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ABSTRACT 

E x p l o s i o n waves were s i m u l a t e d "by p l u n g i n g a p a r a b o l i c s u r f a c e o f 
r e v o l u t i o n i n and o u t o f an i n d o o r t e s t b a s i n 3 f e e t deep b y 92 f e e t 
square. These i m p u l s i v e l y - g e n e r a t e d w a t e r waves a r e f o u n d t o be d i s ­
p e r s i v e as e v i d e n t f r o m t h e follOTTing p r o p e r t i e s : The p e r i o d and t h e 
c e l e r i t y o f t h e i n d i v i d u a l waves i n c r e a s e w i t h t r a v e l t i m e , and t h e 
a m p l i t u d e o f each wave group decreases. I t i s shown t h a t t h e e v e n t u a l 
s h o a l i n g i n approaching t h e c o a s t l i m i t s t h e d i s p e r s i o n p r o c e s s , and t h a t 
t h e waves e v e n t u a l l y a m p l i f y l i k e o t h e r g r a v i t y waves. The run-up on t h e 
beach i s a f u n c t i o n o f t h e wave steepness (H/L) a t t h e b e g i n n i n g o f t h e 
slop e and t h e steepness o f t h e slope I t s e l f . The run-up o f any one wave 
i s a l s o a f f e c t e d by t h e p r e c e d i n g and f o l l o w i n g waves i n t h e group. 
E x p e r i m e n t a l r e s u l t s on d i s p e r s i v e - w a v e a t t e n u a t i o n i n w a t e r o f c o n s t a n t 
d e p t h are i n f a i r l y c l o s e agreement w i t h t h e o r y . The r e s u l t s on a m p l i ­
f i c a t i o n due t o s h o a l i n g i n d i c a t e t h a t a m o d i f i c a t i o n o f Green's Law i s 
nece s s a r y f o r d e s c r i b i n g these waves. 

MTROroCTIOIf 

Water wave systems g e n e r a t e d b y an i m p u l s i v e r e l e a s e o f energy, such 
as an underwater e x p l o s i o n , have been s t u d i e d a n a l y t i c a l l y , K ranzer and 
K e l l e r ( 1 9 5 9 ) ; Van Dorn ( 1 9 6 1 ) , and e x p e r i m e n t a l l y , Kaplan ( 1 9 5 3 ) - R e s u l t s 
are p r e s e n t e d , d e s c r i b i n g t h e deep water wave p r o p e r t i e s , based on t h e 
t h e o r y by Lamb ( 1932) and Penney {l9h-3) • The e x p e r i m e n t a l s i m u l a t i o n 
f a c i l i t y used was a wave b a s i n equipped w i t h a p a r a b o l o i d a l p l u n g e r 
r e p r o d u c i n g t h e i n i t i a l c r a t e r shape f o l l o w i n g t h e c o l l a p s e o f t h e ex­
p l o s i o n b u b b l e . 

The p r o p e r t i e s o f d i s p e r s i v e wave m o t i o n i n t h e space-time f i e l d have 
been d e r i v e d f o r g e n e r a l c o n d i t i o n s and c e r t a i n p r a c t i c a l a p p l i c a t i o n s . 
Maximum wave h e i g h t s , p e r i o d s , l e n g t h s , v e l o c i t i e s , t r a v e l t i m e s , envelopes, 
group v e l o c i t i e s , and t h e m o d i f i c a t i o n b y a s h o a l i n g b o t t o m can be u n i q u e l y 
expressed i n terms o f t h e i n i t i a t i n g d i s t u r b a n c e , Jordaan ( 1964 ) . The 
waves are t r a c t a b l e up t o t h e p o i n t o f b r e a k i n g and a s u b s t a n t i v e d e r i v a t i o n 
and e x p e r i m e n t a l c o n f i r m a t i o n o f t h e run-up caused on beaches i s p r e s e n t e d . 
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(a) Formation of Bubble and Dome 

(b) Formation of Crater 

(c) Formation of First Wave 

(d) Formation of Second Wave 

Figure 1 Wave generation by an underwater explosion - schematic. 
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T h i s paper i s "based on work c a r r i e d o u t "by t h e a u t h o r f o r t h e U. S. 
Naval C i v i l E n g i n e e r i n g L a b o r a t o r y , P o r t Hueneme, d u r i n g h i s t e n u r e o f d u t y 
t h e r e . 

THE I H I T I A L STAGES OF WAVE GEBERATION 

An under\ra,ter n u c l e a r b l a s t can o r i g i n a t e a system o f l o c a l l y v e r y 
h i g h w a t e r waves. The d i s t a n t e f f e c t s , such as run-up on exposed shore­
l i n e s w i l l v a r y g r e a t l y , depending on t h e ocean t o p o g r a p h y t r a v e r s e d as 
w e l l as on t h e magnitude, de p t h and d i s t a n c e o f t h e b l a s t . 

Consider a n u c l e a r e x p l o s i o n a t t h e optimum d e p t h f o r making t h e 
l a r g e s t p o s s i b l e waves a t a d e s i r e d l o c a t i o n . Based on t h e w o rk o f Penney 
{19^5), t h e d e t o n a t i o n depth h f o r maximum wave-making e f f i c i e n c y s h o u l d 
be e g u a l t o A/^S, f i g u r e l ( a ) , where A i s t h e b u b b l e r a d i u s a t f i r s t 
maximum. 

"Upon p e n e t r a t i n g t h e w a t e r s u r f a c e t h e b u b b l e m o m e n t a r i l y t r a n s f o r m s 
i n t o a c r a t e r w i t h an e s s e n t i a l l y p a r a b o l i c s e c t i o n o f w a t e r l i n e r a d i u s 
a, and e f f e c t i v e mean r a d i u s "a, a p p r o x i m a t e l y e q u a l t o A, f i g u r e l ( b ) . 
T h i s c r a t e r i s t h e e f f e c t i v e I n i t i a l d i s p l a c e m e n t , g i v i n g r i s e t o t h e 
d i s p e r s i v e wave t r a i n , f i g u r e s l ( c ) and l ( d ) . As t i m e proceeds th e s e 
i m p u l s i v e l y - g e n e r a t e d d i s p e r s i v e waves p r o g r e s s o u t w a r d a t an a c c e l e r a t i n g 
r a t e and t h e c e n t e r becomes r e l a t i v e l y q u i e t , new waves b e i n g formed con­
t i n u o u s l y a t t h e r e a r o f t h e advancing wave group. Lamb, ( 1 9 3 2 ) . 

The p e r i o d o f t h e waves o f maximum h e i g h t has t h e v a l u e : 

w h i c h i s a l s o t h e p u l s a t i o n p e r i o d o f t h e i n i t i a l c r a t e r . The wave l e n g t h 
a t maximum h e i g h t has t h e v a l u e : 

The f i r s t wave l e n g t h i s 1)-Rx, t h e second wave l e n g t h i s R̂ ^ , t h e 
t h i r d , e t c , where R j , Rg, R j ; denote t h e d i s t a n c e t r a v e l e d f r o m 
s u r f a c e z e r o . 

F i g u r e 2 shows t h e d i s t a n c e v s . t i m e graph f o r s u c c e s s i v e waves 
emanating f r o m an e x p l o s i o n near t h e w a t e r s u r f a c e , i n deep w a t e r . Each 
s u c c e s s i v e c r e s t a c c e l e r a t e s u n i f o r m l y outward and becomes t h e maxim\m o f 
t h e wave t r a i n a t successive u n i f o r m i n c r e m e n t s o f d i s t a n c e . The phase 
v e l o c i t y , group v e l o c i t y , and d i s t a n c e - t i m e r e l a t i o n s h i p o f t h e group maxima, 
are dependent on t h e c r a t e r ' s e f f e c t i v e r a d i u s a, whereas t h e i n d i v i d u a l 
phase a c c e l e r a t i o n s are independent o f a. 
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Figure 2 Water wave propagation characteristics due t o 
an explosion - deep water. 
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t i m e t / v / a " t i m e t / / a " 

(a) Wave t races and (b)Wqve heights 

shapes 

Figure 3 Water wave traces, profiles and heights for underwater 
explosion - deep water. Computed, Penney-theory. 
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Source time 

Figure 4 Water wave propagation characteristics due to a shallow 
depth underwater explosion - schematic. 
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F i g u r e 3a shows t h e wave t i m e t r a c e s and p r o f i l e s i n space f o l l o w i n g 

an e x p l o s i o n and f i g u r e 3h t h e c o n t o u r s o f e q u a l envelope h e i g h t . The group 
maxima are i n v e r s e l y p r o p o r t i o n a l t o t h e t r a v e l d i s t a n c e . The wave h e i g h t s 
a t maximum a r e g i v e n "by 

H OC {af 

F i n i t e Depth and S h o a l i n g E f f e c t s - The ahove case presumed an e f f e c t i v e l y 
i n f i n i t e d epth, 1 . e. a dep t h a t l e a s t g r e a t e r t h a n 2A. Since t h e wave­
l e n g t h s become l o n g e r c o n t i n u o u s l y , t h e wav e l e n g t h w i l l e v e n t u a l l y become 
g r e a t e r t h a n t w i c e t h e depth and t h e b o t t o m w i l l l i m i t t h e d i s p e r s i o n . I f 
su b s e q u e n t l y t h e s l o p i n g bed t o t h e s h o r e l i n e i s encountered, t h e waves w i l l 
be slowed down b y s h o a l i n g and t h e i r p r o p e r t i e s w i l l change as i n t h e case 
o f o s c i l l a t o r y waves. F i g u r e h i l l u s t r a t e s f i r s t t h e f i n i t e d e p t h e f f e c t , 
i n d i c a t e d by t h e s h o r t dashed l i m i t , and t h e n t h e s h o a l i n g e f f e c t . I t i s 
seen t h a t t h e f i n i t e d e p t h a f f e c t s m o s t l y t h e l e a d i n g waves whereas s h o a l i n g 
a f f e c t s a l l t h e waves. "Values f o r t h e maximum wave p r o p e r t i e s under t h e 
l i m i t i n g c o n d i t i o n s are g i v e n . 

G e n e r a t i o n Depth E f f e c t - F i g u r e 5 shows t h e e f f e c t o f s h a l l o w d e p t h 
g e n e r a t i o n ( y < O.óita) versu s deep water g e n e r a t i o n ( 9 > 2a ) as e x p e r i ­
m e n t a l l y o b t a i n e d i n t h e NCEL wave b a s i n , Jordaan {\SQ\), i n d i c a t e d by s o l i d 
l i n e , and as t h e o r e t i c a l l y o b t a i n e d b y c a l c u l a t i o n s based on e q u a t i o n s o f 
Kranzer and K e l l e r ( 1 9 5 9 ) ; f i g u r e 5(a) f o r s h a l l o w w a t e r , and e q u a t i o n s o f 
Penney ( l 9 l t 5 ) , f i g u r e 5(b) f o r deep w a t e r . 

The e x p e r i m e n t s show t h a t t h e group maximum s h i f t s t o t h e e a r l i e r waves 
i n t h e t r a i n when t h e g e n e r a t i o n d e p t h i s s.mall comparable t o t h e bubble 
d i a m e t e r . 

WAVE MAKING EFFECT OF VARIOUS YIELDS AT VARIOUS RANGES 

F i g u r e 6 shows t h e g e n e r a l wave making e f f e c t s a t v a r i o u s r anges o f 
v a r i o u s e x p l o s i v e y i e l d s , a c c o r d i n g t o e x t r a p o l a t i o n s based on t h e Penney 
t h e o r y . The main r e s u l t s a r e : 

( i ) The e f f e c t i v e c r a t e r r a d i u s i s p r o p o r t i o n a l t o o n e - f o u r t h r o o t 
o f charge y i e l d : , 

5 OC B'^ 

( l i ) At c o n s t a n t range R, wave h e i g h t a t maximum o f e n v e l o p e i s 
p r o p o r t i o n a l t o square r o o t o f charge y i e l d : 



76 COASTAL ENGINEERING 



EXPLOSION WAVES 77 

t . period of first wave ( s e c ) , = 2 T 4 

10 100 1 0 0 0 

T 1 • I ' l ' l I I - j I 
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Figure 6 Wave generating capacity of underwater explosions: 
i n deep water at c r i t i c a l depth = bubble diameter 

(extrapolation by Penney's theory). 
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^"'^ l : \ T . : l T l / l : ^ J ' ^^^^^^ - p r o p o r t i o n a l 
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pSo°r'ttonrt: "[EF""™ " "̂̂^̂ '̂̂^̂"̂  °̂  -"̂ ^ 

s i m i l a r i n propagation S a e ' e r ï s t i c r t o ' t T '•""^ -«"^-Perslve, or 
depth e f f e c t . n a r a c t e r i s t i c s to tsunami, due to the l l m l t l i i g 

COMPAHISON B m / M EXPLOSION-GENERATED WAVES AND 0SCILLAT0RÏ WAVES 

l a h o r a ' S : '^olZTllLllVe'^fl^^^^^^^^^ ^ed i n the 
encounter v i t h the toe of the beach^l one ^ ^ ^ ^° °f 
waves would f o l l o w the horSon-trf^ i T ' . .̂ '̂ "̂ ^̂ "̂ ^ o s c i l l a t o r y 

dispersive waves d e v S t f f r ^ ' n i c ^ ^ ^ ^ " ' S ' s t S l V ^ ' " " ' f 
some distance un the slone (cZmi + ' decrease to a minimum 
ing to Green's i a w ( d S d ' c u i v : HS^TW^°"'' ̂ ^-^ 1-reased a c c o r a -
h o r i z o n t a l spacing between ravs o^ \^ s ' '"'"̂ ^̂  ^ 1 ^ *he 
dotted curve) i t ^ s obtained S a t i n t h e ^ : : : " ^ i ^ Experimentally (chain-
u n t i l b r e a k i i a r e l a t i o n s h i p fJ ^ fc-'-l S ' S ^ ^ i ' f ^ ' ? dispersive waveS 
curve), Jordaan (1965) . t 1 ^ D 2 y 4 R / z i s followed (dotted 

vavesrin-^reïir iLoISi^^ G r ^ L ^ s ^ L L ^ a f ^ ^ ' ^ " ^ " " ^ °^ 
the measured dispersive w^es trener^+e^ ^^/°"5^<=d to Figure 8b s h o w i n g 
h o l o i d a l plunger! For comn^aM e . ^ f ^^^'^^'^ withdrawal of the para-
the B h o r e l i r ^ ( f l g J ^ ' ' 8 e r ^ ÏÏ%lT%^i^^^' ^"^'^ r e a c h i r " ^ 
persive waves i s e ^ i r e l y d i f f e r e n t ^ro t . ^ ^ T ' " " ^'^'^^^ °^ P i ­
loot of the highest cres? and ^ n w e t ï °^ o s c i l l a t o r y waves. T h ^ 
ever the s l o p i ^ P ° r S o f whiL t L L S l S o ^ v " : " ' " " " ^ " ^ ^ ^ ^ 
increasing i n amplitude. o s c i l l a t o r y waves are monotonically 

L ^ I O N S ON THE BREAKING HEIGHT AND RUN-UP OF DISPERSIVE WAVES 

r ^ - u p " ^ ^ / H f trd2p : : t \ i ^ r " L ~ - r ^^rr" 
eeijuess HO/LQ of impulsive waves, as 
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Figure 7 Impulsively-generated wave: amplitude vs. range, 
showing increase due to beach, experimental. 
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Figure 8 Wave profiles and attenuation or amplification. C 
between oscillatory (computed) vs. dispersive waves 
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measured at WCEL (1965). Kaplan's (1955) r e s u l t s f o r Impulsive waves are 
shoim f o r comparison. The run-up r e l a t i o n s h i p obtained 

has the same exponent i n the NCEL and Kaplan data, f o r the beach slopes used, 
1:15 and 1:30 r e s p e c t i v e l y . The e f f e c t of charge i n beach slope on the run­
up of dispersive waves i s seen i n the p l o t t o involve a change i n the pro­
p o r t i o n a l i t y constant p r i n c i p a l l y . 

F i n a l l y the run-up of tsimaml-type explosive waves ( i . e . non-dispersive 
waves such as would be generated by very large underwater nuclear explosions 
where /\ > ) i s i l l u s t r a t e d i n Figure 10. 

A f i r s t approximation i s obtainable f o r the breaker height of waves 
o r i g i n a t i n g as long waves; as follows: , 

By Green's law, i f H g = Ho (—^ j where 

Irlg i s the breaker height, and HQ the wave height i n deep water, and 

i f Mtt = then i t i s obtained t h a t : 

For example, f o r HQ = 1 f t , i n l4 ,500-ft depth. Green's Law i s s a t i s f i e d up 

^° VHO"^ and hence HB = = 

For a value HQ = 1 f t , i n 600-ft depth on the other hand the v a l u e 

Hg- 1̂3= 3.5 ft i s obtained. 

Data from Kaplan (1955) f o r HB VS HQ/L^ and from Jordaan (1965) 
Eü vs Hg indicate t h a t the run-up of tsunami type explosive waves i s between 
two t o three times the breaker height Eg. Hence from the data i n Figures 
9 and 10, (taking the upper envelope rather than the l i n e through t h e mean 
of the points) two meaningful estimates of the upper l i m i t of run-up can be 
obtained: 

/3 
« t > - i t ) 

-74 
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HB= Breaker height, ft. .assume a, YB 
yo = Deep water depth, yg =breai<ing depth 

Figure 10 Deep water wave height Hg producing various values of shore­
line (breaker) wave height HB for very large underwater 

nuclear explosions (A> y/2). 
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With = y B and RU > 3 H B 

there resiüts, (3) 

CONCLUSION 

In summary, the dominant wave properties are determined "based on the 
generating source magnitude and crater dimensions. The dispersive wave 
attenuation and the su"bsequent shoaling a m p l i f i c a t i o n i s determined from a 
modified Green's Law r e l a t i o n s h i p f o r two-dimensional r a d i a t i n g dispersive 
waves; or "by the conventional Green's Law r e l a t i o n s h i p f o r waves t h a t are 
already shallow water waves at t h e i r generating area (tsunami type). The 
maximum breaker height and maximum run-up on a uniform i d e a l slope f o r the 
l a t t e r case i s found t o he d i r e c t l y e3q)resslhle i n terms of the deep water 
wave height, length or generating depth. 
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