l  t e s t  s e r i e s  

with 4- l b  TNT charges  (WES, unpublished) and two 9,250 l b .  shallow 

water  shots during the 1966 Mono Lake tests (Wallace, 1967). F igure  

11- 8 shows the available data compared with that for deep  w a t e r .  The 

f o r m e r  have roughly the same  charge depth dependence, but the m r / Y  
0. 54 

values a r e  only about half a s  g rea t  a s  the median (heavy) l ine for  deep 

water  tes ts .  Although the W E S  original records a r e  not yet  available 

for  analysis,  Fig.  II- 9 shows the published wave r e c o r d s  f o r  shot  2 

of the 1966 Mono Lake shallow water ser ies  (Wallace, 1967). A s  d is -  

t inct f rom deep water  r e c o r d s  a t  similar distances, the wave t r a i n s  

a r e  charac ter ized  by a l a rge ,  long leading wave, followed by a s e r i e s  

of shorter  waves,  whose amplitudes increase and then d e c r e a s e  with 

t ime.  Such wave t r a ins  can be shown to be predictable by shallow water  

generation theory of Kaj iura  (1963).  



F i g u r e  11-8 S u m m a r y  of Explos ion Wave Data f o r  explos ions  i n  shallow 
w a t e r  under l ined  points a r e  fo r  bot tom-denota ted  c h a r g e s  
( Z  = -h)  





CHAPTER III 

WAVE PROPAGATION 



111- 1 UNIFORM WATER DEPTH 

When the wa te r  depth is uniform,  or  deep enough, r e l a t i v e  t o  the  ex-  

plosion yie ld  (h  >6y0 3 ,  s o  tha t  the principal  waves  a r e  unaffected by 

the depth t he  wave s y s t e m  wi l l  have c i rcu la r  s y m m e t r y .  The  genera l  

c h a r a c t e r i s t i c s  of s u c h  a n  expanding wave s y s t e m  wi l l  r e s e m b l e  those of 

Fig.  I- 1. 

As  in  the  t heo ry  f o r  wave generat ion discussed in  Chap te r  11, the  local  

wave amplitude a t  any place and t ime i s  calculated by s u m m i n g  the 

F o u r i e r  components  which a r r i v e  simultaneously f r o m  a l l  of t he  e le -  

menta l  reg ions  compr i s ing  the  source  disturbance.  T h e  wave amplitude 

i s  a function of the  l oca l  ene rgy  density,  considered t o  be-  the  proper ty  

of an  energy packet bounded by adjacent r ays  rad ia t ing  ou tward  a t  group 

velocity in  the  d i rec t ion  of the  rays .  The procedure  is appropr ia te ly  

cal led the conserva t ion  of energy  flux. Thus,  the  ampl i tude ,  of any in- 

dividual wave i s  not a p rope r ty  of that  wave, but wi l l  v a r y  accord ing  to  the 

wave amplitude envelope a s  e a c h  wave passes  through. In  o r d e r  t o  

de te rmine  the  ampli tude of any par t icular  wave a t  a g iven  point o r  t ime ,  

one mus t  f i r  s t  de te rmine .  when the wave will  a r r i v e  at t h a t  point ,  

de te rmine  i t s  loca l  f requency  f r o m  the d i spers ion  r e l a t i on  (Eq.  11-21] 

and then compute  i t s  ampli tude f r o m  the genera l  f o r m u l a  (Eq. 11- 18). 

The local  wave posit ion i s  de te rmined  f r o m  the phase function (Eq. 11-61. 

While i t  i s  known tha t  t he  wave phase at  a given point sh i f t s  by a s  much 
0 

a s  180 a s  the  cha rge  depth i s  var ied,  this shift i s  o rd ina r i l y  of no 

importance t o  wave e f fec t s ,  and i s  ignored in the following d i s cus s ion .  

Thus the calculated ins tantaneous position of any p a r t i c u l a r  wave in the 

ensemble  pass ing a given point will  be uncertain with  a half-wavelength 

o r  so ,  or i t s  a r r i v a l  t i m e  uncer ta in  by half i t s  per iod .  T h i s  uncertainty 

wil l  not o rd inar i ly  affect  the  local  amplitude. 

At any point in  a space - t ime  coordinate plot of a n  expanding wave t ra in ,  

any wave can  be identif ied by the position of s o m e  point of constant  phase 

( say ,  the wave c r e s t ) ,  usually by assigning i t  an o r d e r  number  n,  reckoned 



inwards toward the s o u r c e  f r o m  that  c r e s t  nearest  the wave front. The 

locus of such points is cal led a phase t ra jec tory ,  two of which a r e  shown 

in Fig.  I- 1. Since a point of constant phase (point phase)  is defined by 

cos (wt - k r )  = m = constant ,  wave c r e s t s  will occur when m = 1, and 

the c r e s t  o r d e r  n u m b e r s  wi l l  be given by 

In view of the aux i l i a ry  equations f o r  group velocity and frequency for  a 

point of s ta t ionary phase,  

m 2  = g k  tanh k h  

Equation (111-1) can  be r ev i sed  to  a pa i r  of equations relat ing n and r 

o r  t  to the wave number  k and the (constant) water depth h. 

1 1 
( 2 n -  l )  = 2 ( g k  tanh k h ) z  (1 - 2 k h / s i n h  2 k h )  (111- 3b) t  

Equations (111- 3) might  be called the field equations f o r  wave number in 

the r  - t  plane ( s i m i l a r  to  R-T  plane). Knowing either r or  t ,  h and n, k 

can be found f r o m  a cu rve  o r  table ,  and the unknown variable  determined by 

substitution. Morecommonly ,  h ,  r ,  and t  a r e  known and n i s  desired.  In such 

cases ,  no exact solution i s  possible, but the closest  integer  value p ( n )  

can be found by de termining  k f r o m  Eq. (111-2) and substituting in either 

of Eqs.  LII-2.. 

Simplifications of the above procedure can be made when the 

water  depth h i s  substant ial ly  g rea te r  than the wavelength L a t  the 

frequency cons idered ,  a s  defined by 



In this c a s e ,  Eq; (III-3) becomes 

t 1 

n (2n -  1 )  = k r  = 2 (gk)' 

f r o m  which, by eliminating k, 

Thus the t r a j ec to r i e s  of individual waves in the r - t  plane a r e  f i r s t  o rder  

parabolae,  whose consecutive a r r iva l  t imes a t  any  point, R  will  be 

in  the ra t ios  

T T T :-.- . . . etc .  
n-n  

Similarly,  a t  a n y  instant  of t ime,  T , the consecutive c r e s t  r a d i i  will 

have the ra t ios  

R : R  13 :  R I 5  ... etc .  



NON-UNIFORM DEPTH 

Ill-2. 1 Method of A ~ ~ r o a c h  

The re  is  no uniformly valid theory  for  predicting the evolution of a n  ex-  

plosively-generated wave s y s t e m  in water  of non-uniform depth.  Th i s  

i s  because depth var ia t ions  a c t  t o  dis turb the uniform r a d i a l  f lux of 

energy and speed of wave propagation by p roces ses  of r e f r a c t i o n  and /o r  

reflection in a manne r  t oo  complicated to  permi t  s imp le  general izat ion.  

Moreover ,  t he se  per turba t ions  depend upon the loca l  wave  f requency ,  

which, i tself ,  is  varying with t ime .  Lastly,  such nonl inear  p r o c e s s e s  

a s  finite wave height and f r ic t iona l  dissipation, that  c a n  b e  ignored i n  

deep  water ,  m u s t  be cons idered  in  shallow-water propagation.  

As a resu l t ,  in o r d e r  t o  make  meaningful predict ions ,  a p iece-wise  con- 

tinuous computation scheme  i s  used,  ( s ee  Section IU-3. 2), by which 

energy and waves c a n  be  propagated over a great ly  s impl i f ied  s tep- l ike 

topography, suitably se lec ted  t o  approximate the ac tua l  s e a  floor over  a 

l imited region. The validity of such a model depends upon a number  of 

simplifying assumpt ions  o r  approximations,  each of which have been  

separately  investigated.  The m o s t  important of t hese  f a c t o r s  a r e  reviewed 

in the following sec t ions .  Because of the g rea t e r  s impli f icat ions  afforded, 

in mos t  previous theo re t i ca l  and experimental  work,  i t  h a s  been a s s u m e d  

that  the waves a r e  per iodic .  While ultimately, one h a s  t o  r e ly  upon a 

theory valid for  d i spe r s ive  waves,  the importance of wave  re f lec t ion ,  

nonlinearity, and bot tom diss ipat ion can m o r e  easi ly  be  a s s e s s e d  by 

assuming that the waves a r e  quasi-periodic.  

111-2. 2 JVave Reflection 

The many theore t ica l  a t tempts  t o  derive a suitable formula t ion  for  the 

reflection coefficient for  per iodic  progress ive  waves i n  w a t e r  of non- 

uniform depth have been reviewed by LeM6'hautg (1966). Of t h e s e ,  the 

work  of Miche (1944) and Roseau  (1952) have the m o s t  g e n e r a l  application 

t o  the problem of explosion waves advancing sho reward  f r o m  deep  wa te r .  

The Roseau theory  appl ies  t o  a par t icular  family of bo t tom prof i les ,  some 



of  which quite c lose ly  resemble  the continental shelves and the i r  terminal  

escarpments .  Application of this theory to the explosion wave problem 

( L e M ~ h a u t ~ ,  e t  a l ,  1965) indicates that the correct ion for  wave ref lec-  

tion by the continental  slope i s  insignificant for a l l  f requencies  of 

pract ical  i n t e re s t ,  even  for the long leading wave. In the l imiting case  

of smal l  ref lect ion,  the Roseau theory tends to the l inea r  conservation of 

energy flux ( i n  one dimension).  This conclusion i s  fur ther  supported by 

wave tank exper imen t s  (LeMghaut6, Snow, and Webb, 1966). 

Since the re f lec t ion  coefficient for  waves advancing a t  oblique incidence 

will  always be l e s s  than that  for  normal  incidence, the effect of reflection . 

i s  ignored in the  p resen t  prediction model. 

III-2.3 Wave Shoaling and Peak-Up Phenomena 

The method of conservat ion of energy flux i s  one of s e v e r a l  approximate 

methods available f o r  calculating the transformation of a wave propagating 

f r o m  deep wa te r  to  the shore.  It has the advantage that  i t  i s  easi ly  applied 

t o  pract ical  predict ions.  This method assumes  a p r i o r i  that t he re  i s  no 

friction e i ther  internal ly  in the fluid or a t  the boundaries.  . Moreover ,  i t  

i s  assumed tha t  t h e r e  i s  no reflection of the wave energy  due to  the 

sloping bottom, and that  the wave motion may be descr ibed locally by 

the solution t o  the corresponding problem for a horizontal  bottom. 

Caldtvell ( 1 9 1 9 )  showed experimentally that reflection i s  negligible 

for  slopes l e s s  than 4. 5 degrees.  Roseau (1952) substantiated this finding 

theoretically.  

This method has  been used by numerous investigators to  obtain the t r ans -  

formation of waves.  Some differences between these  various investigations 

a r e  attributable t o  different mathematical approximations for  the waves. 

The s imples t  c a s e  i s  when the wave is  taken to  be a l inear progressive 

wave. In this case  the shoaling coefficient HIHo i s  a function only of the 

group veloci t ies  v and v in deep and shallow water ,  respect ively.  
0 

1 

= [<-IZ = [ t anh  ~ ( 1  + Z o / s i n h Z ~ ) ] - T  
Ho 0 



F o r  waves of f inite height,  m o r e  prec ise  methods a r e  r equ i r ed .  By 
taking the th i rd  o r d e r  grav i ty  wave theory,  LeMghautei' and  Webb (1 964) 

computed the t r ans fo rma t ion  of waves,  assuming conserva t ion  of energy  

flux. Their  r e s u l t s  indicate  a l a r g e r  shoaling coefficient than  p r e -  

dicted by the l inear  t heo ry  ( s e e  Fig.  I l l - I  and 111-2), and the deviation 

inc reases  with i nc reas ing  deep  water  wave height, H . T h e  s a m e  t r end  
0 

(i.  e .  , l a rge r  shoaling coefficient for  l a rge r  init ial  wave height)  w a s  

obtained f r o m  a s i m i l a r  ana lys i s ,  using the fifth o rde r  t h e o r y  (Koh and 

~ e ~ g h a u t e ' ,  1966) a s  shown in  Fig.  ILI-3, but the fifth o r d e r  wave theory  

i s  not applicable when t h e  w a t e r  is too shallow. This is because  a t  shallow 

depth, we have exceeded  the  Limit of applicability of the  Stokes  wave theory 

since the s e r i e s  i s  non-uniformly convergent. (Actually, t he  fif th o rde r  

theory ceases  t o  b e  valid f o r  a > 0. 6. ) 

Basically,  the p rob lem of wave propagation, a s  invest igated h e r e i n ,  pos ses ses  

t h ree  geometr ic  c h a r a c t e r i s t i c  lengths: namely,  the depth h ,  the  wavelength 

L, and the wave height  H. F r o m  these i t  i s  possible t o  f o r m  two dimension- 

l e s s  quanti t ies H /  L and  Hlh .  The fifth order  theory expands the solution, 

using essent ia l ly  H/  L a s  the pa rame te r  of expansion, without paying much 

attention to  the o ther  p a r a m e t e r ,  H/h. It was implicit ly a s s u m e d ,  therefore ,  

that in the theory  the  quanti ty H / h  i s  unimportant. In the p r e s e n t  investigation 

of wave shoaling, t h i s  quanti ty is certainly not uniformly s m a l l  in  the 

physical  region of . in te res t .  In par t icu la r ,  for  sma l l  depth (and hence 

l a rge r  H/h)  the fif th o r d e r  theory  appears  to  be a poorer  approximat ion 

to  experimental  r e s u l t s  than the corresponding third  o r d e r  theory .  In 

the l imit  a s  h + 0 ,  the  t h i rd  o r d e r  theory i s  poorer than the l inear  theory.  

It i s  concluded tha t  the  t h i rd  o r d e r  resu l t s  should be used  f o r  calculations 

of wave shoaling, whe re  e x t r e m e  accuracy is  des i red ,  but tha t  the  firs't 

o rder  theory i s  adequate  fo r  m o s t  ca ses  where the topography i s  imper -  . 
fectly known. 

When waves a r r i v e  a t  a depth sma l l e r  than approximately 1. 4 t i m e s  the 

breaking depth, a sudden i n c r e a s e  in wave height i s  obse rved  experimentally 

( ~ e ~ d h a u t d ,  Snow and  Webb, 1966). Figure  111-4 i l l u s t r a t e s  th i s  phenomenon. 

Even though the g e n e r a l  r e s u l t s  given by previously ment ioned nonlinear 

wave theory indicate th i s  t r e n d ,  there  i s  presently no sa t i s f ac to ry  theory 
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which can  ma tch  the  exper imenta l  facts,  although Van Dorn ( 1966) 

suggests tha t  such  a peaking up i s  to be expected for  waves on a slope 
H L 2  when the loca l  U r s e l l  pa ramete r  - (-) > 100. As a pract ical  ground 
h h  

rule,  we can  cons ider  that the wave height suddenly inc reases  prior to  

breaking by a fac tor  of 1.4 above the value given by conservation of energy 

flux. 

111-2.4 Beating Phenomena Due to Reflection 

While ref lect ions can  general ly  be neglected in waves advancing f rom 

deep to shallow water  over  the continental slope, upon reaching the shore-  

line, a d i spe r s ive  wave t r a i n  i s ,  to some extent, ref lected seaward; the 

leading portions a r r iv ing  back a t  any intermediate relevant  point before 

later portions have yet passed that point on the way t o  the  beach. That i s ,  

the observed offshore sur face  motion consists of a quasi-standing wave 

system, composed par t ly  of incident waves and part ly  of reflected waves, 

the exact motion depending on their  relative heights and phases. Hence, 

we see a beating effect a t  var ious  offshore points. It i s  to  be noted that 

the envelope of the  run-up h i s to ry  does not evidence such  beating, since 

there i s  a lways an  antinode a t  the shore.  - 

The beating phenomena associated with reflection of d ispers ive  wave t ra ins  

has  been theore t ica l ly  investigated (Le ~ g h a u t ; ,  Hwang e t  a l ,  1967) for 

the case of to ta l  reflection, corresponding to non-breaking waves. The 

wave pat tern was calculated a t  various distances f r o m  the shore ,  and it 

was found that  the i r r egu la r i t i e s  due to superposition of the reflected wave 

inc reases  a s  the d is tance  f r o m  the shore increases .  F igure  111-5 i s  an 

example of a computed t ime his tory for an offshore point, and shows a 

beat super imposed  on the normally smooth modulation envelope. 

This r e s u l t  i s  confirmed by the experimental observat ions of Van Dorn 

(1966). F i g u r e  111-6 shows dispersive waves ( r e c o r d s  made a t  four positions) 



in  a tank with a sloping beach. Results a r e  shown for  s eve ra l  water  

depths along the slope, and i t  can be seen that the beats  a r e  mos t  pr'o- 

minent a t  some distance f rom shore, tending to l e ssen  in  ve ry  sma l l  

(near-shore)  depths. The asymmetry of the shallowest r e co rd  i s  due 

to wave breaking. 

If the waves a r e  breaking, this beating phenomenon will  be attenuated, 

but there will s t i l l  r emain  some residual discrepancy between the un- 

reflected theoretical model for the incoming wave and the measured  one, 

since beaches never totally absorb wave energy. 
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111-3 PRACTICAL METHOD OF CALCULATION OF-DISPERSIVE 

WAVES WITH NON- UNIFORM DEPTH 

III-3. 1 Wave Transformat ion  - Basic Principles  

With non-uniform depth, wave generation can sti l l  be computed by the 

methods of Chapter  11, and the local wave amplitude determined by the 

conservation of energy  flux, but the procedure i s  m o r e  complex. Where- 

a s  in uniform depth both frequencies and phase points propagate in co- 

incident s t r a igh t  l i n e s ,  when the depth i s  variable not only do frequencies 

and (constant) phase  points propagate a t  different - and varying - speeds,  

but, in gene ra l ,  by  different paths; moreover ,  these paths a r e  no longer 

s t raight  l ines ,  but a r e  curves that must  be separa te ly  determined 

prior to the ampli tude computation. These cu rves  have, somewhat 

loosely, been  given the name rays ,  and no confusion r e su l t s  

f r o m  this te rminology in the case of monochromatic wave sys tems,  

wherein a moving phase point ( say ,  a wavecrest)  i s  a lways associated 

with a constant frequency. In a dispersive sys tem,  however,  the distinction 

must  be m a d e  between the propagation paths for  frequency elements 

and phase points.  The word ray will be defined h e r e  a s  the curve gen- 

erated in a space - t ime  coordinate system by an energy  packet propa- 

gating a t  group velocity,  while orthogonal r e fe r s  to the analogous path 

for a phase point moving a t  phase velocity. Both the r a y s  and orthogo- 

nals have in common that the  t ravel  t ime for f requencies  and phase points, 

respect ively,  i s  a minimum between any two points on these  curves;  this 

statement i s ,  in  f a c t ,  a definition of a ray in geometr ic  optics.  . 

In  o rde r  to de te rmine  the spec t ra l  energy at  a remote  point in water of 

variable depth,  then ,  one must  f i r s t  determine the r ays  connecting the 

source and the point of observation for a given frequency,  and then integrate 

the equation (Eq. 11- 1 ) fo r  this frequency along the r a y  to  find 

i t s  a r r i v a l  t i m e .  Since, in a continuum, energy i s  considered to 

be conserved within a wavepatch bounded by adjacent r a y s  and adjacent 

f requencies ,  t he  above p rocess  i s  then repeated with sma l l  changes in the 

ray direction and  frequency in order  to determine the energy intensity a t  



the observation point. This  procedure must  be repeated f o r  enough f r e -  

quencies to define the energy spec t rum of the dis turbance a s  a function of 

frequency and t ime.  

In an  entirely s imi l a r  fashion the phase of the dis turbance can a l s o  be 

determined a s  a function of t ime by computing the r equ i red  orthogonals,  

and then integrating (Eq.  I1 - 5 )  along them to de te rmine  the  a r r i v a l  

t imes of the consecutive phase points. Although, in pr inc ip le ,  the com- 

putations must  again be repeated for  each of the e lements  compr is ing  

the source,  for  remote  observation points the t r ave l  pa ths  will  be sufficiently 

s imilar  that this  l a t t e r  complication can usually be avoided. 

I t  i s  apparent f r o m  the  foregoing that the task  of computing the wave 

his tory a t  even a single observation point i s  apt to be v e r y  complicated 

and laborious. Although the differential  equations fo r  the  r a y s  (11-7) can be 

written down in the m o s t  general fo rm,  they cannot be  solved explicitly 

for  a rb i t r a ry  topography. No s imi l a r  equations exis t  f o r  finding the 

orthogonals. In genera l ,  the r ays  and orthogonals m u s t  b e  found by 

graphical constructions on a t r i a l - and-e r ro r  basis  o r  computed by i terat ive 

numerical techniques fo r  each frequency concerned. 

Fortunately, however ,  a s  in the theory of generation, simplifying assumptions 

make possible quantitatively sat isfactory calculations of wave charac ter i s t ics  

in  regions where  they can  be justified. These a s sumpt ions ,  in o r d e r  of 

consideration, a r e :  

1) That within a n  angular zone of interest  with i t s  apex a t  the 

explosion point a l l  depth contours can be approximated by 

s t raight  l ines .  

2 )  That the laws of geometric optics apply to the construction 

of wave r ays  and the computation of wave ampli tudes.  These  

laws essent ial ly  requi re  that the wave ampli tude be smal l  enough 

so  a s  not to affect the wave speed; that the w a t e r  depth does not 

change by a significant fraction in a wavelength a t  any f r e -  

quency considered;  and that the local wave speed be equal to 

that if the local depth were uniform everywhere .  



3) T h a t  the distance along a ray  connecting any two points does 

not differ  significantly f r o m  that along a n  orthogonal connecting 

the s a m e  two points; that i s ,  that phase t r a v e l  t imes  may be 

computed by integrating along a r a y  in  Lieu of constructing 

s e p a r a t e  orthogonals. 

111-3. 2 P r a c t i c a l  Method of Calculation 

ILI-3.2.1 Outline o f p r o c e d u r e  

The following s implif ied procedure (Van Dorn, unpublished, LeMghaute', 

Hwang, e t  a1 1967) can  be used to compute the wave cha rac te r i s t i c s  a t  any 

place or  t ime following a n  explosion, subject to the above assumptions.  

1)  The  wave envelope spectrum obtained f r o m  Eq. (11- 18) i s  f i r s t  

subdivided into a number of component f requencies  wi, each 

identified by an init ial  amplitude q ( w  .) i n  water  depth h a t  
1 1  1 

the explosion s i te ,  which is  taken a s  the or igin of car tes ian  

coordinates  for  fur ther  calculations with the x-direction shore-  

ward .  

2 )  The  region shoreward of the explosion point, O', assumed to 

be  the a r e a  of in te res t ,  is subdivided into zones radiating f r o m  

O', and a suitable number of depth contours  a r e  approximated 

by drawing s traight  lines C. a c r o s s  each  zone (Fig.  111-7). 
1 

3 )  A fami ly  of wave rays for each above frequency is  then computed 

to  fu r the r  subdivide each zone. Such subse t s  of contours inter-  

s ec ted  by ref rac ted  rays  comprise e lementa l  regions within 

which energy i s  to  be conserved for each  frequency. 

4) The  wave amplitude a t  every contour i s  then computed f r o m  

the conservat ions of energy flux, a s  wel l  a s  i t s  a r r i v a l  t ime ,  

wavelength, period, and other number by which the local wave 

phase can  be identified. Test  c r i t e r i a  a r e  a l so  applied to  

de te rmine  whether the local wave phase i s  stable and sat isf ies  

the a s s u m e d  linearity conditions (IV-2), or  whether i t  b reaks  

and m u s t  therefore be treated differently. 

5) Step  4 i s  then repeated contour by contour until some reference 

contour near  shore is  reached, af ter  which the run-up can  be 

computed by the methods of Chapter V. 
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61 Steps 5 and  6 a r e  then repeated for  each r a y  and each f r e -  

quency to determine the t ime  his tory of the  wave field as  a 

function of dis tance along shore  within each  zone. 

In general ,  each such  calculation differs  f r o m  e v e r y  o the r ,  which ex- 

plains why the  predict ion of wave charac ter i s t ics  ove r  complex topography 

cannot be general ized in  any convenient fashion, although the g ross  resu l t s  

can be presented  ul t imately in relatively simple f o r m .  

III-3, 2. 2 Computation of the Ray Sys tem Within a Zone 

As a frequency e lement  propagates  a t  group velocity towards shore i t  will be 

refracted according t o  Sne l l ' s  Law for  geometr ic  opt ics .  F igure  111-7 i l lus t ra tes  

the segmental re f rac t ion  of a r ay  originating a t  0 '  a t  a n  angle  8 to the 

shoreline normal  0 ' -x .  The  r a y  i s  approximated by s t r a igh t  l ine segments 

r .  in  c ross ing  the in te rva ls  between d iscre te  contours  C each of which 
1 i' 

intervals  i s  a s s u m e d  to have a uniform depth h. unt i l  it eventually reaches 
1' 

a l imit  contour C beyond which the two-dimensional theory  of run-up takes  
S 

over.  

Adopting the nomenclature of Fig. 111-7, one can  calculate '  a r a y  path a s  

follows. Let Q(xn,  y ) denote the point of in te rsec t ion  between the ray  
th 

n 
and the n contour.  Then the nth coordinate of the point can be related to 

the previous coordinate  by 

-- n cos a> t sin a; tan (a'  
n- 1 + e n - l )  

- 
'n - yn-.l + (xn - x n-  1 tan (a;- + e n - l )  

and the dis tance between points Q(x, yn- l )  and Q(xn,  yn) i s  - 

The relationship between 0 n- and P i s  given by 

Pn = s i n  s in  (a' 
n- 1 + 'n-1 - a;) ] n 



where  

(III- 1 3) 

is  the group velocity r a t io  a c r o s s  the corresponding contour.  + The time 

required fo r  propagation a c r o s s  Ar i s  
n 

- 
2Ar 

- n Atn - - - v 
n (ghntanh n ) t ( l  t 2 ~ n  ) 

On 
sinh 20 

and the total  propagation t ime  f r o m  surface z e r 8  t o  point (x , yn) i s  
n 

equal to  the s u m  of the propagation t imes  a c r o s s  Arn; tha t  i s  

(III- 14) 

III-3. 2 . 3  Wave Amplitude Change Along a Ray 

The changes in wave ( spec t r a l )  amplitude associated with propagation of a 

wave packet of constant frequency in water of var iable  depth has  been 

given for the spec ia l  c a s e  where  the direction of propagation i s  normal  to  

the bottom contours (Van Dorn, and Montgomery, 1963). In  such cases  the 

conservation of energy flux i s  given. by: 

Where E(W) i s  energy  per unit frequency, and r i s  dis tance measured f r o m  the 

origin along a r ay .  The f i r s t  factor  in brackets  gives the effect of r a y  separation 

(geometr ic  spzeading) and the second factor the effect of d ispers ion  ( f r e -  

quency separat ion) .  

':: The group velocity i s  used h e r e  instead of phase velocity because an 
energy packet of constant frequency i s  being ref rac ted  instead of a point 
of constant phase. 



In the coordinate s y s t e m  of Fig,  111-7, the amplitude change in  going f rom 

the or igin r t o  the  point r = r. can be wri t ten a s  
1 

2 
where A r  is the  in t e rva l  between two contours,  q [k (h ) ]  = a (112 v i ) l a k i  

2 2 2 
1 14 - kihil  sinh 2kihi - ki  hi (1 -2 cosh  2kihi)/ s inh 2kihi 

=[8./(g tanh k.hl]  1 [ 3 ] (111- 18) 
( I  t 2kihi/sinh 2kihi) 

and, again, ki(hi)  is obtained f rom 

UJ = g ki  tanh kihi 

When the r a y s  a r e  not n o r m a l  to  the contours, the effect  of re f rac t ion  can 

be included by  multiplying (111-17) by the ray-spacing fac tor  

appropriate to  each  successive contour. 

Recalling, now, Eq. (11- 18). for the wave amplitude rl ( w )  in water  of uniform 

depth h ,  the co r rec ted  spec t r a l  amplitude 7 af te r  c ross ing  the  ith contour 
i 

and traveling a to ta l  dis tance r i  = f A r along the jth r a y  will be ,  upon 
I 

substitution fo r  UI and t the i r  equivalent s ta t ionary phase formulae 

1 1 - 
c o s  0 

1 

I' 



A 

and i ts  t ime of a r r i v a l  ti = A i /v i .  The wave o r d e r  number 
1 

corresponding t o  the frequency UI. will  be the integer n e a r e s t  t o  
J 

A schematic drawing used for  such a calculation i s  shown in  Fig.  111-8, 

where 7 f requencies  a r e  shown initially propagating a t  an  angle 8 with 

shoreline normal  0'-0. Each  frequency follows an  independent path. 

Since each has  i t s  own init ial  amplitude, i t  will have a unique amplitude- 

distance h is tory  (shown above schematically for  the highest wave s) and 

break a t  a different  point. In this example, the contours  a r e  assumed to 

be parallel  to shore .  A m o r e  real is t ic  case  would show m o r e  i r r e g u l a r  

rays  and m o r e  variat ion between them. 

The actual breaking point and subsequent his tory of each  wave in ve ry  

shallow water  c a n  then be  t reated by methods discussed in  the following 

chapters.  





CHAPTER I V  

S H A L L O W  WATER WAVES 



I -  1 INTRODUCTION 

Waves in shallow wa te r  a r e  important  to the purposes of this handbook 

for seve ra l  r easons .  F i r s t l y ,  the wave height genera ted  in deep water 

usually amplif ies  a s  the wave propagates toward shallow water .  It has 

been shown (Le M6haut6, e t  al .  , 1967) that the wave-making potential 

of very la rge  explosions i s  sufficient to produce abnormal  breaking in 

relatively deep water  on the continental shelves,  thus posing operational 

problems for  ships  and submar ines .  Secondly, the abnormal  waves a r e  

potentially capable of producing semi -  permanent local changes in under - 
s e a  sedimentary  depos i t s  through the processes  of e ros ion  and wave- 

induced Littoral t ranspor t .  Any such changes a r e  undesirable f r o m  the 

standpoint of navigation and possible damage to cables  o r  other undersea 

installations. Last ly ,  the understanding of wave propagation in shallow 

water and i t s  breaking i s  of p r i m a r y  importance in  the prediction of 

wave run-up on the shore .  Thus an  understanding of the wave behavior 

in  shallow wa te r ,  such  a s  velocity field, breaking, breaking wave pro- 

pagation and i t s  effects ,  i s  of g rea t  importance. 



IV-2 THE ESSENTIAL CHARACTERISTICS O F  WAVE THEORIES. 

Ship and submar ine  motions a r e  dependent upon the velocity and acceleration 

fields of the wave environment .  If one wants to investigate the motion of 

a ship, i t  i s ,  t he re fo re ,  impor tant  to find out which theory  can  best  

represent  the wave motion. Before an appraisal  of the validity of different 

wave theories ,  le t  us give a br ief  discussion of the e s sen t i a l  charac ter -  

is t ics  of wave theor i e s  which a r e  commonly used in pract ice.  

1. The l inear  theory  of A i r y  in Euler ian coordinates gives the 

essent ial  cha rac te r i s t i c s  of the wave pattern in a s imple formulation: 

the f r ee  surface is s inusoidal ,  particle paths a r e  ell iptic and follow a 

closed orbit  ( ze ro  m a s s  t r a n s p o r t ) ;  lines of equipressure  a r e  a l so  
H 2 

sinusoidal. The t e r m s  in ( )  a r e  neglec ted  (See Stoker ,  1965.) 

2. The l inear  theory  of A i r y  in Lagrangian coordinates gives a l so  

elliptic par t ic le  pa ths ,  but  the f r e e  surface and lines of equipressure  

a r e  now trochoidal,  a s  i n  the wave theory of Ger tsner  (Biese l ,  1952). 

3 .  The l inear  long wave theory is the same  a s  the theory  of Airy 
h 

where it i s  a s s u m e d  that  is smal l ;  a s  a consequence, the formulae 

a r e  simplified considerably.  The pressure  i s  hydrostatic and the hori-  

zontal velocity dis t r ibut ion is  uniform. The wave velocity i s  simply 

(Wiegel, 1964). 

4.  The theory of Stokes a t  a second order  of approximation is  

character ized by the s u m  of two sinusoidal components of period 7 

1 
and - T respect ively.  A s  a r e su l t ,  the wave c r e s t s  become peaked 

2 
and the troughs become f la t te r .  The wave profile can  even be cha r -  

acter ized by the appar i t ion  of a hump in the middle of the wave trough. 

Similar ly,  the el l ipt ical  par t ic le  path i s  deformed and tends to hump 

under the c r e s t  and f la t ten under the trough. In this theory a s  in a l l  

the following wave theor i e s ,  t h e r e  is  mass  t ranspor t  a s  a r e su l t  of 

irrotationality and nonlinearity.  However, phase velocity, wa ve length ' 



and group velocity a r e  the same  a s  in the l inear  theor ies .  The t e r m s  

in (2)3 a r e  neglected. (See Wiegel, 1964.) 

5. The  theory  of Stokes a t  a third order  of approximation i s  

charac ter ized  by  the s u m  of three sinusoidal t e r m s  of period 7,  
1 1 - T, and - 7 respectively.  The same logical r e s u l t s  a r e  found. 
2 3 
Phase and group velocity exhibit nonlinear cor rec t ions .  The coef- 

h h ficients of (F) which a r e  functions of - tend to infinity when L 
tends to z e r o  s o  that the theory cannot be used in ve ry  shallow water .  

'H)4 a r e  The s e r i e s  is non-uniformly convergent. The t e r m s  i n  (r 
neglected. (See Skjelbreia ,  1959.) 

6. The theory  of Stokes a t  a fifth order  of approximation i s  the s u m  
;H\n  

of five s inusoidal  terms.-The coefficients of (xj a r e  functions of 
h - and tend to  la rge  values for  n > 3 even sooner than in the case  of the L h 
third o r d e r  theory  ( n  s 3) ,  i. e . ,  for larger  values of - L' Consequently, 

the fifth o r d e r  wave theory i s  l e s s  valid than the th i rd  o r d e r  wave theory 

for sma l l  values of and cannot be used when < 0. 1. The t e r m s  in L 
( F ) ~  a r e  neglected. (See Skjelbreia and Hendrickson, 1962.) 

7 .  The theory  of Keulegan and Pat terson belongs to  the cnoidal 

family of water  wave theories.  It follows the s a m e  physical  approach 

a s  the theory of Korteweg and de Vries  (1895). F r o m a  purelymathematical  

viewpoint, t h e r e  a r e  some inconsistencies a s  some th i rd  order  t e r m s  

a r e  included while some other second order  t e r m s  a r e  neglected; how- 

eve r ,  i t  gives apparently good resul ts .  The horizontal  velocity component 

var ies  with depth. (See Keulegan and Pat terson,  1940.) 

8. The cnoidal wave theory of Laitone obeys a r igorous  mathe- 

matical  t r ea tmen t :  a t  a f i r s t  o rde r  of approximation, the ver t ica l  

distribution of horizontal  velocity i s  uniform. T h e r e  i s  no m a s s  t r ans -  
/H 2 port. The t e r m s  in (x- a r e  neglected. (See Laitone, 1961.) 

9. The theory of Laitone a t  a second order  of approximation gives 

a non-uniform velocity distribution. There is m a s s  t ranspor t .  The 



vertical distribution of m a s s  t ranspor t  velocity i s  uniform. The second 
H orde r  t e r m  becomes l a r g e r  than the f i r s t  order  t e r m  a s  - 
h inc reases .  

H H 
(T; i s  not necessar i ly  a s m a l l  parameter  a s  - always i s . )  The s e r i e s  

L l ~ l  3 i s  non-uniformly convergent. The t e r m s  in tK) a r e  neglected. ( see  

Laitone, 1961.) 

10. The so l i ta ry  wave theory of Boussinesq i s  the r e s u l t  of a purely 

empir ical  approach. The ver t ica l  component of vel ocity i s  initially 

assumed to be  l inearly distributed f r o m  the bottom (equal  to  z e r o )  to  

the f ree  surface (equal  to  the l inearized f ree  surface velocity a q i a t ) .  

The vertical  distribution of horizontal velocity i s  a s s u m e d  to  be uniform. 

As a resul t  a cor rec t ion  due to  path curvature (ver t ica l  acce lera t ion)  i s  

added to the hydrostat ic  p res su re .  

The equations of motion a r e  linearized vertically but r e m a i n  nonlinear 

horizontally, i. e. , convective iner t ia  t e r m s  where the ve r t i ca l  com-  

ponent of velocity appea r s  a r e  neglected, but the product u ux remains .  

The solution i s  then exact.  

As in any sol i tary wave theory,  rl has always a positive value and there  

i s  mass  t ranspor t  equal  to the volume of the wave above the S. W. L. The 

t e r m s  in 
/H\2  
(Ti 1 a r e  neglected. (See Munk, 1949.) 

11. The so l i ta ry  wave theory of McCowan obeys a m o r e  r igorous 

treatment and sa t i s f ies  the kinematic f ree  surface boundary condition 

exactly. It cor responds  to a higher order  solution of the theory of 

Boussinesq. The ver t ica l  distribution of horizontal velocity is non- 

uniform. The t e r m s  in H \ 3  ( a r e  neglected. (See Munk, 1949.) 

12. The theory of Coda i s  actually an empir ical  modification of 

Airy  theory and cons iders  only the horizontal particle velocity. (See 

Goda, 1964.) 



IV-3 THEORETICAL DETERMINATION O F  VALIDITY OF WAVE 

THEORIES 

While a universa l  theory  which will  be valid fo r  a l l  values of h / L ,  

H / L  and H / h  does  not ex is t ,  i t  i s  to be expected that  some may 

present  a be t te r  f i t  than o thers  within cer tain r anges  of these parameters .  

The l imit  of validity of the l inear  wave theory depends, of course,  on 

the relative impor tance  of the nonlinear t e rms .  Since the second 

order  t e r m  of the theory  of Stokes i s  a nonlinear cor rec t ion  to the 

f i r s t  o rde r  t e r m  obtained by linear approximation, one can have a 

rea l i s t ic  a p p r a i s a l  of i t s  importance by a s sess ing  the value of the ra t io  

of these t e r m s  quantitatively. 

The potential function fo r  a Stokes wave or  i r ro ta t iona l  periodic gravity 

wave t ravel ing ove r  a constant finite depth a t  a second order  of approxi- 

mation i s  found to  be  (Wiegel, 1964): 

H cash k(z th)  cos (kx - wt) Q = - - -  
2 k s inh k h  

The s e r i e s  being convergent,  and since the t e r m  in  H i s  the solution 

obtained by taking into account the local iner t ia  only, while the t e r m  in 
2 H is  the f i r s t  c o r r e c t i o n d u e  to convective iner t ia ,  i . e . ,  the most  

significant one, the re la t ive  importance of the convective inertia t e r m  

can be desc r ibed  by the r a t io  of the amplitude of these two te rms.  In 

par t icular ,  i n  v e r y  shallow water ,  since cosh k h  -+ 1 and sinh k h h k h ,  

i t  is  s een  a f t e r  s o m e  simple calculations that the r a t io  of the amplitude 

of the second o r d e r  t e r m  to the amplitude of the f i r s t  o rde r  t e r m  is 

When UR = g  m3 
L \ h i  i s  very  smal l ,  the sma l l  amplitude wave theory i s  



valid. The group denoted by UR is  known a s  the Urse l l  pa ramete r .  

I f ,  instead of H, one u s e s  the maximum elevation To above the s t i l l  

water level ( T  i s  equal  to  HI2  in the l inear theory) ,  the so-cal led 
0 

Ursel l  parameter  init ially introduced by Korteweg and de  Vr ie s  i s  
H / L ' . ~  

obtained (Korteweg and de Vr ie s ,  1895). When (T;) << 1, the 

linear smal l  amplitude wave theory applies. In principle m o r e  and 

more  t e r m s  of the power s e r i e s  would be required in o r d e r  to  keep  

the same relative accuracy  a s  the Ursell  parameter  i n c r e a s e s .  

Also, in the c a s e  of very  long waves in shallow water  such  a s  flood waves,  

bore,  nearshore t sunami  waves,  and, in the present  c a s e ,  explosion 

waves, the value of the U r s e l l  parameter  which i s  supposed to  be >> 1 

depends upon the in te rpre ta t ion  given to L. The relat ive amplitude 

is  then a more  significant parameter  for  interpret ing the importance 
h 
of the nonlinear t e r m s .  In this  case the vert ical  component of iner t ia  

a u  
fo rce  i s  negligible and the only t e r m  for convective iner t ia  i s  p u -. ax 
Then it i s  possible to calculate  the rat io  of amplitude of convective iner t ia  

a u  to the amplitude of Local iner t ia  (P u z / p  g) directly.  Since in  very 

shallow water h i s  ve ry  s m a l l  and cosh k h  + 1 and s inh  k h  k h ,  L 
one has simply (he re  u i s  the horizontal velocity): 

a o - u = - - - -  ax s inh (kx - mt) 2 k h  

and it is found that 

m a x  

m a x  

which demonstrates  the re la t ive  importance of the ra t io  Despite h ' 
these difficulties of in te rpre ta t ion ,  the Ursel l  paramete r i s  a useful 

simple guide, but i s  not ne ce s sar i ly  sufficient for judging the relat ive 

importance of the nonlinear effects. 



Dean (1965)  has at tempted to determine the Limit of validity of wave 

theories on the bas i s  of the bes t  fit with exact boundary conditions. 

According to Dean, this  method has been successful for  deep water  

wave conditions. However, for  shallower water conditions, it appears 

that the e r r o r  m u s t  be ext remely  smal l  to be .a  reliable indicator of 

wave theory validity. In a word,  the experimental r e su l t s  presented in 

a Later section a r e  the b e s t  methods for determining the validity of 

shallow water wave theories .  

The above discussion summarizes the wave theories  developed for non- 

breaking waves. The condition that the wave breaks and i t s  breaking 

location have been investigated extensively for  many yea r s .  A brief 

discussion of this topic is given in the next section. 



IV-4  BREAKING CRITERIA 

As waves propagate into shallow water ,  depending upon the bot tom pro-  

file and the i r  previous his tory,  they will either b r e a k  o r  su rge  up the 

beach. Occasionally,  a s  was observed during the 1966 Mono Lake 

t e s t s ,  an in te rmedia te  situation will  a r i s e  wherein a wave wil l  become 

unstable without breaking, but instead split into a success ion  of 

smal le r  undulations which t r ave l  together towards s h o r e .  Wave 

splitting has  a l s o  been observed experimentally, but is s o  f a r  un- 

explained. Since it wil l  always ac t  t o  lessen  run-up, f u r t h e r  con- 

sideration h e r e  i s  unwarranted. 

Despite extensive ef for t s ,  and probably because of the l a r g e  range  of 

var iables  and its inherently nonlinear charac ter ,  no uniformly sa t i s -  

factory c r i t e r i o n  for  wave breaking has evolved. 

For  a var iable  offshore slope a, Keller (196 1) has  shown that  both the  

linear and nonlinear s m a l l  amplitude wave theory predic t  breaking when 

( IV-  1) 

As the depth becomes  Large, H --' Ho, L + Lo, ( v 0 v )  1, formula 
1 (IV- 1) d i f fe rs  only by the fac tor ,  2, f rom the s tabi l i ty  l imi t  proposed 

by Miche (195 1) for  relatively s teep slopes 

( IV - 2 ) 

Figure IV-1 compares  these resu l t s  with exper imenta l  data  and i t  can  be 

seen that the theory generally allows steeper waves than a r e  observed 

experimentally for  moderate  slopes,  but that Eq. (IV- 1) gives good resu l t s  

for  relat ively s m a l l  slopes. 

Figure IV-2 compares  the above two c r i t e r i a  with a t i m e  h is tory  of the 

(one-dimensional) shoreline oscillations f rom an impulsive dis turbance,  



F i g u r e  IV- 1 S u m m a r y  of Breaking C r i t e r i a  





a s  computed f r o m  the theory  of C a r r i e r  and Greenspan ( L e  ~ 6 h a u t ;  

and Hwang, 1967). P e r h a p s  significantly, instability develops in the 

computer solut ion midway between the Keller and Miche breaking c r i t e r i a .  

This  r e s u l t  shows  the consis tency of quite different theore t ica l  models ,  

and supports  the  prev ious  assumption that  theories  developed fo r  

periodic waves  a r e  s t i l l  valid for  dispers ive waves. 

F o r  a un i form bot tom of depth h terminat ing in  a uniform slope a ,  
Kel ler  and Ke l l e r  (1964) give the stability l imit  

where  n i s  the  d imens ionless  wave frequency, a s  de f ined inchap te r  11, 

In the s a m e  notation,  Eq. (IV-3) can be compared  with the empi r i ca l  

formula  of Hunt ( 1 95 9)  

2 - 2 3- ( tan  aln) 2 
h g 

which i s  numer i ca l ly  v e r y  s imi l a r  over a wide range of s lopes  and 

periods.  Van Dorn  (1966) h a s  shown that  Eqs .  (IV-3) and (IV-4) 

acceptably divide breaking  f r o m  non-breaking waves f o r  a very  large 

c l a s s  of l abo ra to ry  expe r imen t s  with n /2  >a>rr/100. 

While the above formula t ions  provide a means of predicting,  under r a the r  

spec ia l  c i r c u m s t a n c e s ,  whether or  not a given periodic wave wil l  b reak ,  

they say nothing about  the location of a wave a t  the instant of breaking. 

F o r  lack of a val id  breaking  theory,  and good exper imenta l  r e su l t s ,  the 

breaking locat ion f o r  per iodic  waves i s  not well  defined. However,  

numerious e x p e r i m e n t a l  data  for  soli tary waves suggests  that  breaking - - 
H 

b 
occurs  a t  ,- = 0. 75 + 25 S f o r  S < 0. 1 (Street  and Camfield 1966). Since 

the continental  s l o p e s ,  S ,  a r e  of the order  of lo-', the approximation 



Hb - = 0. 78 is probably adequate for  the calculation of the extent of the 
hb 
breaking region. 

After breaking inception, the subsequent wave h i s to ry  wil l  vary  with 

local conditions. That  is, should breaking inception occur  on the con- 

tinental slope or  a t  some other location where the bot tom slope i s  steep, 

one might s e e  the so-cal led "plunging" breaker .  In th is  c a s e ,  vessels  

near the breaking inception point would experience the mos t  violent 

environment. On the other hand, perhaps mork like ly , development 

may occur  a s  a "spilling" breaker  on a very gentle slope. In this case  

conditions would be relatively uniform within the en t i r e  breaking region. 

Whether violent "plunging" or  more  gentle "spilling" development will  

occur a t  a par t icu lar  location can be determined through consideration 

of the local  bottom slope and the deep water wave s teepness .  Figure 

IV-3 (Wiegel, 1964) i l lus t ra tes  three breaking classif icat ions and in- 

dicates the i r  dependence on slope; application r e q u i r e s  wave-by-wave 

consideration a t  each  breaking point. It appears  tha t ,  in general ,  

spilling b r e a k e r s  would occur in most  cases ,  although this  matter  

should be investigated fur ther .  Surging b r e a k e r s  a r e  not t o  be expected 

in most  coas t a l  environments.  

Once b r e a k e r s  a r e  developed, they then enter  a second phase of long 

duration charac ter ized  by an essentially stable pa t te rn  of propagation. 

That i s ,  they p rogress  a s  peaks of water separa ted  by long flat troughs, 

somet imes  followed by secondary undulations, diss ipat ing their  energy 

through breaking to  maintain an essentially constant  height to  depth 

ratio.  As they b reak ,  they leave behind a f rac t ion  of the i r  momentum 

and volume; in this  way, they a r e  responsible fo r  the phenomenon of 

wave se t -up ,  a slight r i s e  in the mean water level  nea r  the shore ;  

this phenomenon will  be discussed la ter .  

In this la t te r  r eg ime ,  the processes of shoaling, energy  dissipation 

through breaking,  and bottom friction dissipation a r e  in balance to  

maintain the b r e a k e r ' s  form.  It may happen that t hese  effects and also 
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F igure  IV-3  

Three  Types of Breakers  



divergence of wave orthogonals through refract ion,  wi l l  c ause  a b reake r  

t o  stop breaking ,  perhaps  even separa te  into new waves,  then r e f o r m  

and continue breaking toward the shore.  Due to  i t s  re la t ive  impor tance ,  

a detailed ana lys i s  of the change in breaking wave height H a s  the 

breaker  proceeds  toward  shore  i s  presented in the following sect ion.  

It can be seen  that ,  a f t e r  a f a s t  init ial  dec rease  in  height n e a r  the 

breaking depth,  hb, the assumption that H / h  i s  constant  i s  sufficient 

f o r  providing a f i r s t  o r d e r  of approximation of the b r e a k e r  height. A 

more  detailed investigation,  where both the degree of breaking and bottom 

fr ic t ion a r e  incorpora ted  into a theore t ical  model of the hydrodynamics  

of the b r e a k e r ,  g ives  a more  complex variation of the b r e a k e r  height. 



IV-5 VELOCITY FIELD 

During the phase of b reake r  propagation, the velocity and accelerat ion 

fields a r e  of i n t e r e s t  in  o rde r  to establ ish resulting sh ip  motions. 

Miller and Zeig ler  (1964) have performed a field exper iment  on measure -  

ment of the velocity field. An example of the r e su l t s  i s  shown in Fig. 

IV-4, i l lustrat ing the "very asymmetr ic"  b reake r ,  one of three  c l a s s e s  

found by Mil ler  and Zeigler  and said to correspond to  a spilling breaker .  

It should be noted that  in this  study, backwash f r o m  the beach is of g rea t  

importance, d is tor t ing  the observed velocity field and wave profile,  

whereas ,  in  the c a s e  of explosion waves on the continental  shelf,  back- 

wash will  not e x i s t  during mos t  of the breaker  propagation. F u r t h e r -  

m o r e ,  the expe r imen t s  have been performed on relat ively s t eep  slopes 

encountered on beaches  i n  cont ras t  to slopes of continental  shelves.  

F o r  these r e a s o n s ,  it i s  thought that these experimental  resu l t s  a r e  not 

applicable to  the determinat ion of velocity field on the continental shelf. 

An exper imenta l  p r o g r a m  for  measuring velocity profi les  has  just been 

completed a t  T e t r a  Tech  (Le  ~ g h a u t e * ,  Divoky and Lin, 1968). F igures  

IV-5 through IV-8 r e p r e s e n t  a sample of this study. F igures  IV-5 and 

IV- 6 indicate a c o m p a r i s  on of horizontal particle velocity with existing 

theories  fo r  non-breaking and near-breaking waves.  F igure  IV-6 shows 

the horizontal  velocity under the c r e s t  for a breaking wave, while Fig. 

' IV-7  shows a compar i son  of experimental resu l t s  with different theories  

for  the ve r t i ca l  par t ic le  velocity. The resu l t s  of this study can be 

summarized  a s  follows. 

For  non-breaking waves of the shortest  period ( length) ,  Airy theory best  

agrees  with the data .  However, a s  the wave becomes longer,  the data 

moves away f r o m  A i r y  theory which is  superseded by Keulegan and Pat te rson  

( K & P )  cnoidal theory ,  McCowan solitary theory, and the empir ica l  f o r m  

due to Goda. The Stokes waves,  the f i r s t  and second o rde r  cnoidal 

waves of Laitone ( 1 s t  and 2nd cnoidal, for shor t ) ,  and the Boussinesq 

solitary wave a r e  a l l  l e s s  satisfactory. 
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Figure  IV-4 Velocity F i e ld  in a Breaker  According to  
Observat ions  of Miller and Ze ig le r  (1964) 











F o r  the near  l imi t  waves the si tuation i s  en t i re ly  s i m i l a r ,  K & P  cnoidal,  

McCowan, and Coda being bes t  fo r  the longer waves ,  while surpr i s ing ly  

perhaps,  A i ry  theo ry  i s  reasonably good for  the s h o r t e r  per iods .  

In specifying a t h e o r y  adequate for  long waves,  however ,  the choice i s  

immediately na r rowed  t o  th ree :  Keulegan and P a t t e r s o n  cnoidal theory ,  

McCowan so l i t a ry  wave theory ,  and the e m p i r i c a l  modification of Ai ry  

theory by Coda. Of t hese ,  one i s  inclined toward the analyt ical  theor ies  in 

the i n t e r e s t s  of genera l i ty  and s ince Coda's r e s u l t s  w e r e  developed for  

horizontal  velocity component only. 

As for the hor izonta l  velocity prof i les  fo r  breaking waves ,  i t  i s  in terest ing 

to  point out tha t  i n  passing f r o m  a l imit  non-breaking wave to  the breaking 

wave of cor responding  period and water  depth, the  velocity profile i s  

sensibly unchanged. This  may  be seen,  for  example ,  by c lose  comparison 

of F igs .  IV-6 and IV- 7 .  I t  can  be seen  that  the two s e t s  of data points 

overlap completely  except ,  perhaps ,  in  the nea r  r eg ion  of the c r e s t  

where violent turbulent  fluctuations occur in the breaking  case .  

This immediately  sugges ts  that ,  except in the f o a m  reg ion ,  one may apply 

non-breaking theo r i e s  t o  the b reake r  with good r e s u l t s .  Hence,  the choice 

of the Keulegan and Pa t t e r son  cnoidal theory i s  extended to  gently spilling 

b reake r s .  Again,  the McCowan so l i ta ry  wave theory  m a y  prove prac t ica l  

in some calculat ions  due to  i t s  g rea t e r  s implic i ty ,  and  Ai ry  theory may 

be adopted for  p r e s s u r e  fluctuations.  Within the f o a m  region no theory will 

apply except tha t  the mean  motion may be expected t o  be given roughly. 

Of course ,  the turbulent  fluctuations dominate s o  tha t  th i s  fact  i s  not of 

great  in te res t .  

As the b r e a k e r s  propagate toward the shore l ine ,  they a r e  t ransformed 

into bores  and r u n  up the beach. In this phase,  i t  i s  possible  to  t r e a t  

them with the long wave equations by the method of c h a r a c t e r i s t i c s  

( F r e e m a n  and Le ~ e h a u t e ,  1964),, 

A detailed app roach  t o  the  quasi-s teady second r eg ion  of breaking i s  



discussed in the following section where the theory of non-saturated 

breakers  i s  developed, incorporating the most  recent  exper imenta l  resul ts .  



IV-6 BREAKERS ON CONTINENTAL SHELVES 

IV-6. 1 Genera l  Discussion 

Considerable attention has  been given to the hydrodynamics of breaking 

waves. The theore t ica l  approaches which have been used fa l l  roughly 

into two c lasses .  The  f i r s t  i s  based essentially on the long wave theory,  

the horizontal  velocity being assumed uniform along a ve r t i ca l  while the 

ver t ica l  velocity and accelerat ion a r e  neglected; thus ,  the breaker  obeys 

the equations of a fully devel oped bore.  Representative papers  a r e  Ho, 

Meyer and Shen ( 1963) and F r e e m a n  and Le ~ g h a u t e '  ( 1964). Kel ler ,  

Levine and Whitham ( 1960) present  a method of calculation of the bore  

height a s  it t r ave l s  toward shore  based on these assumptions and the 

r e su l t s  of Whitham (1958). Such approaches f r o m  long wave theory 

requi re  numer ica l  procedures ,  such a s  the method of cha rac te r i s t i c s ,  

which become unrel iable  a s  the involved distances (i. e. , the number of 

computations) become large.  Hence, they a r e  m o r e  suitable for  s teep  

bottom slopes than for  gentle slopes. 

The second approach (presented below) i s  directed toward gentle s lopes,  

and was  proposed by Le ~ 4 h a u t 6  ( 1962) and la ter  r ev i sed  (Le  Mghautd, 

Divoky and Lin, 1968). It i s  based on the principle of conservation of 

energy,  and i s  cal led the Non-Saturated Breaker Theory.  

IV-6. 2 The Non-Saturated Breaker  Theory 

Consider a success ion  of waves traveling in a shallow channel of depth 

h ,  which may  be constant  o r  slope uniformly. F u r t h e r m o r e ,  the channel 

width 6 may be constant  o r  variable,  allowing l a t e r a l  concentration of 

wave energy,  corresponding to  waves propagating on the continental 

shelf, although par t ic le  motions a r e  restr ic ted essent ia l ly  to  the shore-  

ward  direction. It i s  a l s o  assumed that a theory that adequately descr ibes  

a wave just before breaking will continue to descr ibe  the g r o s s  fea tures  

of the wave af te r  breaking provided that the bottom slope o r  side- 

convergence i s  sufficiently gentle. It i s  well known tha t ,  a s  waves a r r i v e  



in shallow water ,  the i r  c r e s t s  narrow and the troughs widen, with the 

r e su l t  that success ive  waves can be t reated a s  largely independent of 

one another. Hence, one i s  inclined to adopt cnoidal o r  so l i ta ry  wave 

theory, especially i n  Light of the experiments descr ibed ea r l i e r .  F o r  

simplicity we choose the Boussinesq solitary wave theory although i t  i s  

to  be expected that  a s i m i l a r  development in t e r m s  of cnoidal theory  

might better approximate ac tua l  conditions. 

Assuming, af ter  Boussinesq,  the wave propert ies  (Fig.  IV-9) 

profile 2 f i  H ~ x -  11 = H sech [, (,) (IV- 5 )  

1 

phase speed c = [ g h  ( 1  t ~ / h ) ] ~  (IV- 6 )  

energy 

where 6 i s  the width of the wave orthogonals. The conservat ion of energy 

may  be expressed  a s  

(IV- 8 )  

where ( see  Le ~ g h a u t ; ,  Divoky and Lin, 1968, for  detailed discussion)  

3 4 fc  H E  - -  
5 

= turbulent dissipation 
!3h3 

- 3 - - - ACE = viscous bottom dissipation (IV- 10) 
dt v 2 

breaking 

dissipation 
(IV- 11) 

where f i s  a f r ic t ion  coefficient, A (v, IN) i s  an  exponential coefficient for 

viscous damping, and B' i s  "saturation" coefficient that i s  chosen to 

define the extent of the breaking region. Now, differentiating the left 

side of Eq. (IV-8), and combining it with Eq. (IV-9) and (IV-11) t o  

eliminate the common fac tor  c E ,  one obtains 



BREAKING REGlO 

Figure  IV-  9 Extent of the Breaking Region 



3 
where  B ~ ( l  - 8') / ( 1  + p ' ~ / h )  (IV- 13) 

Clearly,  when 

$' = 1, B = 0: the wave i s  not breaking 

8' = 0, B = 1: the breaker  i s  fully developed 

8' i s  s m a l l ,  B = 1 - $'(3 + 2) 
B can thus be cons idered  a s  the r a t io  of the energy d iss ipa ted  by the 

breaker  to  the max imum energy  which could be diss ipated by a b o r e  of 

the same height. Note that  a s m a l l  variation in 8' near  z e r o  cor responds  

to  a la rger  variation in  B; hence, a breaker  may appear  t o  be fully 

developed, or  sa tu ra t ed ,  when it i s  not. 

- 
The problerrl, now, i s  that  we have one equztion, Eq. IV- 12, containing two 

unknowns, H (or  H/h  ), and B. It i s  t o  be expected that  f u r t h e r  study will  

enable us tc! *.r:rite a second expression giving B' independently. F o r ' t h e  

present ,  however,  we examine Eq. IV-.12 in two ideal ized cases .  F i r s t ly ,  

consider a v e r y  gentle bottom slope or  channel convergence. In that  case ,  

H should follow the usual  breaking cr i ter ion H/h w 0. 78. Then,  if 

(IV- 14) 

ufe find 

F o r  two-dimensional waves on the continental shelf (P = 0,  A =  0),  B is  
18 z e r o  if the slopc i s  s m a l l e r  than about -f,  f r ic t ional  diss ipat ion being 
48 

sufficient to  damp the wave without breaking. On the other  hand, i f  S i s  

grea ter  than 
1 + 1 8 f  1 

48 " 4 8  then B 1 and the breaker  i s  fuliy developed 

o r  saturated.  In  that  c a s e ,  however, the assumption that  H/h i s  constant 

i s  not valid s o  that  another  approach is  necessary.  



Similar ly,  f o r  waves in a converging channel of constant  depth and such that 
3 f c 0,  one has  B = 0 f o r  P = - A .  That is, the r a t e  of convergence is too 2 1 3 1 sma l l  t o  overcome viscous damping. When P = -7 + A = 

16. 
B z l  

s o  that the b r e a k e r  is fully developed. Again, however ,  the assunlption of 

sma l l  P and constant  H / h  i s  violated. 

In the c a s e  of l a rge  slope or  convergence, a s s u m e  ins tead  that  B i s  
dh 1 d6 

constant while H / h  i s  variable.  Then again letting - = -S and - - = 
dx h 

-P and l inearizing Eq. IV- 12, we get 

In case  the orthogonals a r e  paral le l ,  P = 0,  and viscous f r ic t ion  i s  neglected, 

the above equation can  be solved to yield 

BB 8 f  - -  where M = 2 - 165 35. 

This cor responds  t o  a two-dimensional wave on the continental  shelf. 

The r e su l t  of th is  equation, for  different values of slope S, is calculated 

and i s  shown in  Fig.  IV- 10. On the other hand, one m a y  evaluate 

B' by choosing a converging channel of constant depth with negligible 

friction ( f = O )  and constant wave height H. The r e s u l t  i s  

-3 / 2  
B = -  32 h (f) ( I +  $ ) ( P - ~ A )  

A n  

2 

where B = ( ' - P ' ) ~  as has been specified in Eq. IV-13. H 
1 t B ' ~ ;  



F i g u r e  IV- 10 Height Variation af ter  Breaking 



IV-7 W A V E S E T - U P  

E x p e r i m e n t a l  Observat ions  

During s e v e r a l  of the  t en  9 ,250  lb HE (High Explosive)  run-up  t e s t s  

a t  Mono Lake i n  1965, s e v e r a l  of the shallow wa te r  r e c o r d s  obtained 

within the b r e a k e r  zone exhibited a remarkable ,  low f requency  0s -  

ci l lat ion of m e a n  w a t e r  l eve l  of amplitude approaching tha t  of the  

super imposed  breaking  waves f r o m  the explosion, a n  example  of which 

i s  shown i n  F ig .  IV- 1 1. F i g u r e  IV- 12 shows the se t -up  and the  wave 

envelope which w a s  superposed  on the wave set-up.  Since such  

oscil lat ions w e r e  not apparen t  in  wave r eco rds  m a d e  outs ide the 

breaker  zone ,  they  w e r e  supposed to  have originated a s  a r e s u l t  of 

wave breaking,  and  the interact ion with the sloping beach  ( ~ e ~ e ~ a u t d ,  e t  a l l  

1966). 

A s imi l a r  effect  w a s  demons t ra ted  in a s e r i e s  of wave t ank  expe r i -  

ments  by Hwang e t  a l .  (1967), who found that the m a x i m u m  wave se t -  

up on the cont inental  shelf can  be a s  large a s  0. 2 t i m e s  the height of 

the maximum wave of the t r a i n  pr ior  to breaking (Fig.  IV-  13). Be- 

cause of i t s  potent ia l  aggravat ion of run-up heights ,  s o m e  theo re t i ca l  

a t tempts  t o  explain  th i s  phenomenon a r e  given below. 

IV- 7. 2 Wave Set-Up Due t o  Per iodic  Waves 

Set-up of per iodic  non-breaking waves on a uniformly sloping beach 

has  been invest igated theoret ical ly  by Longuet-Higgins and Stewart  

(1960, 62, 63, 64),  and Whitham (1962) by using a l i nea r  solution for  

periodic waves ,  and  by Hwang, e t  al .  (1967) by cons ider ing  the waves 

a s  a quas i -per iod ic  success ion  of soli tary waves.  

Exper imenta l  investigations by Londgren ( 1963), Bowen, Inman and 

Simmons (1 968) and  Savil le ( 196 1) generally con f i rm  the  validity of these 

theor ies :  p r i o r  t o  breaking the re  is  a set-down due t o  "radiat ion s t r e s s "  

(the tendency t o  expe l  wa te r  f r o m  regions of high w a v e s )  followed, af ter  
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i n  fee t  f r o m  the wave generator ;  Hwang e t  a1 
1967) 



breaking, by a near ly  l inearly increasing se t -up  shoreward  a s  a resu l t  

of m a s s  t r a n s p o r t  due t o  breaking (see  Fig.  IV-14). 

. According t o  Hwang, the maximum wave set-up which can  be observed 

on a shorel ine a s  a r e s u l t  of long periodic waves is: 

(IV- 16) 

which was approximately verified by his  experiments .  

IV-7. 3 Wave Set-Up Due t o  Explosion-Generated Waves 

The phenomenon of d i spe r s ive  wave se t -up  i s  m o r e  complicated a s  a 

resu l t  of the unsteadiness  of the momentum flux assoc ia ted  with in- 

dividual waves in  the wave t ra in .  It i s  a t rans ien t  phenomenon which 

i s  difficult t o  evaluate.  A numer ica l  method of predict ion has  been 

proposed by Hwang, e t  al'. (1967), but it is too complex to  generalize 

he re ,  despi te  a number of simplifying assumptions.  Qualitatively, 

the mechanism can  be explained a s  follows. 

The wave se t -up  induced by the f i r  s t  wave envelope max imum induces 

shelf oscil lation, which theoretically may be amplified o r  diminshed 

by the following max ima ,  depending upon their  re la t ive  periods.  

The shelf oscil lation accompanying the f i r s t  wave max imum can clearly 

be observed in the previous f igures .  I t  has  been verif ied theoretically 

that these oscil lations have periods which closely approach  those of 

the fundamental oscil lation of the shelf or  i ts  f i r s t  harmonic .  While 

resonant conditions can theoretically obtain if  the wave envelope period 

(t ime in terva l  between consecutive envelope nodal points)  coincides 

with a low shelf ha rmonic ,  resonance was  not observed  in  these ex- 

per iments .  

With respec t  t o  application to  explosion waves on the continental shelf, 

where many low f requency modes of oscillation normal ly  a r e  detectable 





f r o m  wave s p e c t r a  ( ~ i l l e r ,  etc. 1962), i t  is  possible that  such  modes 

might be exci ted i n  a manner s imilar  to  that observed  during naturally- 

occurring t sunamis  (Van Dorn, 1965). 



CHAPTER . V 

WAVE RUN- UP 



V- 1 INTRODUCTION 

As the explosion-generated wave t ra in  propagates towards the shore ,  

each wave ult imately t e rmina tes  by running up the beach, possibly 

locally augmented o r  dimished by lower-frequency oscil lations of the 

type d iscussed  previously.  The wave sys t ems  produced by la rge  explo- 

sions in  re la t ive ly  deep  wa te r ,  aside f r o m  their  potentially la rge  

amplitudes,  r e p r e s e n t  a unique type of motion that does not occur in 

nature,  and hence is outside the range of observational experience. The 

principal dis t inct ion h e r e  i s  one of frequency, the spec t r a l  maximum 

T fo r  significant events  falling with the range 20 sec  < m T~ < 100 s e c ,  

a s  compared with that  fo r  ord inary  s t o r m  waves (5 s e c  < T~ < 20 sec )  

and for  t sunamis  (100 s e c  < T~ < 1 hour). F o r  swell ,  the d i rec t  run- 

up dominates over  loca l  shelf oscillation (surf beat) ,  while f o r  tsunamis 

the r e v e r s e  i s  t rue .  Limited field observations during nuclear and 

high-explosive t e s t s  sugges t  that for explosion waves both fac tors  a r e  

of importance. 

Because of p resen t  uncertaint ies  regarding the bes t  interpretat ion of 

the run-up r e su l t s  f r o m  the recent  Mono Lake t e s t s  (Rooke, e t  a l . ,  1967 

and Wallace and Ba i rd ,  1968), the following discussion of run-up i s  r e -  

s t r ic ted  to  theory  and experiments  involving propagation in one-dimension. 

There i s  no mathemat ica l  method available for  predicting wave run-up 

which will  be  valid f o r  a l l  possible conditions. Many approximate theories 

a r e  avai lable ,  each  with i t s  own range of applicability. Theoretically,  

even in  the c a s e  of r egu la r  waves,  i t  i s  difficult to  predict  the run-up 

f rom the deep  wa te r  wave character is t ics .  The theory mus t  be equally 

valid in  deep  water  and i n  shallow water near  the shore  where nonlinear 

effects m u s t  be taken into account. Fur the rmore ,  i n  mos t  c a s e s ,  the 

waves b r e a k  before they r each  the shoreline. The only well-known theory 

which includes breaking i s  the nonlinear long wave theory, where bores  

may be included i n  the computations. (However, this theory i s  known 

to predict  the format ion  of a bore sooner than i s  observed experimentally. ) 



Finally, i t  must  be emphasized that explosion waves a r e  not regular  

but consist of dispersive waves with different periods, wave lengths, 

and amplitudes. However, i t  i s  felt  that without a good bas ic  physical 

understanding of periodic wave behavior, i t  i s  not possible to formulate 

a realistic approach to the problem of dispersive explosion-generated 

waves. 

In the next section a brief discussion of run-up of periodic waves i s  

given. 

A more detailed discussion of some of the phenomena t rea ted  herein 

may be found in  Van Dorn (1966) and Le ~ k h a u t g ,  e t  al .  (1968). 



V - 2  A CLASSIFICATION O F  PHENOMENA AND SIGNIFICANT 

PARAMETERS 

Since a  g e n e r a l  a p p r o a c h  f o r  complex bot tom p ro f i l e s  cannot  be made ,  

phenomena o c c u r r i n g  on a  s i m p l e r  bot tom g e o m e t r y  a r e  s tudied and a r e  

in te rpre ted  f o r  t h e i r  appl ica t ion t o  a c tua l  complex  c a s e s .  T h e  c a s e  on 

a  uniform s lope  ended  by a  hor izonta l  bot tom i s  ana lyzed .  The  run-up,  

E, i s  then a  funct ion of the  s lope,  S,  ( o r  t a n  a), t he  w a t e r  depth  over  

the hor izon ta l  bo t t om,  h ,  and in the c a s e  of pe r iod ic  w a v e s ,  the  wave 

period,  T ( o r  the  wave length,  L )  and the wave height ,  H. When h -+ co, 

the only s ignif icant  p a r a m e t e r s  a r e  S, the d e e p  w a t e r  wave height ,  Ho, 
and the wave length ,  L. 

- 
Thus the r e l a t i ve  run -up ,  R / H ,  i s  given a s  funct ion of d imens ion l e s s  

p a r a m e t e r s ,  S ,  ( o r  its i n v e r s e  value,  co t  a ) ,  r e l a t i v e  depth ,  h / L  (o r  

F =  2 n h / L ) ,  and  wave  s t e e p n e s s ,  H / L .  T h e  r e l a t i v e  va lue ,  E/H, can  be 

schemat ica l ly  g iven  by a  su r f ace  fo r  e ach  value of H / L  a s  a  function of 

2 r ih /L  and cot  a ,  a s  shown in F ig .  V -  I .  

F o r  a  given H / L  and  h / L ,  the re la t ive  run -up  h a s  a  t endency  t o  i nc r ea se  

a s  the slope d e c r e a s e s  up t o  the point whe re  the  w a v e s  begin t o  b r eak .  

Then the r e l a t i ve  r u n - u p  of breaking waves  d e c r e a s e s  a s  the  s lope con-  

t inues t o  d e c r e a s e  and  b e c o m e s  negligible a s  the  s l ope  t ends  t o  11100 a s  

a r e su l t  of d i s s i pa t i ve  p r o c e s s e s .  The r e l a t i ve  r u n - u p  of nonbreaking 

waves a l s o  i n c r e a s e s  a s  the wave s t e epnes s  i n c r e a s e s  ( a s  a  r e s u l t  of 

nonlinear e f f e c t s )  whi le  the  re la t ive  run-up  of b r eak ing  waves  d e c r e a s e s  

a s  the wave s t e e p n e s s  i n c r e a s e s  ( a s  a  r e s u l t  of t u rbu l en t  d i s s ipa t ion) .  

When the r e l a t i ve  depth ,  h / L ,  d e c r e a s e s ,  the dependency  of re la t ive  

run-up  upon H /  L d e c r e a s e s .  This  i s  due t o  that  f a c t  t ha t  the  re la t ive  

impor tance  of the  wave  length d e c r e a s e s .  

The equation f o r  wave run -up  might be e x p r e s s e d  m o r e  gene ra l l y  a s  

follo\vs : 

( V -  1) 



\ r f = ~ ~ 4 1 ~ n h ) . h  L 
Cot d 

F i g u r e  V-  1 Run-Up fo r  P e r i o d i c  Waves 



in which the function f ( a ,  2rrh/L) i s  the run-up contributed by linear approxi- 

mations; i. e . ,  when H / L  tends to zero ,  g(2TTh/L, H / L )  i s  the correct ion 

due to superelevat ion by nonlinear effects ,  and K (a, 2rrh/L, H/L)  i s  the 

reduction in re la t ive  run-up due t o  the loss  of energy  in  breaking and bottom 

dissipation, a s  shown in Fig. V-2. The run-up of a wave with infinitesimal 

s teepness  is given on the sur face  covered with dotted points in Fig. V- 1 

and the run-up  of waves with s teepness  grea ter  than infinitesimal steepness 

i s  given on sur face  which lie successively above one another.  Breaking 

will  occur when these  sur faces  in te rsec t  the sur face  of breaking a s  denoted 

by the equation 

4Trh - 1 - 
2nh ! 

+ 
L tanh - 

m a x  L \ 4rrh s inh - L 

When conditions a r e  such that  the wave breaks ,  the re la t ive  run-up will 

dec rease  as indicated by a few lines in the diagram. When the value 

2nh/L reaches  5, the effect of water depth i s  pract ical ly  negligible. Due 

to  the difficulties in presenting three-dimensional g raphs ,  details a r e  not 

included in F ig .  V-  1. The reade r  should then r e f e r  t o  F igs .  V-2 and V-3. 

F igures  V-4 and V-5 show the experimental data summar ized  by the 

Beach Eros ion  Board  (BEB, 1967). One finds that  the  r e su l t s  presented 

in Fig. V-3 a r e  indeed a v e r y  good qualitative description. 
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V-3 THEORIES FOR NONBREAKING WAVES 

V-3. 1 Per iod ic  Waves 

Under ce r t a in  condi t ions ,  a wave m a y  r e a c h  the beach without breaking. 

Such i s  the c a s e  when, f o r  example ,  the beach i s  s teep,  the  wave long, 

and the wave ampli tude s m a l l .  

Since the waves do not b r e a k ,  i t  i s  reasonable  t o  a s s u m e  tha t  they 

a r e  totally re f lec ted  by the  beach,  if one neglects bottom fr ic t ion.  

This  i s  the c a s e  of a s tanding wave o r  clapotis.  The run-up  i,q then ,.-.. 
di rec t ly  re la ted  t o  the ampli tude of the wave a t  the sho re .  In the ex- 

t r e m e  case  of a v e r t i c a l  wal l ,  the  run-up i s ,  in fact ,  equa l  t o  the am- 

plitude of the wave a t  the  wal l ,  o r  twice that  of the or iginal  p rogress ive  

wave. Hence the run -up ,  R ,  i s  equal  t o  the wave height of the  original  

wave,  H, and R / H  = 1. F o r  a beach that  i s  not ver t ica l  but inclined 

a t  a n  angle, a, t o  the hor izonta l ,  I saacson  (1950) and Miche (195  I ) ,  

using l inear theory ,  obtained the r e su l t  

By extending the ana lys i s  t o  include second o rde r  t e r m s  i n  the ca se  

of the ver t ica l  wal l ,  Sainflou (1928) and Miche (1944) obtained correct ion 

t e r m s  to the above f o r m u l a  fo r  a slightly m o r e  genera l  geomet ry ,  where 

the wall  i s  t e rmina ted  a t  a f inite depth. Both Miche's and Sainflou's 

r e s u l t s ,  however,  a r e  not complete  because the i r  solutions a r e  given 

a s  power ' s e r i e s  and do  not s 'atisfy the continuity equation exactly.  

Miche 's  formula  i s  

- 
R - - - H l + n -  1 

r l f -  3 - 1 7 
H L 2 237h 1' ( V - 4 )  2rrh 4 cosh  - 2 n h I  4 s i n h ~  t anh  L 

If h / L  is  s m a l l ,  th is  equat ion ceases ' to  be useful. In fac t ,  i t  formally 

predicts  E / H  -+ a s  h / L  + 0. A bet ter  approximation in th i s  ca se  can 

be obtained f r o m  the s o l i t a r y  wave theory.  



F o r  a  sloping beach  i n s t ead  of a  ve r t i ca l  wal l ,  we  m a y  intuit ively add 

the supere leva t ion  t e r m  obtained in front  of a  v e r t i c a l  w a l l  t o  t he  f o r -  

mula  E / H  = ,/=. Thi s  i s  a  valid approx imat ion  p rov ided  t he  s lope  

is not too  gent le .  

Linear  sma l l - amp l i t ude  solutions t o  the p rob l em of p r o g r e s s i v e  waves  

advancing f r o m  d e e p  wa t e r  t o  the shore  over  a  un i fo rmly  s loping beach  

of a r b i t r a r y  s lope  have been  given by I saacson ,  (1950)  and  P e t e r s  (1952). 

The s a m e  p r o b l e m  f o r  beaches  of specia l  s lopes  w a s  so lved  e a r l i e r  by 

Bondi (1 .943)~  Miche  (1944),  Lewy (1946), and S t o k e r  (1947).  T h e  c a s e  

of t h r ee -d imens iona l  waves  on sloping beaches  h a s  b e e n  so lved  by 

P e t e r s  (1952) and  R o s e a u  (1952). Since p r o g r e s s i v e  w a v e s  w e r e  a s s u m e d ,  

energy  i s  continuously flowing shoreward and r e f l e c t i on  e f fec t s  a r e  

ignored.  Because  t he  theory  i s  l inear ,  the  waves  canno t  b r e a k .  T h u s ,  

the i r  solutions a r e  not  valid near  shore because  the  wave ampl i tude  

tends  t o  infinity. F o r  the two-dimensional  c a s e ,  t h i s  s i ngu l a r i t y  is 

found t o  be  logar i thmic .  

To  avoid the un rea l i s t i c  assumpt ion of no re f lec t ion ,  Ke l l e r  (1961) h a s  

given s e v e r a l  s tanding wave solutions by matching t he  solut ion obtained 

f r o m  the  g e o m e t r i c a l  opt ics  theory- away f r o m  the  s h o r e  t o  the  l inear ized  

shallow wa te r  t h e o r y  near  the  shore .  F o r  a  bot tom prof i le  in which the 

depth,  h ( x ) ,  g radua l ly  i n c r e a s e s  monotonically wi th  d i s t ance  f r o m  s h o r e  

t o  a  constant  value 
ho  

a t  x  = a, he obtains 

- 1 2  
in ~ v h i c h  a = s lope  angle  of the beach a t  the s h o r e l i n e ,  3 = - (T) and 

g 
k i s a r o o t o f  

0 

ko tanh 5 h ko = 1 ( V -  6) 

By d i r e c t  subs t i tu t ion  of Eq. V-o)  izto Eq.  ( V - 5 ) ,  i t  c a n  be shown tha t  

the f o r m e r  i s  equivalent  t o  



2rrh = {tanh - (1 + 4r rh /L  H 2 u L s inh4rrh / L ) f 
where  the t e r m  in  b r a c k e t s  is s imp ly  the  l inear  shoaling coeff ic ient  

( H / H o )  Thus  Ke l l e r  's so lu t ion  is jus t  the Miche f o r m u l a  (Eq. V-3)  

multipl ied b y  the  shoa l i ng  coeff ic ient ,  showing that  the  l i n e a r  r u n - u p  

theory  i s  r e l a t i ve ly  independen t  of the  bottom profi le ,  p rov ided  t ha t  

it does  not v a r y  t o o  r ap id ly .  

La t e r ,  Ke l le r  and  K e l l e r  (1964) applied the l inear  shallow w a t e r  theory  

t o  a p iecewise  con t inuous  bo t t om profi le  and obtained the  r e s u l t :  

whe re  J o  and  J 1  a r e  B e s s e l  functions.  

Th i s  ana ly t i ca l  r e s u l t ,  f o r  the c a s e  of s m a l l  a, has  been  checked  

numer ica l ly  by u s e  of non l inear  shallow water  theory  and  it a p p e a r s  t o  

be s a t i s f ac to ry  (Ke l l e r  a n d  K e l l e r ,  1965). However,  f o r  l a r g e r  values  

of a, the r e s u l t  shows  a cons ide r ab l e  deviation f r o m  the  va lue s  obtained 

by Ke l l e r ' s  p rev ious  f o r m u l a  (196 1). 

V - 3 . 2  Run-Up of D i s p e r s i v e  Waves 

C a r r i e r  (1966),  combin ing  the  C a r r i e r  and Greenspan t r a n s f o r m a t i o n  of 

the nonlinear shal low w a t e r  wave theory on the  sloping b e a c h  wi th  l inear  

d i spe r s i ve  wave t h e o r y  i n  the  deep  wa t e r ,  obtained a solut ion which gives  

the max imum re l a t i ve  r u n - u p  in  t e r m s  of d is tance  f r o m  the  bo t tom de -  

fo rmat ion  a n d  the ang l e  of s loping beach.  This  method h a s  been  applied 

t o  ca lcula te  the  t i m e  h i s t o r y  of run-up  of an  exp los ion-genera ted  wave 

t r a i n  (Hwang and  F e r s h t  1966, LeM4haute' and Hwang e t c .  1967).  I t  i s  

found that  t h e  run -up .  g ,  i s  ( s e e  Fig.  V-6) 
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- 2 1 h 
R = q ( 0 , x )  = - 

0 1 J l(wiD) s i n  w. 1 ~ o q o ~ ~ ~  w. 1 5 d 5 
i= 1 

where  D = 4 J T  
0 

qo( t )  i s  the incoming wave t r a i n  a t  the  toe of the s lope  (F ig .  V-7). 

A sample  of such calculat ion i s  shown in  Fig. V-8, cor responding  t o  

the  incoming wave t r a i n  of F ig .  V-7. The above run-up  calculat ions  

have a l s o  been compared  with those  predicted fo r  per iod ic  waves  over  

s m a l l  slopes in  Fig .  V-7 ,  the f o r m e r  being about 5070 g r e a t e r  fo r  the  

c a s e s  considered.  The r e a s o n  f o r  this i nc rea se  i s  not obvious because  

of the approximations involved i n  the calculations,  but is possibly  due 

t o  the interact ions  between consecutive waves that  a r e  i gno red  in  the  

periodic solutions. 
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V-4 RUN-UP O F  BREAKING WAVES 

V-4. 1 Bore  Run-Up Theory  

In a sequence of pape r s  [Ho and Meyer (1962); Shen and Meyer 

(1963 a ,  b) ;  Ho, e t  al.. (1963)], the problem of the c l imb  of a bore on a 

beach i s  analyzed, based  on the long wave equations. One of the con- 

clusions r eached  f o r  the c a s e  of long surf on a uniformly sloping beach 

is  that the bo re  co l lapses  when it reaches the shore l ine  and the run-up 
2 i s  given by u /2g,  in  which u = the horizontal  velocity a t  the shoreline 

0 0 

a t  the instant the b o r e  r eaches  the shore,  and g = the  gravitational 

acceleration. The  value of u depends on the ini t ia l  bo re  charac ter i s t ics  
0 

and the c h a r a c t e r i s t i c s  of the beach. In these pape r s  no simple method 

is given for  the computation of th is  velocity. Whitham (1958) has  proposed 

a simple approximation which can be used to  calculate  the bore behavior 

before it r eaches  the beach,  by applying the equation f o r  the forward 

moving bore  c h a r a c t e r i s t i c  line to  the flow quantit ies just behind (i. e. , 
on the seaward s ide  of) the bore.  Coupled with the bore  equations 

(conservation of m a s s  and momentum ac ross  the b o r e )  this method 

yields a fir s t  - o r d e r  ord inary  differential equation f o r  the bore strength 

a s  a function of depth. Thus ,  when the bore s t rength  i s  known a t  one 

point, it can be de termined a t  any other point. In par t icu lar ,  the bore 

strength (and hence the value of the velocity u at the moment the bore 
0 

reaches  the shore l ine)  may  be determined. F r o m  th i s ,  the run-up, 
2 

= u /2g can  be calculated. 
0 

Keller , Levine, and Whitham, (1  960)  checked the accuracy  of Whitham's 

approximation by comparing cer tain cases  with numer ica l  solutions 

obtained by integrat ing the nonlinear shallow water  equations by finite 

differences with good agreement .  

It must  be pointed out however,  that this calculation i s  based on many 

assumptions,  and cannot be applied in pract ice without substantial r e -  

servation. In pa r t i cu la r ,  f r ic t ion effects have been neglected, a s  well 



a s  the ver t ica l  component of velocity a t  the f r e e  sur face  which tends to  

infinity. The Whitham approximation a lso  ignores the slope of the wave 

behind the bore ,  which can  substantially influence the run-up. 

Lastly,  the run-up i s  independent of the beach slope, which can be t rue  

only if the bore  height d e c r e a s e s  seaward f r o m  the bore  front.  

V-4.2 Run-Up of Nonsaturated Breakers  

The nonsaturated b r e a k e r  theory discussed in Section IV-4. 2 provides 

a n  approximate means  of determining whether or not run-up will  be 

significant for  breaking waves on a gentle slope. Reinterpret ing the 

conclusions leading f r o m  Eq. IV- 12, 

1. If S < 0.38  f ,  then the wave never breaks .  Al l  the energy 

i s  d iss ipa ted  by bottom friction. No run-up is experienced. 

Actually,  viscous dissipation should then be taken into 

account  nea r  the shore.  

When O.38f < S < 0.38 f t 0.02, the wave b reaks  a s  a 

spilling b reake r  and the rate  of energy dissipated by 

the b r e a k e r  increases  a s  the bottom slope increases .  

A l l  the wave energy i s  dissipated before reaching the 

shore l ine .  T h e r e  is practically no run-up;  however, a 

s m a l l  r i s e  of mean water level on the shore  does exis t  

a s  a r e s u l t  of m a s s  transportation and the momentum 

of the b r e a k e r  . 
When S > 0. 0 1 or  thereabouts, the b reake r  becomes 

sa tu ra t ed  and becomes a fully developed b o r e ,  and run- 

up i s  t o  be  expected. 

An interesting implicat ion of this theory is that there  i s  a maximum 

amount of energy  which a sol i tary wave may c a r r y  towards the shore.  

Lf the depth d e c r e a s e s ,  the excess  energy must be diss ipated by 

breaking. The fac t  that  the breaker  may be saturated implies  that 

there  is  a l so  a max imum amount of energy which can be dissipated by 

breaking. If t he re  i s  m o r e  energy available, it will be c a r r i e d  along 

(a s  a bore,  instead of a spilling breaker)  and the excess  wil l  cause run-up. 



The theory  of nonsaturated b reake r s  has recent ly  been  extended t o  in- 

clude m a s s  t r a n s p o r t  and the wave se t  up, s o  tha t  i t  s a t i s f i e s  the  law of 

continuity and  the momentum theorem ( ~ e ~ g h a u t e ' ,  e t  a l .  , 1968)- 

On a gentle s lope (S < 0. 01) which steepens near  s h o r e  (0. 1 < S < 0. 3 ) ,  

the g rea t e s t  run -up  wil l  be produced by a ( so l i ta ry)  wave which just  

exceeds the breaking  c r i t e r ion  (H = 0. 78h) a t  the point w h e r e  S = O .  01. 

All l a rge r  waves  wi l l  b r eak  e a r l i e r ,  dissipating t h e i r  e x c e s s  ene rgy  a s  

spilling b r e a k e r s ,  such that  the same run-up wi l l  r e s u l t .  Al l  s m a l l e r  

waves wil l  b r e a k  l a t e r  on a s teeper  slope, and the r u n - u p  wi l l  be  sma l l e r .  

V-4.  3 N u m e r i c a l  Methods 

When the method of cha rac t e r i s t i c s  i s  applied t o  the  motion of a b o r e  

propagating t o  the  sho re ,  i t  i s  found that the bo re  height  t ends  t o  z e r o  

on reaching the shoreline.  This may be shown r igo rous ly  on the bas i s  

of the long wave equations (Kel ler ,  Levine, and Whitham, 1960). The 

run-up then cons i s t s  of the fur ther  propagation of a s h e e t  of wa te r  up 

the beach with z e r o  thickness  a t  the leading edge. F r o m  a physical  

point of view, th i s  descr ipt ion implies very  l a rge  f r i c t i ona l  r e s i s t a n c e  

a t  the leading edge.  Hence fr ic t ion cannot be neglected f o r  evaluating 

the run-up. Th i s  theory a l s o  leads to  the cont rad ic tory  r equ i r emen t  that  

the bore  co l lapses  a t  the shorel ine,  a s  a r e su l t  of neglecting the ve r t i ca l  

component of velocity and ver t ica l  acceleration.  It a l s o  r e q u i r e s  that ,  

in case  of co l lapse ,  both should tend to infinity a t  z e r o  depth. F o r  

these r e a s o n s ,  the theory appears  to  be invalid on purely physical  

p remises .  

LeMe'hautg and  Moore (1965)  have also used the method of cha rac t e r i s t i c s ,  

~ v h e r e  f r i c t i on  was  included, but without r e so r t i ng  t o  the  Whitham approxi-  

mation. The par t ic le  velocity a t  the xvater's edge a s  i t  advances  up the 

( d r y )  beach s lope was  a s sumed  to  be proportional t o  the b o r e  propagation 

speed. 

By this  method the run-up, due to  various kinds of so l i t a ry  waves  



travelling over s e v e r a l  bottom slopes,  was calculated, giving r i s e  

successively t o  spilling b r e a k e r s  and bores.  Some of t h e i r  r e s u l t s  

a r e  shown in Fig.  V-9, where  the run-up is  given a s  a function of 
2 the rat io  F = f / A  of the a s sumed  fr ic t ion factor t o  the proportionality 

coefficient A relat ing part ic le  velocity to  bore speed. 

I t  i s  concluded that the run-up of breaking waves has  been  determined 

by theory only fo r  the c a s e  of sol i tary waves. The p rob lem becomes in-  

creasingly difficult a s  the wave period decreases  (or  a s  the wave s teep-  

ness  inc reases )  due t o  the influence of the backwash on the  following 

wave. Because the backwash causes  more energy diss ipat ion in the 

bore ,  wave run-up d e c r e a s e s  a s  the wave s teepness  inc reases .  However, 

on the continental shel l ,  backwash i s  negligible and the so l i t a ry  wave 

resu l t s  should be adequate,  although most  of them have y e t  t o  be  experi-  

mentally verified.  
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V- 5 EXPERIMENTAL INVESTIGATIONS 

Relatively few exper imen t s  have been conducted on the run-up  of 

breaking waves p e r  s e .  Probably  the most  extensive study i s  that  of  

Savage (1959) for  per iodic  waves incident on relatively s t eep  s lopes 

(0.03 < S < oo), a n d  included both non-breaking and breaking waves,  with 

no distinction between them. These  resu l t s  were la te r  analyzed by 

Van Dorn (1 966), who found that the data were  clear ly divisible according 

to whether o r  not they sa t i s f ied  the breaking cr i ter ion of Hunt (Eq. IV-4), 

and that the run-up of breaking waves closely obeyed Hunt's empir ica l  

formula 

where H i s  the wave height in the uniform-depth section of the wave 

channel. 

This relationship i s  compatible  with the fact that the wave dissipation 

mechanism i s  fully turbulent ,  i. e. , proportional to the squa re  of velocity 

which i s  itself approximately proportional to the square of the wave height. 

Such a relat ionship should not hold when waves of smal l  s teepness  break 

over ve ry  gentle s lopes  because the viscous dissipative mechanism has 

m o r e  relative impor tance .  Thus this formula,  based on experimental  

data,  should not be extrapolated to waves of small  s teepness  over  very 

gentle slopes.  

Additionally, t he re  have been a number of run-up studies with leading 

waves of a wave t r a i n ,  of which the most  extensive were  those of Kaplan 

(1955) and Hall and Watts (1953). These resul ts  a r e  presented  a s  power 

functions of H/ L and H / h ,  respectively,  which make them difficult 

to interpret .  

Van Dorn a lso  found that  the run-up of non-breaking waves repor ted  by 

Savage was cons is ten t  with the sma l l  amplitude theory of K e l l e r ,  provided 



that the effect of finite height is included. Recently, exper iments  for  

wave run-up of dispersive wave t rains  were pe r fo rmed  a t  N C E L  (Jones,  

1968). The resu l t s  indicated that the relative run-up  was  sma l l e r  than 

the resu l t s  calculated by Miche 's  formula.  

Additional wave channel experiments  with periodic non- breaking waves 

on small  slopes (0. 1  < S < 0.03) have been repor ted  by L e  Mghaute', 

et  al. (1 967), qualitatively verifying the theoretical c u r v e s  given in 

Figs. V- 1 ,  V-2 and V-3, although for the sma l l e s t  s lopes  the observed 

run-down exceeded the run-up,  suggesting that f r ic t ional  dissipation in 

the thin leading wave edge m a y  be a  limiting factor in such experiments.  

However, contradictory observat ions have been r epor t ed  which indicate 

that the run-up i s  g rea te r  than the run-down (Wallace and Baird,  1968). 

The reason for this i s  not known. 

Recently, experiments  for measuring wave run-up in an idealized three-  

dimensional bay have been performed at Tetra  Tech (Hwang, e t  a l . ,  1968). 

As shown in Fig. V- 10,  the bay i s  S-shaped with a  sloping beach; the 

beach slope i s  115 and everywhere perpendicular to the local shoreline. 

This a r rangement ,  with a  convex shoreline a t  the en t rance  and a  concave 

region a t  the r e a r  of the bay, i s  adjacent to the tank wall  and hence 

represents ,  by symmetry ,  half of a  bay with genera l  fea tures  s imilar  

to many natural bays. The r e su l t s  of experiments a r e  shown in Fig. V-11. 

As shown in that figure,  the relative run-up at  different locations with the 

same beach slope m a y  v a r y  from a value less  than 0 .  7 to a  value of 13. 

It i s  a lso shown that the relative run-up i s  s t rongly dependent on wave 

period. The run-up at  locations 1 ,  10 and 17 on the s a m e  geometry has  

also been calculated from Miche 's  formula with r e f r ac t ion  correct ion 

a s  shown in Fig. V-12. These values a r e  considerably sma l l e r  than those 

obtained from the measuremen t s .  Thus, it demons t ra t e s  that when the 

shoreline includes bays one has  to take into account the oscillation of 

the bay. 

Experiments to m e a s u r e  wave run-up in the field were  per formed a t  









Mono Lake i n  1965 and  1966 (Rooke, e t  a l ,  1967, Wallace and Baird,  

1968). In 1965 the  run-up  was  measured  on a relat ively s imple  beach 

condition. These  expe r imen t s  indeed proved that the wave run-up 

obtained by ext rapola t ion  of what i s  obtained i n  t sunami  waves cannot 

give a rel iable  e s t i m a t e  of the effect of explosion waves.  A s  most  of 

the energy i s  d iss ipa ted  before the waves r each  the shore l ine ,  i t  i s  

evident that no ca ta s t rophe  of damage by flooding can  r e s u l t  f r o m  ex- 

plosion waves as w a s  init ially feared.  These exper iments  proved that 

wave run-up due t o  explosion waves i s  much sma l l e r  a s  compared to 

relative run-up of t sunami  waves.  

A fo rma l  predict ion based  on these assumptions was  made  ( ~ e ~ g h a u t g ,  

e t  a l . ,  1965) and,  as a ma t t e r  of fact,  the maximum wave run-up  pre-  

diction was  even lower by 50% than that observed i n  the tes t .  This dis- 

crepancy was  l a rge ly  due to  the inaccuracy of the predict ion i n  deep 

water wave t r a ins .  In 1966, experiments were  per formed i n  a complex 

geometry with shore l ines  containing large boulders and  s m a l l  bays. The 

experimental  r e s u l t s ,  compared  to the prediction, appea r  t o  be somewhat 

improved. However ,  the predicted r e su l t s  were ,  i n  gene ra l ,  l a rger  than 

the observed r e s u l t s  ( ~ e ~ g h a u t g ,  e t  a l . ,  1966, and Wallace and Baird,  

1968). 

The problem of predict ion of leading wave run-up has  been  subjected to 

discussion due to  the  fac t  that the observed r e su l t s  do not f i t  the prediction. 

The difficulties in  predicting the run-up of the leading wave a r e  not only 

due to the difficulty i n  predicting the run-up of the leading wave itself ,  

but a l so  due to  the f a c t  that the scaling law for  wave predict ion,  which i s  

established fo r  m a x i m u m  wave amplitude, i s  not adequate f o r  prediction 

of the leading wave. 



CHAPTER VI 

HARBOR OSCILLATION 



INTRODUCTION AND G E N E R A L  REMARKS 

Since ha rbo r  o r  bay  osci l la t ions  m a y  enhance the wave run -up  and 

damage moored  sh ips ,  i t  i s  well  t o  consider i n  s o m e  de t a i l  the nature  

and prac t ica l  impor tance  of ha rbo r  r e sonan te ,  and  t o  recount  some  

of the impor tan t  p r o g r e s s  made  by e a r l i e r  inves t iga tors .  

The occurence of resonance  in h a r b o r s  is  fundamentally due t o  the 

fact  that waves a r r i v i n g  a t  a  widening or  narrowing ( o r  a t  a  depth 

increase  or d e c r e a s e )  a r e  par t ia l ly  ref lected.  Cons ide r ,  f o r  example,  

a rectangular h a r b o r  open t o  the s ea .  Waves a r r i v i n g  within the ha rbo r  

a r e  reflected s e a w a r d  by the r e a r  boundary; these  outgoing waves upon 

reaching the h a r b o r  en t r ance  a r e  partial ly ref lected by the  sudden 

widening with the  n e t  r e su l t  that par t  of the wavc ene rgy  which got in  

does not get back  out. This  trapping of energy  by the h a r b o r  leads 

t o  resonance i f  thc phases  of the various incident and r e f l ec t ed  waves 

happen t o  be such  tha t  re inforcement  occurs .  In th i s  c a s e ,  the  a m -  

plitude of oscillatiorl may grow,  within the ha rbo r ,  t o  va lues  f a r  

g rea t e r  than thosc  incidcnt.  At sorne stage of growth,  ho\vever,  energy  

dissipation equa ls  ene rgy  trapping ancl the oscil lat ion ampli tude r e a c h e s  

i ts  maximum. T h i s  stabil izing dissipation is  of four  m a i n  f o r m s :  

wave radiation s e a w a r d  (usually domi.nant); wave breaking  within the 

harbor  when the osci l la t ion exceeds the breaking l imi t ;  f r ic t iona l  

e f fec t s  a t  the bo t tom;  and wave absorption on the bounding beaches .  

The problems of dcvzloping a pract ical  calculatioll proceclcre applicable 

to  these processes, a l r eady  difficult, a r e  compounded by thc facts  that  

harbors  a r e  usual ly  of complcx shape and that incident wavcs  a r e  never  

per ied i t .  Irregularity of shape causes  conlplicatcd :.cflections of the 

waves within thc harhol-  s o  Lila1 evcn l o r  periodic inpcl: thc agitation 

may appear higniy irregular. T h e  response to  ~ a n d o n l  s e n  or  s\vcll 

or to a  dispersive \\.ac-c trail-! gcncratcc! by 2 localized distl-lrbance i s  

s f i l l  \vorsc.  Y : ~ r t \ ~ c r ~ n o r c ,  o:,c.itLations ma)- be i~ldi iccd by other  n l echa i~ i sms  



such a s  f luctuations i n  a tmosphe r i c  conditions, cu r  r en t s  moving pas t  the 

entrance which g e n e r a t e  a  s e r i e s  of al ternating vor t ices ,  and even sh ip  

t r ans i t  in and out of the  ha rbo r .  It i s  no wonder,  then,  tha t  taken in 

i t s  ent i re ty  the p r o b l e m  of harbor '  resonance i s  intimidating. 

Yet, solutions m u s t  be  found s ince  the harbor  resonance problem i s  of 

very  g r e a t  p rac t i ca l  impor t ance  in coas ta l  engineering. Th i s  i s  s o  

since i t  i s  a s soc i a t ed  with  the sh ip  mooring problem. It is wel l  known 

that ha rbo r  osc i l l a t ions  of only a  few inches may exci te  l a rge  motions . 

in ship-mooring s y s t e m s  causing mooring lines t o  b reak ,  and ships  

t o  collide with ad jacent  s t r u c t u r e s .  T o  minimize such  events  i s  the 

goal of ha rbo r  and  b reakwa te r  design and for  that purpose one m u s t  

be able t o  de t e rmine  h a r b o r  response  charac te r i s t ics .  . 

Analytical studies in  t h i s  a r e a  a r e ,  fo r  the mos t  pa r t ,  qui te  recent .  

McNown (1952! d e t e r m i n e d  the resonant  frequency of a  c i r c u l a r  h a r b o r  

with a  sma l l  opening under  the assumption that  the water  su r f ace  

r ema ins  essen t ia l ly  hor izonta l ;  a  s imi la r  approach was  applied by 

Kravtchenko and McNown (1955) t o  the rectangular ha rbo r .  Miles  and 

Munk (1961)  cons ide red  h a r b o r s  of a rb i t r a ry  shape and formula ted  a n  

integral  equation desc r ib ing  the agitation within the ha rbo r  by matching 

conditions inside and  outside the harbor  a t  the entrance.  But they inl-  

posed thc res t r i .c t ions  of na r row opening, and s l i m  and rec tangular  ha rbo r  

in o rde r  t o  obtain ana ly t ica l  express ions  for the resonant  condition and 

maximtim amplif icat ion.  Ippe n and Coda (1  963) applied F o u r i e r  t r a n s  - 
fornlation 111cthods and obtained tht: solution of the rec tangular  ha rbo r .  

The r e su l t s  w c r c  cornparcd  with a  s e r i e s  of exper iments .  F o r  long 

ha rbo r s ,  t h e  a g r e e m e n t  betwcen theory and experjtnent was  good except ,  

of cou r se ,  a t  the  r e sonance  point ~ s h e r c  viscous diss ipat ion i s  impor tan t  

and tlie c s p c r i m e ~ t s  b c c o l r ~ ~  difficult.  Biesel  and ~ e ~ & h a u t ; ( ! 9 5 5 ,  1956) 

and  Lehldhat~tc; ( 1 0 6 3 .  1.361, 19t?,) prcsc::ted an interesting approach  in 

the solution of r e ~ i z n g u l a r  ha rbo r  under various types of en t rance  con-  
* ditions through the usc of thc theory of co:nples n u n ~ b c r s .  Through 

this methocl, thc  follo\vil~g r c s i ~ l t s  Lieere found: 



1. The  sma l l e r  the harbor  entrance width, the sma l l e r  the 

possibil i ty of resonance. However, the resonance  peak, 

if reached,  is then very  high, and i t s  height inc reases  a s  

the width of the opening decreases .  

2. Wide open bays and harbors  always amplify the incoming 

wave agitation. However, the resonance  peak i s  f la t ter .  

3 .  Wave energy absorbe r s  a r e  efficient i n  cutting peak 

resonance in enclosed harbors .  They a r e  l e s s  efficient 

in  wide open harbors .  

Most recent ly,  Leendertse  (1967) has  developed a numer ica l  procedure 

to determine the response  of basins to long waves ,  elevation a t  open 

boundaries being prescr ibed.  

All of the foregoing studies suffer to some degree  f r o m  various de-  

ficiencies;  e i ther  they a r e  applicable only to idealized shapes o r  matching 

conditions a t  the ha rbor  entrance a r e  required. 

Advances have been made recent ly in the ana lys is  of the harbor  problem. 

Harbors  of a r b i t r a r y  shape with constant depth have been  solved by 

Hwang and Le ~ g h a u t ;  (1968). The method they proposed has  overcome 

the assumption of conditions a t  the entrance, which h a s  been the major  

problem in previous analytical studies. Because of i t s  importance to  

the mooring and run-up  problems,  this method i s  now summarized .  



VI-2 THEORETICAL DEVELOPMENTS 

VI-2' 1 Formula t ion  of the P rob lem 

Assuming tha t  the  f luid  i s  inviscid  and incompressible ,  t h e r e  ex i s t s  

a velocity potent ia l  H(x, y ,  z ;  t )  which sat isf ies  the Laplace  equation 

throughout the  f luid  contained within the boundary s u r f a c e s  a s  shown 

in Fig.  VL1. If the  wave i s  a s s u m e d  to  be of s m a l l  ampli tude,  the  

velocity t e r m  i n  the Bernoul l i  equation may b e  neglected.  Thus  the  

governing dynamic boundary condition on the f r e e  s u r f a c e  becomes  

( see  Stoker ,  1965) 

where 7 is  the  wave elevation and g i s  gravitational acce le ra t ion .  

The l inear ized k inemat ic  conclition a t  the f ree  sur face  follows f r o m  

the fact  that s u r f a c e  wa te r  par'ticles stay- on the su r f ace  and i s  ex-  

p re s sed  in t he  f o r m  . . 

The condition o n  the f ixed  boundary surface i s  that  the  veloci ty  no rma l  

to the sur face  equa ls  z e r o ;  that  i s  

- 
on the bounda: )r S. 

Since \vc a r e  dealing wi th  unifor.111 ~vatt.1- depth, h ,  the co i~di t ion  a t  the 

bottom i s  sinlply 



F i g u r e  VI- 1 A Schemat ic  Drawing of the  Ha rbo r  



Final ly ,  the condi t ion a t  infinity i s  that  

where  Q i s  p r e s c r i b e d  (input). 
0 

The above equat ions  comple te  the formulat ion of the p rob lem of 

oscil lat ion in  h a r b o r s  of a r b i t r a r y  shape.  

VI-2.  2 Analytic Solution 

Since the wa te r  dep th  is uniform,  we may a s s u m e  that  the  veloci ty  

potential i s  a p roduc t  of functions of x and y,  z, and t ,  such  a s  

(VI-  7 )  

where  LU i s  the  angu la r  f requency.  

Substituting thc above exp re s s ion  into the Laplace equation,  we have 

After separa t ing  the  functions of x and y, and z in Eq. (VI-8) ,  and 
2 

equating t h e m  t o  a. cons tan t ,  s a y  !; , we have 

2 - 2 3 i o t & + k q =  0 (VI-  9 )  
ax 2 a y 2  

and 

(VI-  10) 

-:!here k i s  ?. constant- w h i c h  i s  re la ted Lo the frequency ::. . 



The solution of Eq. (VI - 10) i s  s imply 

Z ( z )  = C 1 c o s h k z C C  s i n h k z  
2 

The cons tan ts  C and C a r e  re la ted  to  each  other  by 
2 

C 2  = C 1  s inh kh 
c o s h  kh 

which i s  obtained f r o m  the bo t tom boundary condition 

resul t ing f r o m  the subst i tut ion of Eq. (VI-7) into  Eq. (VI-5).  

After  subst i tut ing Eq. (VI- 1Z) into Eq. (VI- 1 l ) ,  we have 

Z ( z )  = 
A 

cosh  kh 

The constant C i s  de te rmined  f r o m  the f r e e  su r f ace  condition 

L 1  i u  t  i;L; t 
r l =  - - - "  - - - V (x, y )  e = AV (x, y )  e 

z = o  g 

C 1  . 
where A = - - i s  the wave amplitude. Thus we have 

g 

Z ( z )  = - A g cosh k ( z t h )  
cosh  kh 

(VI- 12) 

(VI- 13) 

(VI- 15) 

(VI- 16) 

T h e  constant ,  k, i s  a wave number ,  a n d  is r e l a t ed  t o  the  2.ngular 

f requency,  L ,  and t h z  -:.rater depth,  h: through thc kinenlatic boundar )~  

condition at  the f r e e  su r f ace  ( s e e  Eq. VI-3). 

Substituting Eqs .  (VI-?) ,  (VI- 1 5 )  a!ld (VI- 16)  i ~ t o  Zq.  (vI-3 j ~ v c :  obtain 

lii2 = g k t anh  k h (VI- 17)  



The problem now i s  t o  obtain  the  solution ,of Eq. (VI-9) with the boundary 

condition 

- 
on  the solid boundary, S 

which i s  obtained f r o m  the  substi tution of Eq. (VI-7) into Eq. (VI-4) ,  

and the p r e s c r i b e d  condition,  

CP = CP, a t  infinity, 

where  CP r e p r e s e n t s  t he  incoming wave. 
0 

F o r  a s t r a igh t - c re s t ed  s tanding wave a t  infinity with t h e c r e s t  a t  the harbor  

a t  a n  angle 8 ,  a s  shown i n  Fig .  VI-2, the wave f o r m  i s  s imply 

i t u  t AV,e  = - 4 c o s k x 1 e  iwt 

where  x' i s  the  coord ina te  measu red  perpendicular t o  the  wave front ,  

and i s  rota ted an  angle B f r o m  the x axis. Since 

x' = x cos  B t y s i n @  (VI - 2 1  ) 

we have 

uo = c o s k ( x  c o s  B + y s in  $) (VI-22)  

If the wave frofi t  p ropaga tes  direct ly  toward the sho re ,  5 i s  equal t o  

ze ro ,  so  that 

To = c o s  k x  (VI -23 )  

F o r  a standing tvave: of unit amplitude at  infi~il ty,  the solution of J$reber 's  

equation, Ecl. ( V I - 9 ) ,  together  with the bouncar conclitions, Eq. (VI- 18)  

and (VI- 19 ) ,  can be found through the introduction of a sou rce  functic)n - 
Q(<, 7 )  along tile boundary S, whe1.c a n d  rc fc r  to  coorc!inates on the 

boundary. 



Figu re  VI- 2 Determinat ion of direction of the incoming waves 



Thus the value of cP(x, y )  a t  any point P(x, y )  is equal to  the  s u m  of 

two parts ;  one is the  influence f r o m  infinity, Cp (x ,y) ,  and the  othe'r i s  
0 

the contribution of the s o u r c e  distribution, that i s ,  the sca t t e red  wave 

caused by the p r e s e n c e  of the boundary 

(VI - 24) 

where C ( x , y ;  5 ,  T) i s  the Green ' s  function and Q ( f ,  q) is the  unknown 

source dis t r ibut ion which can be determined f r o m  the boundary con- 

ditions. 

The Green's function has  to  be chosen s o  that i t  i s  the solution of 

Weber's eouation, s a t s i f i e s  the radiation condition a t  infinity, '  and 

has a s ingular i ty  a t  the source  point. The Green 's  function may be de ter -  

mined easily f r o m  Weber 's equation in cylindrical coordinate  s ,  

that i s  

The solution of this  equation involves Besse l  functions o r  Hankel 

functions. Since the Hankel function of ze ro  order  and f i r  s t  kind has  

the following p rope r t i e s  

and 

it sa t isf ies  the r equ i re r r~en t s  prcscr ibcd  p r e v i o ~ s l y .  There fo re ,  

. ~ \ ~ c  c l~oosc  the. G r c e n ' s  function to  be 

where 



so that the value of V(x, y ) ,  a t  any point, P (x ,  y ) ,  i s  

' ~ ( x . y )  = $(x,y) + J dS ~ ( 1 .  T) ~ ( x ,  y; <, T) (VI -27)  

S 
The problem now is t o  de termine  the s t rength of the s o u r c e  d i s t r i -  

bution, Q(5, q). This  can be accomplished by applying the boundary 

condition of Eq. (VI- 18) which gives 

x,y-'!., 'q S 

Since the l imit  i s  s ingular  inside the integral ,  it  has  t o  be t r ea t ed  

with ca re .  

Considering the contour of integration, as shown in F ig .  (VI-3) 

Figure  VI- 3 Contour of Integration 

we evaluate the in tcgra l  in Eq. (VI-28) as  follows 

dS  Q ( 5 ,  q) G,(x, y ; 3 ,  rl) i lim - [ d 5  a(:, q) Gn(x,  q? 
X I  3 



where  the  s ign ,  f- r e f e r s  t o  the  p r inc ipa lva lue .  Since t h e  Hankel  
S 

function can be  a p p r o x i m a t e d  by  

the second i n t e g r a l  of t h e  r i g h t  hand s ide  of (VI-29) m a y  b e  in tegra ted  

analytically. We have  

1 a a(<l r)) 
= lirn - Q ( 5 . ? ) S  ( x . t ~ k ~ ) ~ d O =  

R+O 2rr - TT 

Thus the  in tegra l  equa t ion  b e c o m e s  

where  

The above equation c a n  not be  evaluated analytically. A n u m e r i c a l  

method for  evaluat ing t h e  s o u r c e  distr ibution Q ( z ,  q) h a s  b e e n  developed 

by Hwang and  Le ~ g h a u t 6  (1968) .  



VI-3 CALCULATION O F  VELOCITY AND AMPLIFICATION FACTOR 

Once the source  s t rength Q has  been calculated the value of V(x, y)  can 

be evaluated by substituting values of Q into Eq. (VI-27). Thus the 

velocity potential can be calculated f r o m  Eq. (vI-7). 

cosh k ( z t h )  , i W  t ' ( x J  y ,  z ;  t, = - % (x ,  y )  cash k h  

The velocity components a t  any location, P (x,  y ,  z ) ,  can  be calculated a s  

a 4 dv,, 
u = -  - _ _  - COsLt - - s i n  3;t -- cosh  k ( z f h )  

ax ax I C O S ~  k h 
(VI- 34) 

coski k(z th1  s i n  ~t (VI-35) 

where the subscr ip ts  i and r r e fe r  to the imag ina ry  and r e a l  par t s  of 

the complex values and u, _v a r e  horizontal and ve r t i ca l  velocity components. 

0 
The ve loc i tyf ie ldcorresponding  to  X t =  90 f o r  the ha rbor  of P o r t  

Hueneme i s  calculated by use  of this method and is plotted i n  Fig.  VI-4. 

The amplification fac tor  a t  any point P (x,  y )  i s  equal  to  the ra t io  of maxi- 

mum wave height obtained a t  point P ( x ,  y )  to  the wave height a t  infinity. 

The maximum wave height a t  infinity is  A. However ,  the maximum 

wave amplitude a t  point P (x ,  y )  i s  

Thus the amplification fac tor  a t  any point P (x ,  y )  i s  simply 

and the r e su l t  of this  calculation is shown in Fig.  VI- 5 .  

(VI- 3 6 )  

F igures  VI-6through VI-8 a r e  resu l t s  ex t rac ted  f r o m  a study made by 













Tetra  Tech for  the Atomic Energy  Commission (Hwang, e t  a l . ,  1968). 

Figure VI-6 shows B a r b e r s  Point Harbor ,  Hawaii, while Fig.  VI-7 indi- 

cates the r e sponse  t o  periodic waves by the harbor  a t  locations 1, 2 ,  3 

and 4 a s  indicated i n  the figure.  Figure VI-8 shows the response  curve 

a t  location 4 together  with the f i r s t  amplitude envelopes resul t ing f r o m  

100 KT, 5 MT and 25 MT nuclear  explosions nea r  Johnston Island. The 

method of calculat ion has  been  outlined in s e v e r a l  r e p o r t s  (Hwang, e t  a l . ,  

1968, Hwang and ~ e ~ g h a u t e ' ,  1968). 

It i s  necessa ry  to  point out that  viscous dissipation and the effects of 

water depth and l a r g e  wave amplitude a r e  not cons idered  in  this calcu- 

lation and wil l  ce r t a in ly  tend to  decrease the peak resonance  amplitude. 

Fur ther  r e s e a r c h  on these  effects i s  necessary  i n  o r d e r  to  obtain more  

accurate  predictions.  



CHAPTER VII 

A SUMMARY FOR MAKING ROUGH ESTIMATES 

OF WAVE CHARACTERISTICS 



I .  A SUMMARY FOR MAKING ROUGH ESTIMATES OF WAVE 

CHARACTERISTICS 

Chart  VII- 1, presented  on the following page, su rnmar izes  the calculation 

procedures fo r  explosion-generated waves and the i r  propagation and 

transformation. These  calculations a r e  quite t i m e  consuming,  and 

necessary  only when detailed information i s  requi red .  In some c a s e s ,  

a quick est imation i s  required fo r  operational purposes .  F o r  this  r eason  

a simplified method which gives only the proper t ies  of the maximum 

waves is given. 

As shown in Fig.  VII- 1, a nuclear explosion of yield Y i s  a s sumed  t o  

occur in deep water  off the continential slope. The explosion genera tes  

a wave t r a i n  propagating in a l l  directions. The m a x i m u m  wave amplitude 

of the wave t r a i n  in deep water  is  re la ted  t o  the dis tance f r o m  
qmax 
the explosion, r ,  and the yield, Y ,  a s  follows ( s e e  Eq. 11-23]: 

7 max 
= (18  yo '  54/r)ft . ,  [ r ]  = ft,  [Y]  = lbs.  TNT 

assuming that the detonation occurs  at  the upper c r i t i c a l  depth. The 

wave period, 7, of this maximum wave i s  ( s e e  Eq. 11-25) 

7 = 1. 63 Y 
0. 15 

sec.  [Y]  = lbs. TNT 

As the maximum wave propagates towards the cont inent ial  shelf ,  i ts  

amplitude d e c r e a s e s  a s  a resu l t  of radial  spreading ,  until  shoaling and 

refraction effects become important.  The calculation of wave amplitude 

including these effects is ra ther  complicated a s  d i scussed  in section 

3 2. Here ,  for  simplicity,  we assume that the explosion i s  r a the r  

f a r  away f r o m  shallow water s o  that the waves a r e  a l m o s t  two-dimen- 

sional when they a r r i v e .  Thus we may calculate the max imum wave 

amplitude by use of Eq. VII-1,  until the wa te r  depth,  h ,  i s  
m a x  

1 
equal to  one qua r t e r  of the wave length, - Lmax 

(we a s s u m e  that  shoaling 
1 

becomes important  when h = 7 Lmax). F r o m  t h e r e  on, the maximum wave 

height may  be calculated by simply multiplying by the shoaling coefficient 
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H1 S = - a s  given i n  F ig .  111- 1. Refraction mus t  a l so  be accounted 
Ho 

f o r ,  and m a y  be de termined f r o m  linear theory to a good approximation. 

As the wave i n c r e a s e s  i t s  amplitude by shoaling to the point that  the 

water  depth i s  insufficient t o  t r ansmi t  the wave energy, the wave will  

break;  this occur s  a t  the intersect ion of the curve of wave height and 

the line of breaking index a s  shown i n  Fig. VII- 1. After the wave breaks ,  

i t  propagates towards the shore ,  a s  descr ibed by the non-saturated 

breaker  theory. 

There  i s  no s imple fo rmula  to  est imate the l a t e ra l  extent of the breaking 

region. However, previous calculations (Le ~ l h a u t i ,  e t  a l . ,  1967) in- 

dicate that i t  i s  typically approximately equal to  two t i m e s  the distance 

between shore  and the point of breaking inception. 

The estimation of wave run-up i s  extremely difficult because of the 

usually complicated s h o r e  geometry.  However, if the shore l ine  i s  

assumed locally s t r a igh t  one may estimate the run-up according to  the 

flow char t  (VII-2) on the following page. It i s  based on available theor ies  and 

empir ica l  r e su l t s  d i scussed  previously, and i s  drawn in  such  a way that 

i t  i s  reasonably s imple  t o  use  and covers  a wide c l a s s  of possible situations 

As such it cannot always be expected to  give a s  reliable a r e s u l t  a s  the 

bes t  that can be done by a n  experienced per son analyzing a par t icu lar  

problem. It i s  only intended to be a guide for  a reasonable e s t ima te  of 

the run-up. 

The basic problem involves the following: 

Given: Hi, t he inc iden twavehe igh t ,  

LiJ the incident wave length, 

7 ,  the incident wave period obtained f r o m  Eq. 11-31, and 

h ,  depth of bottom profile a t  which the above values 

a r e  given 

To find: The run-up,  E. 
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Run-up  due t o  
oucceed ing  waves :  
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-1 I w a v e s  with a d d i t i o d  
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W a t e r  d e p t h  i n  h a r b o r  
is r e l a t i v e l y  c o n s t r n t ;  
b e a c h  area is s m a l l  
i n  c o m p a r i s o n  t o  

W a t e r  depth v a r i a t i o n  

Method not a v a i l a b l e  
a t  p r e s e n t  t i m e  

r e s p o n s e  f a c t o r  by 
u s e  of t h e  m e t h o d  
p r e s e n t e d  i n  

D e t e r m i n a t i o n  of 
w a v e  r u n - u p  by  
a s s u m i n g  t h e  s h o r e -  
l ine i s  Locally s t r a i g h t .  
H o w e v e r ,  t h e  i n c o m i n g  
w a v e  h e i g h t  h a s  t o  be 
m o d i f i e d  by  a  f a c t o r  
r e s u l t i n g  f r o m  
r e f r a c t i o n ,  s h o a l i n g  
a n d  h a r b o r  r e s p o n s e  
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F i g u r e .  VII-2  R u n - u p  on a  Uniform Slope Showing 
Reg ions  of Obse rva t ion  and E x t r a p o -  
l a t ion  (adapted f r o m  Beach  Erosion 
B o a r d  T R - 4 )  



The f i r s t  quest ion tha t  m u s t  be answered  i s  whether the wave i s  preceded 

and followed by m o r e  waves  with the s ame  propert ies .  If i t  i s ,  the  wave 

may be c lass i f ied a s  pure ly  per iodic ,  to  which mos t  of the t heo r i e s  

and exper iments  apply.  I£, however ,  i t  i s  a member  of a wave package, 

the theories  and e x p e r i m e n t s  descr ibed  before cannot, s t r i c t l y  speaking, 

be applied. Neve r the l e s s ,  in  view of the fact  that in  m o s t  c a s e s  the pro-  

per t ies  of the waves  v a r y  only slowly f r o m  one to  the next within the 

wave t ra in ,  one m a y  apply t h e m  even in  this ca se  provided the wave 

under considerat ion is not v e r y  nea r  the front o r  t a i l  of the wave package. 

F o r  the leading wave of such  a wave package, e i ther  the C a r r i e r  and 

Hwang theory ( i f  i t  does  not b r e a k )  or  Kaplan's exper imenta l  r e s u l t s  

may  be applied. One m u s t  be carefu l ,  however, of the  definition of wave 

length in such a c a s e .  F o r  purposes  of estimating the run-up,  the  

succeeding waves i n  such  a wave t r a in  may be considered a s  per iodic  

in charac te r .  Lf the  succeeding wave breaks,  the run-up  m a y  be ca l -  

culated by use  of F ig .  VII-2,  which i s  obtained f r o m  extrapolat ion 

of Savil le 's  observat ions  (BEB TR-4) .  

F o r  evaluation of wave run-up  inside a bay, the procedure i s  a l s o  outlined 

in the flow cha r t .  However ,  the method involved i s  r a t h e r  complex,  s o  

that  no s t ra igh t forward  fo rmulas  can be given to obtain the wave run-up. 

Es t imates  of run-up  i n  such  conditions require considerable  under standing 

of the nature of the ha rbo r  o r  bay response.  

Finally,  it i s  impor tan t  t o  point out here  that no beaches  a r e  perfectly 

s t ra ight  and uni form in  bot tom slope,  and no waves a r e  perfect ly  two- 

dimensional. Thus  the run-up  observed may exhibit a l a rge  var ia t ion 

f r o m  time to  t ime  and f r o m  location to location for re la t ive ly  uniform 

incoming waves.  Such r andom behavior has not yet been tackled with an 

analytical  approach.  Observat ions  a t  Hawaii and Mono Lake indicate 

that the dis t r ibut ion of a l l  run-up data about the average  run-up  appea r s  

to  follow a log n o r m a l  dis t r ibut ion.  
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t i s n ,  s h  ,w ti!!- c I . ~ ~ ~ . t f ~ c ; ~ t t c ~ n  i r ~  .:I1 L L J ~ I I - I I S  i n  p a r e n t l r e s i i  
i n ~ m c d i a t e l  y I r ~ l l o w ~ n , ;  t  h e  t l t l c .  

- -A-lLw- I N S T R U C T I O N S  

- LINK B 

ROLE W  

4. DESC'KIP'I 'IVE hhC)'rI.:S: I f  d lbpr l>l \ r ta te ,  e n t e r  t h r  t y p v  u l  
r epo r t ,  r . ~ . .  irbrrrlrn. pro1:ress.  ..~~rnrn;rrv. :rrrnuul. s>r f ~ n a l .  
G i v e  t & c  i:ri.lu-:ivv tl.ttt*:. whrcr .I *pcc.rf~c. r r -pa~r t i r rc  pcriard 1, 

cov r re t l .  

I LINK A 

5. AU'I'tIOK(S): E:ntc,c llrc t~;rrnit(s) c11 ; , u t t r~~r (b )  u s  s h i 1 ~ 1 1  o n  
o r  i : ~  t h e  r epor t .  F.c,tc~ \ ;&st  nanic .  f r r s t  n;rlilc, r n ~ d i l l e  inrr~.s l .  
I f  r . r l ~ t a r y .  s h o w  rank ;*rr.I b r a n c h  o l  serv1c.c. T I i c  n a m e  uf 
t h e  i , r i n c i y ~ I  .. 9thor 15 a n  a b s l ~ l u t e  r~~ i t r r rnum reqrr i remenl .  

R O L C  

LINK C 

6. HEI 'ORT D A T -  E n t e r  t h e  ~l.tte. 131 t h e  r r ; ~ o t t  . a * ;  tluy. 
month,  yuar; o r  month,  yvwr. If n inrc  th i ln  ib~tr .  t f d t c  d p p e a r r  
o n  t h e  repur t ,  u r r  d o t r  o l  i r u h l ~ c a t ~ u n .  

W T  ROLE 

7u. 1U'I 'AL NUMLIER 01: T'r\f;I.:S: 7'1it~ 1,  1 .' n.lgt. I t.ur11 
shoulr!  '.,I l o w  normal ~ , . ~ < i r r a t  Ion ~~rt,i :cdu;v!. .  L. e., er l tcr  t lie 
nurchvr i ;, ,ges c u n t ; a i ~ ~ ~ r r k  ~ n l t * r f r ~ ; a t ~ ~ ~ . r %  

7b. SUSn!iiI<K O F  RI: I : I -HEP;( : IS t :~l t t . r  rhc: to ta l l  ~riznrbcr 01 
r c f r r e n c e s  citt:d in t h e  r cgor t .  

I T  

8a.  COEITRAC'T O K  CJHAN'r NIJ\iIlt'R.c: I f  i r ( ~ p r o [ ~ r t a l e ,  c n t ~ - r  
of t h e  con t r . a i t  or Rr;orrt u n d e r  w h t c h  

8 b ,  tlc. & Bd. PROJECT NIJIC!III:R: t :n tcr  oppro[srl.rtc 
mi l i t d ry  departrrti-fit i d e n t i f r c v t ~ c ~ r ~ .  surrh ds p r c ~ j e c t  number. 
s u L p r o j z c t  nunibvr, sys lerr r  n u m b e r s ,  t a s k  ruurr,trrr. e t c .  

9a. ORICINATOK'S R E P O R T  NUMnl.:K(S): E n t e r  t h c  o l f l -  
c i a 1  r epor t  number  b y  w h i c h  t h e  d~ :cu rncn t  w i l l  be i dcn t  i f i ed  
e n d  c o n t r o l l e d  by t h c  o r i g i n a t i n g  bctr:.tty. T h i s  number  n ius t  
b e  u n i q u e  t o  t h i s  repor t .  

9b. OTIIEI: R E P O R T  NUhllll;R(S): l i  t h c  r epur l  h a s  b e e n  
v s s i g n c d  u t ~ y  o t h e r  r epo r t  n u ~ ~ t b c r s  ( e l l h e r  t ry  f h c  o r i g r n ~ l o r  
o r  by t . 5 ~  sponso r ) ,  a l s o  e n t e r  t h i s  n u n b e r ( s ) .  

10. r'.VAIL.AL)II.ITY/L13tIT~TIO:I N O T I C E S :  E n t e r  a n y  l i n r  
i t a t i o r r r  on I u r t h r r  d ~ s s e m i n o t r o n  o f  t h e  r e p o r t ,  o t h e r  t h a n  t h u s e  I 

( 2 )  " F u r r i l r ~  itnnounrtrlt~t.tlt a n d  d r s s e ~ n i n a t i o n  of t tris 
repor t  by  D D C  i s  not ; r u t h o r l z e d "  

(3) "U. S. Governmen t  a g e n c i e s  nray o b t a i n  c o p i e r  o i  
t h i s  repor t  d i r e c t l y  from DUC. O t h e r  qua l i f i ed  DDC 
u s e r s  s h a l l  r e q u e s t  t l l r o u ~ h  

I ,  

(4) "U. S. m l i t u r y  d g r t r c l e s  mdy o b t a i n  cop1-s  of t h i s  
r r p o r t  dlrec.tl  y  from D D C  Otlrur q ~ ~ a l ~ f ~ c d  u he r s  
s h a l l  r e q u e s t  t h r o u ~ h  

I, ----- --- 
( 5 )  "All t l ~ s t r ~ l ~ u t ~ i ~ n  of t t ~ t \  rl.[b,lrt I S  c u n t r * ~ l l e L  Qid- 

i l i e d  D D C  u s c r s  sh.il1 r r q u r s t  t h r ~ , u c h  

If t h e  rcporr 11.1s Irt.cri Iurrrtal~t.cl I . ,  t l ~ e  Oflii .+. of T r < : h ~ ~ i c v l  
S e r v ~ t . c s ,  I ) c & I . ~ I ~ I I I * : I I ~  C.unt t~te . r~t~,  Istr s i ~ l r  t u  the. ~ u I I I I I . ,  ~ n d i .  
c a t c  t h r s  f ~ c t  arrd r . t r t  8.r t h c  p r ~ < - r .  i l  L I I ~ I W I L  

11. S;IPI'L.l..XIENl'Alt\i NC)'I'I.:S: Us,. fstr ;~ , lc l~t~"n. . l  ~ ~ r : ~ l n n . r -  
t o ry  rrirlc:;. 

I ? .  SFION:;OHIS(; h1IL.I~I'AKY ACTIVl'TY: En te r  t l lr  r:omc of 
t h r  dr~~. i r t r t r rnt ; t l  prctject i \ f f ~ c r  o r  ld tw~rat i t ry  ~ p o ~ r s u r i n ~ :  !pu)-  
irrd lor) t h e  resc.~rc.ir  ancl d r v u l u l , r ~ r r ~ i t .  I n c l u d e  addre.:.;. 

13. Afj!:1'KAC'I'; E n t c r  dn  i~l)!. tr ,~t.t  L,.IVIII,{ il brtcf ant1 fdutual  
r.una!rt;lry u f  tht. c 1 f . t  I I I I I ~ I I '  r~t~Itc:it l tvt.  1 - 1  t111. tt.[)r-rl, even t h t t u ~ h  
11 nr.,y a l s u  d i ~ l t t  . , I  r ~ l : r . ~ l ~ c . r c  I r r  t l t r  180tiy uf the  tct:l~rlical r e -  
p t ~ r t .  If 11dt1rrrun.a: bl1ar.e 1% rcqurrt.cl. ;I I r ~ r r t ~ r ~ t ~ . t t ~ , ~ n  s l ~ c e t  s l i a l l  
h e  * t t ~ < . h c ~ l .  

It IS h ~ ~ l r l y  d l , > ~ c . ~ t ~ l t .  l!a,tt t h e  a l>\ t ra t . t  < l.o\\111t:tl r epo r t s  
he. u r ~ c l d z s i f ~ c ~ l .  E a c h  f,.&r.#Kr.oplr 111 t!rc . I I V S ~ I , O ~  I $hdl l  t nd  with  
arr ~ n ~ i ~ c a t c a , n  s e t  t h e  rn111t.ir; ,;t.v.urity i I . s \h r l~ .  , I ~ I . O C I  I J ~  t h r  rn-  
f v r ~ n ; o t ~ * ~ ~ t  i n  t111. pdr , t~~,raptr .  r c~ f r r c* ; t ! r~ t~~ i l  '1.. f ' r S 1  ( 5 ) .  (~2). ~r (U) 

14 K I : Y  W0HL)S: Kt.y .*.c~rt!.; o r e  ~ ~ ~ t . l a ; ~ l c . t l l y  nrf..ir~tn;ful : enns  
or shu r t  p h r d s c s  I I ~ . I I  t . tr .+r;actt .rlrt  .I ra.p,ir: urrd ma;. b e  ustrrl u r  
i ndex  c n t r l c s  fur c . ~ t i l l u ~ t ~ t ~ :  ' the  repur l  Key w*lrtl;; must  b e  
s c l c c t e d  s i ~  th:.l r l t ~  s r c t ~ r ~ l y  c 1:hssifir a l l o t ,  I S  rc.qutr~:d. Ident i .  
f t e r s ,  s u c h  ds cilulplllenl mfsdcl  d z s ~ g n a t ~ o ~ ~ .  t r ~ d l :  narnt.. n l l i t a r )  
projc<.t c o d e  nullre, y ~ ' t ~ g r i l f > h l < ~  Iocd l ion .  1 l i . 1 ~  \,I! u s e d  U S  key 
words  but w i l l  51: f u l l o w e d  try a n  i n d l c d t ~ i r n  t ~ f  t c t h n ~ t r a l  c u n -  
t e x l .  T h e  a s s lgn rn r r r t  of lirik.;, r u l u s ,  a n d  w e ~ & ~ t s  i s  op t iona l .  

UNC LASSIFLE D 




