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4. ��������

4-1. ������
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"�Z[�\]^WFW_`a!b"C�!FW]�!F�cd��Z[�efUVWg#�

XY�!"#��Z[���a!hi!jWkl"m�,nop&-�4pq���
�
r

s�t7�$%�*u�3H45�89�Holsapple’s v-?@
ABY�_`���HI$J�

wsqF�-x��
���yzC"{E9m��Z[�hi�|��}~�,

4-1-1. $%

n��p�d���=����������� 4 km/sec ��p����0F��9m���


�
rs��]�$%���&� 30 %��� (����x�& 3-1-1����x�& 3-1-2�

!"#� Table V+���Onose and Fujiwara, 2006c) ,�
���yz�w"m�0���spall

����������&$%9m��"���
����$%& pit ��+�F����p� 

¡¢9m�,-Xp�pit ���£¤¥Y89C"¦R9m� pit rs�§��$%9m�rs

�t7�*u+¨7�Y�� 50 %�©ª��,X�$%9m�rs��pit rs�t7�*u+

«. 4-1 �¬�,pit rs�§��$%������­®¯°±&�²
��³"|´�µ�W¶

´�XYq�F�¡¢p´!Cd�,

«««« 4-1. pitrrrrssss����§§§§��������$$$$%%%%������������

Fig. 4-1. Fraction of compacted mass to estimated ejecta mass by pit volume
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XY�0d�q¦R��XYWp´�,�
���yz�&�Áy� 9mC|$%9m�Á

y� ���ÂÃ���Y�Áy� � 9m�-�ÄÃ���WÅ5ÆÇÈ+!x����

W»E9m�(«. 3-5),É��Xm"����ÊËY3H45�ÌÍ+ 3-1-2 ���0��ÀÎ

��,pit YXm+�F��¼����Ï+ÐÑ�Ò���YXmY�
���ÓzY+Ô�Æ

Õ����¹��ÂÃYÄÃ�¼���rs+¨7�(«. 4-2),ÂÃ����%®&ÖFRx�

×nYÅØÙ01 = 1300 kg/m3 Y��,ÄÃ����%®&�ÂÃ����%®Y$%+Ú¹��

!�Û����%®Ù0t = 920 kg/m3Y�4V��(Ù01 +Ù0t)/2p��Y¿Àx�,Xm"�¼�

��rsY%®C"¨7��$%Y���p�
���Â��ÜxÝ"m��º& 7 g�©ªx�

Xm&$%9m��º�ÞE�(ßà 4 g)0FÝÝ¶´á�Xm&Áy� 9m����ÄÃ�

���%®�â¡À±��ã�¹"m�äå±W��,

«««« 4-2. $$$$%%%%9999mmmm����������������rrrrssss++++¨̈̈̈7777����ææææçççç««««

Fig. 4-2. Schematic figure of estimation of compacted volume

Holsapple (1980)&-mÉp���!"#�3���
�
��Þè�²-�+é7�3ê+6

7�89 DeqY��ëì��ã�¹+�d�,X�Y´íî9m�3�45�89�Óï��]�

ðqñò�x�óôµ��õ�q�&�Brikhoff et al. (1948)Wö÷®øRù jet �÷®+½¦�

�úûp¨7�ü3�45�89 DeqýYÅØq�p�þ�r�¸¥ Dproj�þ�rY�
���

�%®¼Ù0p�Ù0t+ô���çpÓ9m�,

t

p
projeq DD

0

0

ρ
ρ

=     (4-1-1)

X�ç�n��p�� Dproj=7.1 mm�Ù0p=1146 kg/m3�Ù0t =920 kg/m3 +����Y3H45�

89& 8 mm p��Y½¦9m�,X��&�Þ���
���yz�w"m�Å5ÆÇÈ+

��x�¨7�3H45�ÌÍ 13.4�1.4 mm Y`~�G9á�
�������Wþ�r��

F	 Y�0F8�ÌÍp�
$������x���XY+¬�x���,
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«««« 4-3. ����



���������������� 1����



$$$$%%%%����²²²²AAAA����ææææçççç««««: �Ã������Ã�����Ï�+¬�,

Fig. 4-3. Schematic figure of one-dimensional compaction: columns in right and left side represent target before

and after the impact, respectively.

���Ô��qY�%®Ù0t ��
����ÓzWþ�r��F	 89 Dpp Ép��x�Á

y� ���ÂÃ���89 Dpc ÉpW%®Ù01 Ép$%9m�XXC"ÄÃ���89 Dps É

pW%®(Ù01 +Ù0t)/2 Ép$%9m�Y�� 1 �
�²A��¹��º�°+���(«. 4-3),

X�ñò29m��²Ap�þ�r��F	 89& 9 mm p�d�,þ�r�89�L�-

�¸¥� 0.6 ���9�ö$��W��9m�Y���,Xm&�Nakazawa et al. (2002)���

������ß����Þè��������0F��9m�ö$���9&þ�r��9�

� 0.6�p�d�XY+Ä���q�p��, ��F	 89W 9 mm�
$���9W 3.6 mm

p��Y¿À��Y�ö$��ÐÑÉp�!"& 12.6 mm Y!F�Xm&ÞE�Y#$ap�

�,

4-1-2. ��
�
<=>%�&'

n���0F("m���ëìY��
�
<=>Y��)Y�Housen and Holsapple (2003)�

0�*º+,(-
.=�)+ô��/��0
�%���Þè�Ô�Y+�Holsapple �v?@
A

B+ô��_`x�,Holsapple and Schmidt (1979)p&���
�
rs Vc�Ò¥ Rcr�89 Dp�

'J g +���ëì+Ó�12p��þ�rÒ¥ rp���÷® v i�þ�r!"#��
���

�%®Ù0p�Ù0t��
���3® Y t +ô��4�
2x�12�vV�vR�v2 +5L�0�

�ÀÎx�Xm"��)+Àç2x�,

p

ct
V m

V0ρπ =  (672��
�
rs)  (4-1-2)
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22 22.3
i

cr

v

gR
=π   (672'J)    (4-1-5)

Housen and Holsapple (2003)�ô���
�������& 44 % �70 %�96 %�-�3®& 10C

" 30 MPa p�F�nÞèp9ôx����
�������(60 %)�$:3®(13 MPa)+;���

p��,«. 4-4� Housen"��<C"=ôx���
�
<=>�?@
0�>-.?�v2YvV�

!"#�v2 Y$%����)+Ó�>.@�n���Ô�+;��q�+¬�,���+A|Br

p��C�§��Þè�Ô�& Schmidt (1980)�q�p��,$%�� Ecompaction &���
�
r

s Vc�þ�r�º mp��
����%®Ù0t���
�
���D��
����º�hE Me

+ô��5L�F�Ó9m�ºp��,

p

ect
compaction m

MV
E

−= 0ρ
($%��)   (4-1-6)

(a)  (b)

«««« 4-4. ����
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AAAABBBB: Housen and Holsapple (2003)�*º+,+ô��/��0
��

������ÞèY�_` (a) 672��
�
rsY672'J,C���������
�
��

Þè�Ô�& Schmidt (1980)�Schmidt and Housen (1987)�Holsapple and Housen (2003)�0�,Xm�n�

�p¨7"m��+;��,(b) 672'JY$%��

Fig. 4-4. vvvv-scaling and target’s compactions: comparison with the experimental data from Housen and Holsapple

(2003) (a) Cratering efficiency and gravity scaled size. The data for sand from Schmidt (1980), Schmidt and Housen

(1987), and Holsapple and Housen (2003) are shown. (b) Compaction efficiency and gravity scaled size.
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������&�vV ��&v2 WhE���|m�~´Kp:;���Y§�ap��,nÞ

è�0F("m�����W 60 %����vV ��q 100 û®p�F�Xm& Housen and

Holsapple (2003)��¹����� 70 %��
����§x�("m��Y#$ap��,L7

���§x�½¦9m�vV ��&��­®5Ä�ëìW
x�·¸���0�q�Y`~�G

9á!�,M�p�672'JY$%��p&���%�¯°W¢7"m����­®���

q³"|´�µ�Âp��,nÞè�$%��q Housen and Holsapple (2003)�Ô��³"|´

�µ�Â�NÉd���,

4-1-3. ��HI$J�{À

nO����&�É��P%!ù�ÅQ�������HI��$J�¨7�+Mizutani et al.

(1983)�RS��TUx�-���	
�!ù��§��������HI��$J+wsq�,

P%!ù��§��������HI��$J&5L�0�! Rankine-Hugoniot �ûç+ô

��¨7"m�,

( ) jjpjjj UuU 0ρρ =− (�º��°) (4-1-7)

pjjjojj uUPP 0ρ=− (V�º��°) (4-1-8)

( )( )
2

00
0

jjjj
jj

VVPP
EE

−+
=− (NOAP
��°) (4-1-9)

�bx�Ù0j�Ùj &�Z[Wú����%®�Uj &�Z[�÷®�upj &�Z[Wú��BX�

÷®�P0j�Pj &�Z[Wú����$J�E0j�Ej &�Z[Wú����Â�NOAP
�V0j�

Vj&�Z[Wú����_rsp��,Y�Z� j&�p(þ�r)���& t(�
���)+Ó�,

XXp�����þ�rù�!"#��
���ù��ÊË[&ãfp���p�$J Pp Y Pt�

Â�NOAP
Ep�Et &����
x�,�Z[Wú��$J�Â�NOAP
Y_~�Y�

����$J�Â�NOAP
&4\p´�IjG9��p�P0j�E0j + 0 Y��,�����


����BX÷®+ 0 Y��Y�����þ�r�BX÷®& vi p�F��Z[Wú��&

]��BX÷®W
xá!�XYC" upp Y upt& vi+ô����0��Ó9m�,

ppipt uvu −=      (4-1-10)

�Z[÷®Y�Z[Wú��BX÷®�V�&��0�!ÞèçW°^��,

pjjjj usCU +=      (2-1-2)

�bx�Cj&_A�`÷�sj& Grüneisen)2Y�ã�¹"m�4�
12p��,(4-1-7) - (4-1-10)

!"#�(2-1-2)+ô��Y����0FHI��$J Pcore&5L�0��Ó�XYWp´�,

t

i

t

i
tttcore C

v

C

v
sCP 





+= ξξρ

2
1

1
2
1 2

0      (4-1-11)

�bx�a&�����þ�r��
���]��%®+ô��5L�0��Ó9m�,
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tp

pt

δρ
δρ

ξ

0

01
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+

=
j

jj
j ρ

ρρ
δ 0−

=     (4-1-12)

���Zel’dovich and Raizer (1964)!"#� Shen et al. (2003)�RS���	
����
��

������·¸���0FHI��$J�bc+��,n�������Fd������

�&������
���%®Ù0t�Ù01 �_WÙ01/Ù0t = 1.4 p�F_`a¶´�,X�0�!

�
����$%W��eu�&����$%�Dd�HI��MÝM$J�&'W¶´��

p��Z[÷® UtYBX÷® upt�[��)ç�

ptttt usCU +=      (2-1-2)

(Ct &_A�`÷�st & Grüneisen )2Y�ã�¹"m�4�
12)+�-�ÉÉô��XYW

p´!�,x�Wd��n������&�Shen et al. (2003)YÅF� Mie-Grüneisen)2+_r

s��2Yx�¨7�Xm+9ô��f(W��,

É�����
���W P-V «^pj�F�$%9m��C+¿À��,��� P-V g[

&«. 4-5 �_rsW 1/Ù0t�ÌÍC"hÉ��ij�[ PHt+��Y��,��&$J 0�_r

s 1/Ù0t �kC"-�$:3® 12 MPa Ép& ±a�$:9m�,-������Wðla!

�+��Ép�V&�$JW 12 MPa �ÉÉp��W|�9m�XY�0�$%Wfá,ðla

!���W("m��&�Resinyansky and Bourne (2004)pô�"m�¿ÀYÅF��üÅû®�

$%+mèx������ 0 �ù�ý� Hugoniot g[�ß�!g[+náq�Y¿À��,	


�ù���Z$C"�oø�pq��¹�����12&4\p´�Y��"m�(Fomin and

Kiselev, 1997)�p���$%��r$�Ï�p("m�$%���%® 1300 kg/m3 C"½¦9

m���� 44 %+ðla!�����Y��,Zel’dovich and Raizer (1964)pdd����&�

��$%�0Fst���W!á!d�eup���p�n������& Resinyansky and

Bourne (2004)YÅF��« 4-5�g[ PHt(V)+�%�ðla!%®Ù01Y 2u���v�%®Ù0s

W'!� PH2(V)Épw���9x�XY+���,PH2(V)& PH2(V02)=0 hÉ�g[p�V02 &q

YqY��
����_rs V0t+ô���


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−−=

s
tVV

001
002

11
ρρ

(4-1-13)

YÓ9m�,Hugoniot g[ PHt&�yz$J 0 �Y´_rs V02+�F�$JW�
���3®

�
x�� 12MPa Ép& ±a�$:9m�,X�$J�������� WhÉF����

W 0 �!�Ép$%W{���,���W 0 �!�Y�_rs�hE�cd�|#$JW^}

��,PHt(V)Y PH2(V)&ß�p���p�







−−=

s

VV
001

11
'

ρρ
(4-1-14)

YÍáY´�PHt(V) = PH2(V’)p��,

r$p�_rsV02C"hÉd��~��$JV’%�Hugoniotg[PH2(V’, V02)+Zel’dovich and
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Raizer (1964)�¬9m���+ô��¨7�,M�a��P%!ù�%����0d�("m�

Hugoniot g[^�$J PH YñÌrs��F�Â�NOAP
�H &� ±a!�� PC��C Y

Ma!�� PT��T �����XYWp´�, ±a!�� PC��C &�ù���XV��áJ

�����q�p�F��®�&4�)p��,M�pMa!�� PT��T &ù��®��ã�

���p��,n��p��x��®&2�®+��!�Y��"m��p(Kadono and Fujiwara

(1996)�n��Y��ëì�������»E9m������®& 5000 K)��X���Ï�

+���f(&!�,

TCH PPP += (4-1-15)

TCH εεε += (4-1-16)

«««« 4-5. 				



��������������������ZZZZ$$$$%%%%���������������� P-V ««««: PHt&Þ��9ôx�%® 920 kg/m3���� P-V g[Y

x�¿Àx�q�,PH2& PHtYß�p�V02C"hÉF��� 0Ép$%9m�Y¿Àx�U� P-V«

Fig. 4-5. P-V diagram for shock compression of the porous gypsum: PHt represents a Hugoniot curve of gypsum

target, whose original density was 920 kg/m3. PH2 was set parallel to PHt, originated from V02 and compacted into

solid.

Ma$J PTYMaNOAP
�T+Ô#|¹�Mie-Grüneisen)2�(V‘)&_rs��2p�

( )
T

TVPV
ε

'
' =Γ (4-1-17)

YÀÎ9m�q�p��,Shen et al. (2003)&�X� Mie-Grüneisen )2�_rs¯°±+��F

��²A2x�,
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( ) 






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
−





Γ=Γ 1
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exp'
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0
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V
V

q
q

V (4-1-18)

XXp�

( )
( ) q

V

V
q

Vd

d
q

=





=Γ

'

0
0

'

'ln

ln
-x��

( )
( )'ln

ln
'

Vd

qd
q = , (4-1-19)

XXp�q0�q’��& Shen et al. (2003)�kl"m��� 1.07�0.9 +ô��,É��rs12W

4\p´�Yx�U� Mie-Grüneisen )2�0 &�P%!ù�������Z[÷® Ut YBX÷

® upt+Ô#|¹� st+óôx��5L�F�Ó�XYWp´�,

t

tt

s

ss

18

215360162 2

0

+−
=Γ (4-1-20)

n��p����0FHI��$J&r$Y`~���¶´�Y��"m��p�yzÏ�

�$J P0 !"#�Â�NOAP
�0 &4\��XYWäåp��,x�Wd���Z[��¹

�NOAP
�°�ç(4-1-9)&(4-1-21)�F��áXYWp´�,

( )
2

'02 VVPH
H

−
=ε (4-1-21)

ç(4-1-14)�(4-1-15)�(4-1-16)�-x�(4-1-21)+ô����Z;$�0F("m�Â�NOAP


�H+�ç�F�Ó�Y5L�ç�!�,

( ) ( )
Γ
−

+=+=
−

= cH
CTC

H
H

PPVVVP εεεε
2

'02 (4-1-22)

X�ç+ PH��x��¹³5L�0�! Hugoniotg[+Ó��ûç�!�,

( )
( ) ( ) ( )

'

'
'

2'1
,'

02
022

V
V

K

V
V

VPK
VVP

C
C

H

−

−−
=

ε

(4-1-23)

( ) ''
02

'
dVVP

V

V CC ∫=ε (4-1-24)

XXp K = 2/�+1p��,

$J��Ma��YrsY��)+Ó�ç�PC(V’)&�Þèa�¨7"m�q�p��,Stretton

et al. (1997)�0d����Ï���+��a�$:x�Þè�Ô�+Óx��W«. 4-6p��,

Xm"�k+�ç(4-1-25)p¬9m� Birch-Murnghan�ûçp����XY�0F��M$J PC

Y_rs V’��)+¨7�,X� Birch-Murnghan �ûç&�r�Ï��ûç�$J�%®�§

���[�¯°±+;�x�q�p�
�$:9m�ù��§��rsY%®��)+Ó�q

�p��,
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( ) 









−





= 1

'
'

n

os
pC V

V
AVP (4-1-25)

XXp ApY n &À2p�V0sY V’&�r$Y$:9m�Ï�p�P%!���_rs+Ó�,n

qg[���0F¨7"m�~´�p��W�n W 3.5 C" 4.5 �µ�p12��Y´���g

[�12&�_rs�½E��Y`~����G9��p�Stretton et al. (1997)�RS´ n=4 Y

���Xm+g[����Y Ap��& 9.1 GPaY!d�,

«««« 4-6. ��������aaaa$$$$%%%%��������¹¹¹¹��������������������$$$$JJJJYYYY____rrrrssss��������)))): �& Stretton et al. (1997)�Þè�0F("m�

q�,Birch-Murnghan�ûç� n��+1��@���x�,

Fig. 4-6. Pressure and specific volume of the powdered gypsum under the static compression: data were

obtained by Stretton et al. (1997). Three fitting lines are corresponding to three values of the coefficient n.

yz%® 1322 kg/m3 �	
���W���0F��� 0 Ép$%+Ú¹�Y¿Àx�U�

Hugoniot �ûç PH2(V’)&�ç(4-1-18)�(4-1-24)�-x�(4-1-25)+ç(4-1-23)�����XY�0

F("m�,Þ��yz%® 920 kg/m3�������� Hugoniot �ûç PHt(V)�¸��&�X

m�ç(4-1-14)+�� ô9xm³0�,	
����
�����¹��Z[÷® Ut YBX÷

® upt Y��)&��Z[z��p��º�°�ç(4-1-7)YV�º�°�ç(4-1-8)0F5L�F

�Ó9m�,

( )VVPu tHtpt −= 0
(4-1-26)

M�p��=����þ�r&P%!ù�C"!��7��Z[÷® Up YBX÷® upp Y�

[��)ç+ô��XYWp´�,

ppppp usCU += (4-1-27)
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XXp Cp�sp &þ�rù���Z[+Ó�À2p��,XmY�Z[z��p�V�º�°�

ç(4-1-8)+uHx�XYp�þ�r��Z[Â�p�$J+�"H�ç PHp W�ç�F�("m

�,

( ) pppppppHp uusCP ⋅+= 0ρ (4-1-28)

�����
���ÓzYþ�rÓz&$JYBX÷®+¡S���p���÷® vi +ô��

5L��)W�F\|,

HtHp PP = (4-1-29)

ppipt uvu −= (4-1-30)

5^�F�x�¨7"m��
���!"#�þ�r� Hugoniot g[+ô���«. 4-7 �0

�����0FHIx�$J+wsq�XYWp´�,ëì+1��������	
���

!"#�P%!���IØ�$J+ Table XII �¬�,���
�����¹�yz%®�âà

M9 920�44 kg/m3+�¢��Y����0FHI��$J& 14�1 GPa Y!�,X��&�P

%!�����x�¨7�HI$J 25GPaY`~� 0.56��xC!"!�,

«««« 4-7. 				



����������������



������������YYYY����====��������þþþþ����rrrr���� P-up ««««: þ�r� Hugoniot g[&��÷®p�� 4.2

km/secC"��n����,Xm"�g[�£kW�Z[���p�$J�BX÷®+Ó�,

Fig. 4-7. P-up diagram for porous gypsum and nylon projectile; the projectile’s Hugoniot is plotted backwards

and starting at a particle velocity equal to the impact velocity vi. A curves’ intersection gives a pressure and a particle

velocity, behind the shock waves in both the target and projectile.
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Table XII. Shock induced pressure and parameters

Parameter Symbol Unit Case solid
1 2 3 4 5 gypsum

<Target>

Initial density �0t kg/m3 920 920 920 964 876 2280

Compacted density �01 kg/m3 1300 1300 1300 1300 1300 2280

Non porous density �0s kg/m3 2280 2280 2280 2280 2280 2280

Shock wave's constant st 1.79 1.79 1.79 1.79 1.79 1.79
Birch-Murnghan parameter n 3.5 4.0 4.5 4.0 4.0 3.5

Ap GPa 10.7 9.1 7.9 9.1 9.1 10.7

Mie-Grüneisen parameter �o 2.78 2.78 2.78 2.78 2.78 2.78

<Projectile>
Impact velocity vi m/sec 4200 4200 4200 4200 4200 4200

Initial density �0p kg/m3 1160 1160 1160 1160 1160 1160

Shock wave's constant Cp m/sec 3945 3945 3945 3945 3945 3945
sp 1.17 1.17 1.17 1.17 1.17 1.17

Impact induced pressure Pcore GPa 14.40 14.35 14.30 14.18 14.54 20.98

4-1-4. �Z[�hi!"#�¤¥%�&'

	
�ù�Â+¦§���Z[&�P%!ù�Â+¦§��q�0Fq3�hi!"#�¤

¥+Ú¹�Y�Hm���,X�op&�
���yzp»E9m�Áy� 9m����<

=>Y�op¨7���HI$J+ô������
���Âp��Z[�hi�+�¨x�,

·¸���0F��
�
��9m��
����yz�&�3-1-2�4-1-1 �¬x�F���

�
�
� pit ���©zYÁy� 9m���WÅ5ÆÏ�°^��,
$��45WX�Å

5Æ�45�ÌÍ��Y¿Àx�XXp�$JW�op¨7���HI$J�
x�Y¿À�

�,Áy� ���ÄÃ�ÊË&�$:[�ð¶$JW�
���� 1 ª$:� 3®Y
x

á!d�k�éup��Y��"m�,x�Wd����HI$J�
$��Ò¥��
��

��Áy� ���<=>�-x��
���3®C"����
���ÂpÒ�Ï�¦§�

��Z[�hi�+¨7�XYWp´�,

�=��þ�r����
����§�� 4.2 km/sec p����0FHI��$J&��o

0F 14�1 GPa p��,
$��Ò¥&nÞè����&½E9m��"��É����§�

����0F��9m�
$��Ò¥�½E«&!�,-Xp�Nakazawa et al. (2002)��¹�

����§��ßz��Þè��¹�
$���9Wþ�r��9� 0.6 �p�d�XYC"�

���0F��9m�
$��� +�þ�rÓzC"-�Ò¥� 0.6 �C" 1.2 �p��Y¿

À��,Áy� ���Ò¥&� 22 mm p�F����
���� 1 ª$:� 3®& 12 MPa

p��,M�a��¬� ÷®W:;���x�W�$:3®&:;���p�Xm+ 12 MPa
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C" 50 MPa Ép129x�-�&'+bcx�,45C"�!" r ��¹��Z[�$J Pt(r)

&�
$�p���HI$J Pcore�
$��Ò¥ r0 �Z[�!"�0�hi�­+ô����

�0�!!"��2pÓ9m�,

β






=
r

r
PrP coret

0)( (r>r0)  (4-1-31)

nÞè����EÀ9m�Áy� 9m����Ò¥����Mª$:3®��
$��Ò¥�

$J+^®�0��¿À��Y�hi�­��& 3.5 û®Y½¦9m�(Table XIII),¬� ÷®

W¶´�XY�0�$:3®�:;�&'&�$:3®W 5 ��!�Y´�½¦9m�hi�

��& 3.2 C" 2.6 �hE��,É��
$��� W 2 ��!�Y´�hi���& 3.2 C"

4.8 �:;��,X��&�Nakazawa et al. (2002)p������x�¨7"m�hi� 1.8 0F

q�Arakawa et al. (1995)����¯�§x�¨7"m�� 2.2 0Fq¶´á��Z[�hi+�

�����F������+�¢��f(±+¬�x���,É�����
�����¹��

�Z[�hi�W¶´�XY&�Fujiwara et al. (1977)����%���� Þèp»E9m�0

�!�
���°zC"� spall � W����
���p&»E9m!�!j�ï±�&'+

�����äå±W��,

Table XIII Decay Indices of Gypsum Target

Shock pressure Transmitting distance Compressive strength Decay coefficient

Pcore rs Ysh �

GPa mm MPa r0=2.16 r0=4.32
14 19 12 3.2 4.8
10 19 12 3.1 4.5
18 19 12 3.4 4.9
14 15 12 3.6 5.7
14 25 12 2.9 4.0
14 19 20 3.0 4.4

14 19 50 2.6 3.8
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4-2. ����������	
�

�
�������������������� ���!"#	$%&'"��()*+

,���	-./+"0%����123%����1	 21�
4�526789:�(Onose

and Fujiwara, 2004a);<�"=	=		��1!">?� � 2 1	��"spall ��2@A�B

��2�CD4+ �;E�5 +	��1!"#	$%&'/+F�����	 spall GH2

pit GH	# I ��CD4+ �526JK� �;LM9!"NO/+PQR�����

������	
��STR"5 +	��12>?��9U+ � spall ��"@A�B��

2	�CD4�V�"=	=		��1�W������R���1X���YZ�[S��

2\�"5 +	��	-.�]^	 spall_`a"*+,� Z-_`a2bcR"de��;

4-2-1. 0%����123%����1	ST: Lfg	hi

��/+ 2.5 msec jk���� ���	����! 23l11m/sec"��m�! 60l15 �	

bcno��9pqr�	��6Ks+ �(3-4-2-2);tuvw����fg�=��!"5 

+	��	xy	z2{|6�����	 spall GH/+��� ���526JK� �;<

�"5 +	xy	}~*F		��!���vw	 spall GH��s��52	9~���F

^�R"0%����12 spall ��2	����R���;5 +	 spall GH/+��� 

���2o��	���0%����12R"j�	��STR�;��/+ 5 msec jk��

�� ���	xy"$%&'6 pit ��/+ 13 mm ����	 spall GH�:�F	9"/�

����6 12 m/sec ����/��YZ6 0.01 g j�	F	9:�;bcn}~����9�

�� � spall ��	��!"3%����12������"��m����F	�"��(

)6 5 msec j�� �F	6:�6"�N�	����6 spall ��2����	F	!0%1

2R"��9�XR�;

��()	R~��� 5 msec �R���!"��/+ 2.5 /+ 5 msec 9:� ¡GH�=�

���� �0%1���¢�£2�*��s9:�;tuvw����fg�=��!"5

	 ¡GH9!"pqr����� �0%����1	xy��F	2"���vw¤¥�

�R�¦§���� �3%����1	xy	0�F	6�(���� ����¨6"J

K� ���;L©ª9PQ� �0%����1	¢!"�2�«fg¬­ 0_01 �=��!

224/1090 (Table XIV)9:�"3%����1	¢2c®¯*�	9"5	 ¡GH���� 

���	�/+3%1�W��78°	o����±~"²��0%1�W��2R�;<�"

5	����	�³ 12 m/sec !"tuvw����fg9´s+ � pit GH/+���vw¤

¥2¦§µ¶·	��6¸<�2~�PQ� �"3%����1�W����	¹o��9

:�;

ºµ9"��/+ 5 msecj�»¼R�3�!"�����	 pitGH/+ 1 mmj�	��6"

��m� 80l8 �	���vw¤¥2z½¦§*µ¶���� "5 +	��!#	z2{

|6 10 m/sec j�9:�;5 +�3%����12R"j�	��STR�;��/+ 2.5
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/+ 5 msec jk���� �����R�!"��/+ 13 mm jk	 pit GH/+��� �

=�"/�"��YZ6 0.01 gj�9"/�"����6 12 m/secj�	F	;��/+ 5 msec

j¾���� �����R�!"#	�/+¿+/� spall��9:�2ÀS9~�F	j�;

9:�;3%����1�W����	ÁÂÃ!#	z2{|6 2 mm j�9:�"NO�9

JK� ���2>?� ���2	�CD4!Ä789:��;

tuvw���*�fg�=��!"|y+	1�F
X9~*���6Å¢^���52

9:�;5 +	��!�����	bcn�Æ�/+�Æ��¶/���� �78°6o

�6"Jf*eÇ6U�È*��s"5 +!
�Ä82R�;<�"����`���É<

 �ÊË	�s�"0%����123%����1�ÌÍ�
Î��52!�Ï*/��;

Ðs���*�2"��&'2 pit ��"�������6Ñ��Ò*�52"0%����

123%����12	��()	Ë6Ó<�52"«+�~6ÔÕ��52"*|���"

��1	
Î!Ö×�*�;Ðs���=��!"N¥�9	��&'	JK6Ö×�*��

s"��	$%&'�����1	ØÙ!V���*�;R�6��"Ðs���=����

� �����R�!"��()	Ú�ÛÜ����1�
ÎR�;��1	
Î�����

���!��m�6 45 �"60 �"70 �	hi"# I 4 msec"3 msec"2 msec 9:�;5

	�!"Ðs�������� ���	��()2��m�*+,�$%&'	ÝÞß(à. 3-

27, 28)/+áâ���Ss��9:�;��ã�QS� ���	xy"ä��1�W��F

		å¢"*+,�����"��m�"���vw¤¥�9	$%&'"*+,���	æ

ç	��1è2	éê�� Table XIV���;

Table XIV Number and average of fragments in early and late fragments

run
Impact

conditions
Averaged value of fragments in each group

No. Angle Projectile

diameter

Slit
or not

Ve ìe x(z=0)
Fragment

radius
degree mm

Group
Threshold
in ejection

time
No.

m/sec degree mm mm

0_01 0 7.1 slit early t(z=0) <5 224 28.18l14.47 59.0l15.9 14.4l5.6 0.6l0.6
late 5< t(z=0) 866 2.50l1.97 78.7l10.0 3.9l4.3 0.5l0.1

0_02 0 7.1 slit early t(z=0)<5 54 18.86l6.94 68.6l12.2 18.7l6.7 1.5l0.9
late 5< t(z=0) 694 3.53l2.38 80.2l8.0 6.4l6.5 0.7l0.2

0_04 0 7.1 no-slit early t(z=0)<5 34 12.38l7.28 74.3l11.4 12.9l8.3 3.8l1.3
0_06 0 7.1 no-slit early t(z=0) <5 35 15.67l19.27 91.5l20.9 9.2l7.1 2.9l1.8

late 5< t(z=0) 500 2.96l2.05 87.8l14.5 7.5l5.9 0.7l0.2
45_01 45 7.1 slit early t(z=0)<4 81 23.05l9.05 92.0l22.0 3.1l18.8 1.4l0.6

late 4< t(z=0) 146 7.21l4.08 85.9l9.7 7.8l13.7 1.0l0.2
45_21 45 3 no-slit early t(z=0)<1.5 151 19.77l12.64 79.5l19.7 4.3l4.2 0.6l0.3

late 1.5< t(z=0) 288 4.45l2.70 64.3l22.6 1.7l5.3 0.5l0.2

60_01 60 7.1 no-slit early t(z=0)<3 92 14.42l9.00 91.6l30.2 -2.6l11.7 1.0l0.6
late 3< t(z=0) 196 2.41l1.82 75.3l19.5 4.1l7.6 0.7l0.3

70_01 70 7.1 no-slit early t(z=0)<2 67 18.98l16.59 86.2l26.5 3.7l10.2 1.6l0.7
late 2< t(z=0) 61 3.59l2.53 85.5l20.3 2.6l8.0 1.2l0.7
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4-2-2. ��1X	��YZ	[S2íîYZ
ï

4-2-2-1. 0%1��	YZ[S

>?� � spall ��	xy§ç6 4 mm j�	F	��R�!"5 +6��Æ	���v

w2���ð�	ñò�k�R�ÅóY9:�52"��	ôb! 1: 0.68: 0.22 �éê2���

�9:�526JK� �(3-3-1);#59"0%1	��	YZ�[S���:��"��õ

�!��Æ	���vwõ��öR�2R"����6ð9!*�52����	÷ø2"�

�	>ù	÷ø�ØÙ��;

ä����R�"PQ�V��Í�	úû�=4�ü	¥í"ýô"þô	()��/+�

�	>ù���´s�F	� Table XV *+,�à. 4-8 ���;5 ! Appendix C ��®��

�������V��fg¬­ 0_06 �=�������R���	Ú	>ù¢��R�F	9

:�;>ù¢	 100 1/sec j�	��F	"��6ð���F	"��ÁÂÃ		��F		>

ù��!PQ9~*/��;PQ9~����=4�>ù
%!=F� 0.1/+ 0.02 sec9:�"

5	�!"N¥�9 20 cm	��� 2 m/sec"16 m/sec	��6
��	���*(�"0.1 sec"

0.013 sec 2z½öR�;�+�"����	�*�i�ö9"�f������R�Ü4�5

2678*(�!�+�þ�"Å�	���=��#	>ù
%	æ
j�R/�Q9~��

*���°6��� �

àààà 4-8. ��������				>>>>ùùùù2222��������YYYYZZZZ				��������: Nakamura (1993)22222222FFFF����;;;;

Fig. 4-8. Rotation and mass of fragments: with Nakamura (1993)



Table XV Rotational frequency of fragments

Early fragments Late Fragments

Mass
Rotational
frequency Mass

Rotational
frequency Mass

Rotational
frequency

g 1/sec g 1/sec g 1/sec
0.0500 50 0.0044 16 0.0238 33
0.5600 29 0.0072 49 0.0016 17
0.4500 33 0.0163 29 0.0199 36
0.2700 21 0.0098 33 0.0011 17
0.0500 38 0.0034 28 0.0002 13
0.0700 16 0.0019 51 0.0009 50
0.6900 26 0.0171 19 0.0011 6
0.3800 22 0.0015 16 0.0011 100
0.1790 19 0.0017 12 0.0081 12

0.0027 16
0.0003 8
0.0026 15
0.0006 13
0.0004 26
0.0007 23
0.0007 12
0.0003 99
0.0014 28
0.0010 11
0.0010 41
0.0007 8
0.0023 15
0.0008 17
0.0015 18
0.0006 17
0.0022 25
0.0010 50
0.0003 40
0.0007 47
0.0005 18
0.0003 16
0.0009 34
0.0006 23
0.0019 8
0.0004 14
0.0010 22
0.0027 9
0.0008 21
0.0009 29
0.0008 9
0.0009 61
0.0019 20
0.0019 24
0.0003 33
0.0004 67
0.0028 7
0.0056 7
0.0045 4
0.0017 4
0.0038 34
0.0005 25

Observed longer than half
rotational period
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Lfg9QSR���	xy"NO�9	��2>?��	�C6D��F	��R�"3-4-

1-3 9��	ü	¥í	éê�/+´s+ ��	��YZ2">?R����!/��/4�

QSR�YZ2	���à. 4-9 ���;ÊË�!"ä����R��+ �"¹}¹		ü	

¥í/+´s+ ��	��YZ�� ��;��	>ù�R�6��ü	¥í/+[Q� 

���YZ	¹}�2¹	�! 10 !	«+�~���;R�6��"��¢	¯*����>

ù��"����	����	�x�N�9	��(�����6"#/R/>ùR*�F	

��R�!"�<�<�Q� �GH9	��	¶~�R�6��¹} 3!	$�6%&��;

à 3-14 ��� ��x�"��YZ�������	��!K'9~*�	9"ü	¥í	

éê�/+[S� ��	��YZ Mestimated 2>?R���	YZ Mmeasured 	��b(��6�

�)�2�SR�*+�,�Vx2"��YZ6 10 mg/+ 1 g	-.k9"/06�+ �;

estimatedmeasured MM 38.0= (4-2-1)

j����"NO�	��2>?� ���	�C6D4+ */������R�!"�

Q� ���	ü	¥í	éê�/+�����ð2R��	��YZ�´s(3-4-1-3)"5 �

0.38 �1��52�����YZ2��;��YZ	[S2�!36´<�4�2��6"L

©ª9PQ� �0%����1	YZ!"0.1 mg j�2[S� �F	/+ 1 g ���F	

<925 43	-.�6��=�"5 ����7¶�8��52!9
�789:�;

àààà 4-9. NNNNOOOO////++++´́́́ssss��������				��������YYYYZZZZ2222>>>>????��������				YYYYZZZZ				��������: ÊË�!N¥�9´s+ �¹}¹		

ü	¥í/+Pî� ��	��YZ

Fig. 4-9. Fragment mass estimated from the averaged area of fragment’s silhouette and one measured with

balance: error-bar represents two ends of fragment mass estimated from max and minimum area of each fragment’s

silhouette.
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4-2-2-2. 3%1��	YZ[S

3%����1�=��!"	��F		:s�Îi6}~�"<�>?R���2§;�

C��4+ �F	F*�	9"#	YZ	[S!<=�Ö×9:�;�2�«"fg¬­ 0_01

	��/+ 70 msec 3	úû�=��>?	w��t�V���� 424 å	xy"4 pixel j�

9@�� �����6 80 %�:s���;3-4-1-3 �=���®���"5	ÁÂÃGH�=

��!��	>?�d���A	"#/*K'	Ë6��YZ�}~*üB�C��52�*

�(Table IX);����! 3-3-2��®��� 1: 0.6: 0.89:�"spall ��2c®�2bcnð�

��"����	üB���>ù	üB!>?	d��DxÊË��F	��2E�+ �;

R�6��"3%����1��R�!"��������FG���*�;

ºµ9"3%����1�W����!Hõ	üB�I4���2E�+ �;*J*+"

5 +	��!õ9K�L" �¤¥�R�=�"5	-.!5 +	��	$%&'�F:

�������	 pit GH	kM2ºNR"5	 pit �O�.PGH	���vwõ�! 1300

kg/m3 <9Hõ�I4���/+9:�(3-1-2);<�"3%1	$%&'9:� pit GH!��

Q�<=���GH9:�"55/+��� ���6Hõ�I4�2E��52!RS9:

�;

R�6��"3%����1��R�!"N¥�9PQ� ���	ü	¥í	éê�/+

�����ð9:�2�SR�´s��	��YZ�"Hõ	÷ø 1300/920 �/4�F	��

�YZ2R�T���;

4-2-2-3. �N/+[SR���	YZ
ï

o��U`VWXÞ����O�R��N�	��	ü	¥í�Y�R���	ÁÂÃ�´

s"��1ã�FG�Õ��[S��YZ����"��YZ mf 2#	YZ��}~*��	

Z¢ N(mf)	���à. 4-10 ���;3-4-2-4 9´s�¦§��	[@�`��\vw�����

�	YZ
ï�à. 4-11 ���;5 +	à�=4�]¹}��^2!"�����/+���

 ���	�9¹}	F	��R"��3	���vwYZ���F	9!*�;bcn}~

*��	xy">?� ���2	�C6���F	��R�!">?R"!/�9QSR�

YZ������;+	_!"������R�`a(�6ý�52�����	b~c«R

	÷ø�Dx��YZ[S	ÊË(3-1-4-3)�EdR�F	9:�;�B�I4�GH6e³9:

��s"Jf	üB�g�I4���¢6 10 ��	��h
2"��d�i6�6�¸s�Q

��	�*��(Table II"3-4-1-4 )�j~"��1ã�:��!Ík�0(3-3-1)9*+�,R�

(	®~�¢	�!">?R��������2�(� Table VIII��R�;

( ) b
f mmN ∝ (3-3-1)
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àààà 4-10. ����NNNN////++++´́́́ssss������������				ííííîîîîYYYYZZZZ



ïïïï: ��YZ		��zx	l�:�é+*GH!��ÁÂÃ

		��GH9	d�f	���¤�(3-4-1-4);¹}��!�����/+��� ���	�9	¹}

9:�;(a) 0_02: ¦§��"tuvw:� (b) 0_06: ¦§��"tuvw*R (c) 45_01: ��m� 45�"

tuvwD~ (d) 60_01: ��m� 60�"tuvw*R (e) 70_01: ��m� 70�"tuvw*R

Fig. 4-10. Cumulative number-mass distributions of fragments measured through movies: flat regions in the

small fragment mass end represent detection limits for small fragments (3-4-1-4). The largest fragment means the

largest one which ejected from the crater. (a) 0_02: vertical impact with the slit, (b) 0_06: vertical impact without the

slit, (c) 45_01: impact at an angle of 45 degrees with the slit, (d) 60_01: impact at an angle of 60 degrees without the

slit, (e) 70_01: impact at an angle of 70 degrees without the slit.

tuvw����fg(0_02, 45_01)�=��!"}~*��	��6mn� ���;fg	

oS����!"QS9~���	YZ	-.6 1 3
4�R/*�(45_01"0_01 	3%1)"

®~�¢	��´s�	�p�*�F	F:�;<�"��m�6}~*fg(60_01"70_01)�

=��!"0%123%1	
�6ÄÌÍ9:��s"ä��1����YZ
ï�q *6

�6U+ �;
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àààà 4-11. ¦¦¦¦§§§§��������				[[[[@@@@����				ííííîîîîYYYYZZZZ



ïïïï: Í���!r�	��1	|y+�FW�*�
�Ä8*�

�6É< ���;

Fig. 4-11. Cumulative number-mass distributions of fragments ejected at a reconstructed vertical impact: the

all fragments include those, which belong to neither early fragments nor late fragments.
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4-2-2-4. ]^	��	YZ
ï2	bc

�������o�����Bfg�=��>?� ���	YZ
ï�q *6�Q6^

���52!"Fujiwara et al. (1977)��®+ ���;<�"Takagi et al. (1984)!"���"�

��	�Bfg�V�">?� ���	YZ
ï!#	7~��� 3 GH�
4+ �52
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ï�"(b)�L©

ª9>?��/+´s+ �fg¬­ 0_04 	YZ
ï���;L©ª9>?� ���/+�

+ ���	YZ
ï�=��F"�N����[Q� ���YZ	
ï�=��F"Takagi et

al. (1984)��®+ � 3 GH6^���;Takagi �+	�Bfg�ø!Å¢:�6"#	�9

F�B	4�	��"/�QS� ���¢6Å�"/�q *6�	!�~�U��F	�

(2R�:��;fg¬­ 0_04 �=��>?� �����R�!x�������V"*/

��	9"0_04	��	YZ
ï9!GH III	l	h
6U���¼z*�;

5 +	��	YZ
ï!"��¢	¯*���YZ	}~*GH(GH I)�=��!"{�

*ÔÕ���;5 !"��	��� �GH6e³9:�52���÷ø9:�2E�+ 

���(Melosh et al., 1992);<�"�>	�������fg�=��!5	�x*}~*

��6��� �/�/��R�!"å�	������<=�Jfn9:�"L©ª�=�

�F"0.1 g j�	bcn}~*��6 20 å����� �fg(0_05"0_06)2"��	¯*�

fg(0_07 *|)6^���;�������fg�=��5	GH I 6���¤ �	!"�%

n�5 +	}~*��6Å�fg�=��9:�;

5 ���GH II !bcn*�+/*7~���;à 4-12(a)��R� Takagi +	fg�=4

�®~�¢	�!-0.23 9:�	��R"L©ª9>?��/+�+ �F	!-0.62"NO��

/+�+ �F	!-0.23 /+-0.55 9:�"��}~*��*����;L©ª����+ �

®~�¢	�!"äfg�=�� spall ��/+*�0%����1��R�´s+ ����

�;

GH III �=��!"��	YZ
ï	7~![,{�*�"Takagi +	fg9!-0.53"L©

ª	>?��/+!-0.86"NO��/+!-0.96 /+-1.55 	��O�;L©ª����+ �G

H III9	®~�¢!"Takagi et al. (1984)��� �-0.5/+-0.6�"Kato et al. (1995)����

+ ��-0.7 /+-0.9 2c®�2/*�}~*7~2*����;5 !"ÅóY�Y��¨2

# ��*�����¤�R"5	�	b���g��*�g�2YZ
ï	®~�¢	��

������������s®� Kun and Herrmann (2005)��®+ �����"�/ ��

Y	�°��^R���78°6:�;Kun and Herrmann (2005)9!"5	�	b���g��

*�g�6��hi�®~�¢	y��6}~�*�2�®���;L©ª����+ ��

�	YZ
ï�=4�"GH III ��S��GH	®~�¢!"äfg�=��@A�B��/
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(a)

 (b)

àààà 4-12. >>>>????��������������������������������YYYYZZZZ����ííííîîîîåååå¢¢¢¢				



ïïïï: (a) Takagi et al. (1984)/+b�R�"���	��

����B������ ���	YZ
ï (b) fg¬­ 0_04 �=��>?� ���	YZ
ï;¹

}��!"�����/+��� ���	xy¹}	F	�� ��;

Fig. 4-12. Fragment mass-cumulative number distributions for collected fragments: (a) quoted from Takagi et al.

(1984), impact disruption experiment at low impact velocity range. (b) mass-No. distribution of collected fragments

in experimental run No. 0_04The largest fragment means the one ejected from the crater.

��	íîYZ
ï�=4�GH II 2GH III 	®~�¢�c®�2"�#GH III 	®~�
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���*+,����������B��fg�V�">?R���	YZ
ï�´s�;#

	�ø"¤�·	���B����+ ���	xy"F2	¤�	¤¥2¥¥�\�ÉP]2

/ ��^����®~�¢6"-0.1 /+-0.3 9:�	��R�"�¦fg2R�V" �£Þ

tð�������Bfg�=����� � 3/ ��	YZ
ï	®~�¢!-0.59:�"

¤�����������+ �F	��F}~*���R���;Åstrom et al. (2005)!"
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�����������+ �F	��F}~*���R���;Åstrom et al. (2005)!"

�Þv�	§¨	�¨������w��52���"��	YZ
ï	®~�¢�"2 / n

*�B���F	"3/ n*�B���F	# I ��R�"-0.5"-0.72R���;

���������9��� � spall ��!���vw	¤¥���h
6"¤�©zO+

 ���� �F	9"(2R� 2 ªá	��	��6U+ �52!:�6"ÛLn���

�vw¤¥�ÉP��9:�"5 �¤�	�B	�x* 2 / n*�B2��D4�526

789:�;ºµ9"pit GH/+��� �@A�B��!"��Q�«9HÓ�B����

�� �F	9"��	F22*��GH6 3 / n�¬6����52/+F"5 6 3 /

 n*�B2�,D4+ �78°6o�;

R�6��"2 / n*�B������ "0%����12R���� � spall ��	

YZ
ï�=4�®~�¢-0.23 /+-0.55 2c®�"3 / n*GH�6�@A�B�����

� "3%����12R���� �@A�B��	YZ
ï�=4�®~�¢-0.96 /+-

1.55 	y��	zx6}~�2�xLfg	�ø!"­kn*�!Ò*�F		 Kadono et al.

(1997)� Åstrom et al. (2005)	®�2stn9:�;

4-2-3. ]^	fg"_`a2	bc

L©ª9�+ �"����������=����� ���	��"YZ	
ï�"¼

¯	©ª����+ �F	2bc��;��	��()"*+,�3%����1����

Z-_`a2	bcj���R�!"°V©ª6*��s"M�±s� 4-3�²�52���;

4-2-3-1. Ò*����vw·	��������=4�����2

��1	ST

L©ª9´s+ ���	��"��m�	��2"°V©ª��� �F	2	bc�à.

4-13 ���;Gault et al. (1963)	����������������fg���F	�L©ª	

³´fg	�ø22F�à. 4-13 (a)�"Cintala et al. (1999)���µ����o�����=4�

�����à. 4-13 (b)�"Onose et al. (1998)����
	���B������ ���	��

���à. 4-13(c)���;Lfg�=4� 2 >	fg�ø/+i�� �¦§��	[@�`�

�\vwF"bc	�sà. 4-13 (d)���;

Gault et al. (1963)	�������o�����������fg�=����� ����"

L©ª	³´fg�=��PQ� ����	`����¶�F	�à. 4-13(a)���;Gault et

al. (1963)�=��!"·a�¸¹º»¼k��� 6.1 km/sec 9	��9:�	��R"L©ª	

³´fg�=��!"½Â¾�	»¼k��� 4.2 km/sec 9	��9:�"��¿À!Ñ��

Ò*�6"Áµ2Fo����9:�52"��������tÂ�aÃ6J)R��*�5

2/+"Áµ2FÄÅ��V"#&`��	<<�R�;Gault et al. (1963)!"�������
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(a) (b)

 (c) (d)

àààà 4-13. ��������������������������������    ������������				����������������2222mmmm����				��������: ��m�!���vw¤¥�Æxµ¶� 0

�"5 2§Ç��µ¶� 90 �2��;(a) �����������������=����� ��

�: Gault et al. (1963)��o��GH�"L©ª	³´fg�����GH���(½Â¾�ð"4.2 km/sec)

(b) Cintala et al. (1999)	µ������������������� ��� (c) �
��������

4.2 km/sec9	���B (Onose et al. 1998) (d) �
����¦§��	[@�(à. 3-26)	[È

Fig. 4-13. Ejection velocity and angle of fragments: 0 degree and 90 degree in the ejection angle mean  directions

parallel and perpendicular to the target’s surface. (a) Impact cratering on basalt targets: empirical data from Gault et

al. (1963) are quoted with ones obtained in my preliminary experiment (Nylon-Basalt impact at 4.2 km/sec). (b)

Impact cratering on a sand target quoted from Cintala (1999). (c) Impact disruption of a gypsum target at 4.2 km/sec,

(d) reconstructed data-set of fragments ejected at one vertical impact cratering on gypsum at 4.2 km/sec
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���=����� ����!"��	É$%�o��"�m�9��� � jet 6:�"#

	3"{����m�6}~�*��3���m� 45 �4�	pqr�	��6:�"¹3�

[,��m�6}~�*��¨6U+ �2R���;Ê+	fg!�����ËáR�F	

9"QS� ���	xy¹F��F		����9F5 100 m/sec 9:�;#59L©ª9�


��	��QS�V����GH9	�¶�s®��s�"�������³´fg�V�

#	`����¶�;³´fg	�s"���AR����vw	ºµ	l6Ì4�R<��

�"¦¿¿À6ÄÍ
����R��s"T�78*`��	¢!¯*�6"L³´fg�=

���+ ���`��	xyo��	F	2"Gault et al. (1963)	���GH	`��2!s

tn*���R���;

5 +	����������������fg�=���Q� �����2"L©ª9

�+ ��
����# 2�bc��2"j�	526��� �;

1. ���9!U+ �o��"�m�	 jet ��S����6"L©ª	�
����¦§�

��=��!"�N�	���������/+F"�QÎ·	 2 /������PQ���

�/+FJK� */��;5 !"Love et al. (1993)�=4�£ÞtU�ÃÏ�k����o

�����������fg�=��"jet 6JK� */��522stn9:�"jet 	%&

�=4����vw	ÐÑf·	�^°6��� �;Onose (1996)	"õ� 917 kg/m3 	Ò�

���������=��!"¦§��	hi�F���vw2»¼k	;Q/+���vw

¤¥�Ó����� � jet 6JK� �=�"���vwõ�	÷ø��R�!�Sn9:�

2E�+ �;

2. jet �b~������GH�=��U+ �"��om�	��2"5 �b~����

�m�9pqr�	��!"���"�
·	Áµ	���=��JK� �;��R"pq

r�	��6�Q� �����!"���	hi6 200 /+ 800 m/sec 9:�	��R"�


	hi! 20 /+ 80 m/sec 9:�"�
	hi�=��!����6 1 3	��;�
�=��

!"��m�F����526Ks+ �;�
�=���Q� �"5	��GH	��!

0%����19:�"spall ��2��D4+ �	9"5	��GH	����R�!��

�	 spall��	Ô��ÉÚ 4-2-3-2��®�;

3. pqrµ¶	��	3"Gault et al. (1963)9!��m�6ÔÕ��7¶6U+ �=�"

5	7¶!L©ª����+ ��
����o����������=4�3%1	��2

Fstn9:�;ºµ9"L©ª	3%16���� 10 m/sec j�/���() 5 msec j¾9

:�	��R"����=���Õ� �¦§µ¶·��� ���	��! 100 m/sec ��F
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��	���D���m�	��6Ks+ �2�x�,Q6Ks+ �;#59"��*|

	Ø°Ùk�������������fg9JK� ���1	ST�j�	�x�Ú��

�;��	§3"jet����U+ �pqr�	"bcno��	���0%����12R"

5	��1�W����	xy¯*�2Fbcn}~*F	! spall ����CD4+ �;5

	0%����1�����Q� �"bcn���9"�����	 pit GH/+"���v

w¤¥2z½¦§µ¶·��� ����3%����12��;

Cintala et al. (1999)9	µ���� 1.9 km/sec	¦§��(run No. 4207, Al sphere, 4.76 mm in

diameter)�=4�ßÞv������ÛÜÝü����+ �������2��m�	��

�à. 4-13 (b)��R�;Cintala et al. (1999)�=��!��()	PQ!V" ��*�;���

�6}~�*��� "����m�6��	��*�7¶6U+ �6"��m�! 45 �D

��Þ<�"���vw¤¥�Æxµ¶���� � jet F"���	��6���vw¤¥2

¦§*µ¶���� �52F"JK� ��*�;Gault et al. (1968)�=��!"µ·	 6

km/sec 9	���������fg6V" "��	�¨6Ýü� �;���ß�ÝüR�

º�	ÛÜ/+!"��/+ 81 msec �»¼R�3F��6à�R����¨6JK� ��
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���¨	ãäa�å+��52���"�¨

	���PQR�fg� Anderson et al. (2004)6Ô�+ �6"Êæ+	º�	fg�=��F

���vw¤¥��R�¦§*µ¶·	��!Ks+ ��*�;j�/+"µ·	����

������=��!"�
"���·	����������=��U+ �"����G

H�����m�	��!*�;

à 4-13 (c)�! Onose et al. (1998)	�
���vw���� 4.2 km/sec	������B��

���� ���	����-��m�	
ï���;0%����1��S����GH�"
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��vw	���I4�¥/+]��^� �52*�"z½ê�£�����¨6�Q� 

�;�
	���Bfg�=��F"����6 12 m/sec j�"��m�6 75 �j�	3%�

���12����GH·	��6Ks+ �;R/R*6+"����������=��

!��� �Í���:s�3%1��	Îi6 60 %����	��R"5	�Bfg�=�

�5	��GH���� ���	Îi! 7 %�¼z*�;5	fg!"F2F2!����
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- 116 -
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��1!Ks+ *�2E�+ �;

Gault et al. (1963)�!"����������������=����� ���	���U
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Dx��m�	��6Ks+ �*|	�,Q6Ks+ �;ºµ9"µö	�k�����

���������=��!"Gault et al. (1963)j¾�V" �©ªFÉs"�^��©ª�U
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4-2-3-2. 0%����1	-.2 spall_`a2	bc

Melosh (1984)"Melosh (1989)��®+ �������������=����� � spall
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spall ��!"��������vw¤¥/+	î� Deq 	ïQ���� �æç r0 Hi Pcore

	öHð/+���vwkh�ñòfó9ñòR*6+ôõ���ö÷6"���vw¤¥9

ãä� �52���"öHð	��/+	�� r 9:�Q�=��"�ö÷¥§39	�¨

�� upt(r)	5 2 !	�� vspall 9"���vw¤¥�ÉP��6��� �F	9:�(Melosh,

1989);öHð	��/+�� r9:�Q	Hi Pt(r)!0(4-1-31)9¤� �;
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=+
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r
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0 )()( (r>r0)  (4-2-2)
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- 117 -

2
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1
)(2











+

=

eq

ptspall

D

s
ruv (4-2-3)

22
eqDsr += (4-2-4)

L©ª�=��V" � 4.2 km/sec 	¦§������
���vwk�%&R�Hi!"4-

1-3 �� 14 GPa 9:�;öHð	�Ú�»¼kæç	 0.6 /+ 1.2 !9:�2�S��2 2.2 /

+ 4.3 mm 2*�"5	2~	ñòf!"@A�BGH	��	�u�=4�Hi� 12 MPa 2

'�2~"4-1-4 ��# I 3.2"4.8 2*�;�ö÷	S¢ Ct"st� Simakov et al. (1974)��

2490"1.70 2=~"�%��	î� Deq 6���vwA¥/+	�,� 12.5 mm 9:�2�S

R�(	"��	$%&'2��	���à. 4-14���;

àààà 4-14. 0000%%%%����������������11112222 spall ��������				$$$$%%%%&&&&''''2222����������������				��������: ��	 3 / ��!tuvwD~�

��vw������QSR�F	2"2 �	WXÞ����QSR�F	6É< �;�2�	f+!

Melosh (1989)	_`a�R�6�"L©ª9�+ �"����	î� 12.5 mm"��%&Hi 14 GPa"

öHðæç 2.2"4.3 mm"ñòf 3.2"4.8�úûR�F	;

Fig. 4-14. Initial positions and ejection velocities of early fragments: 3-D velocities were measured both with the

target box having the slit and with two cameras. Black and blue lines represent velocity of spalled fragments from

each given initial position, which was calculated using Melosh (1989). The equivalent center of burst was set 12.5

mm in depth, and the pressure of the isobaric core was set 14 GPa, as measured and estimated in this study. Radii of

the isobaric core were assumed to be 2.2 and 4.3 mm, and they result in attenuation ratio as 3.2 and 4.8, respectively.
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0%����1�W����	¢!"3%����1	# ��F¯*�"<�"$%&'

	�6 20 mm j�9:���	¢!	2�	fg�D~o�10 å9:�	9"L©ª9V" 

����� 3.5 km/sec /+ 4.6 km/sec 9	¦§��fgÍ��=���+ �0%����1	

����`���
È�:�;tuvw����"<� 2 �	WXÞ���� 3 / ��	�

+ �F	���Q9(0_01, 0_02, 0_04)"1 �	WXÞ��� 2 / ���PQR�F	��	

Q9�R�(0_04(�C	�/*/��F	),  0_05(�o��WXÞ Shimazu HPV-1 9	Ýü�

ÉP), 0_06);L©ª����+ �ä�� Melosh (1989)	0�úûR�´s+ �*+2c

®�2"Lfg����+ ��!"«+�~6}~�F		"5 2stn9:�;

<�"Melosh (1989)��"����/+	�� r �=����� � spall ��	�� ls !"

���� vspall"»¼k§ç Dproj"���vw	b���g� Tt"���vw	õ�2
÷��

ü0t"cLt����j�	�x�¤� �;

Lt

proj
tspallts c

D
Tvl =0ρ (r>r0)  (4-2-5)

øù!��� � spall ��	����Z�"�ù!5 �C�+ �ií�¤R���;spall

��	�� Polansky and Ahrens (1990)	��Â�	o����9%&R� spall ��	ôb2�

� 1: 1: 0.2 	§µk2�S��2"spall ��	YZ mspall! 0.2ü0tls
39:�"5 2(4-2-5)�i

"È�2"spall��	��2YZ	��j�	�x*��6��)�2E�+ �;

3
13

1

2
0

2.0 −







= spall

tLt

proj
tspall m
c

D
Tv

ρ
(4-2-6)

L©ª�=4�"�
�������� 4 km/sec D�9	¦§���������fg�=

��QS� �Í�	0%����1�W����	����2YZ�à 4-15 �¤�;3 / 

��	PQ���R�����m9"2 / ��	ÚO�� ����q9¤�;<�"N¥�

	��2>?��	�C6D~"��YZ�fA�QS��5269~���!"����R

Q9¤R�:�;ÝÞßÍk��R���YZ6ÔÕ���� ����6��R����¨

6JK� �;��YZ2����	���0(4-2-7)����*+�,��;
k
spallspall mv ∝ (4-2-7)

Í�	������ k 	�!-0.26 9:�"��YZ6fQ� �F		Ú��R�!-0.29 2*

�;5 +	�!\� Melosh (1984)����8n�´s+ ��-1/3 ���6"`��Q	«

+�~6}~�"/�7~	y��6	���s"���¢ R 	�!# I 0.18�0.23 9:

�;

#59"��YZ	[S	ÊË6}~� 1 mg j�	�������"2 !è2	��YZU

��û���	��	éê��´s�	6à. 4-16 9:�;46 mg ���2��U��=4�"

����	ñ¯!"ü	¥í/+��	YZ�´s�A�V��`a(�	ý������	

b~c«R	FG�����78°6:�;5 +	éê���R�0(4-2-7)9*+�,�V

x2"#	�!-0.26l0.04 2*�"#	���¢ R 	�! 0.94 2*�;����YZ	�S2
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�	ç� 60 mg j�	����R�"���U�ã	éê��*+�,��2#	7~!-0.43

9"���¢ R! 0.992*�;

àààà 4-15. 0000%%%%1111��������				��������-YYYYZZZZ��������: 3 / ��	�+ �F	��m9"2 / ����+ �F	�

�9¤�;N¥�	��2>?��	�C6�4+ �F	�����R9"ü	¥í/+[S� �F

	��+9¤�;

Fig. 4-15. Mass-velocity relation of early fragments: triangles and circles represent fragments those 3-D and 2-D

velocities were measured, respectively.  Open and closed symbols represent ones those masses were measured and

estimated, respectively.

��YZ	[S6Ö×9:�52"<�`��ê�	«+�~6}~�52/+"`��	

��	µ����"7~ k 	�!-0.26 /+-0.43 	-.9����6"5 +	�!"Melosh

(1984)9´s+ ��-1/3���2R�
ïR�=�"ìí��2!��*�;<�"Nakamura and

Fujiwara (1991)	o�����Bfg��´s+ ��-0.342Fstn9:�;

j����L©ª�=4�0%����1	`��!"Melosh (1984)��� � spall ��	

-."��	$%&'2����	����6:�52"��	��2YZ	����6:�

52	Áµ2stn9:�"5	�fF<�0%����16 spall��9:�52�}���;
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àààà 4-16. ��������YYYYZZZZUUUU����ãããã����ééééêêêêRRRR������������				YYYYZZZZ-��������



ïïïï

Fig. 4-16. Mass-velocity relation of averaged fragments for each fragment mass bin.

4-2-3-3. 3%����12 Z-_`a2	bc

µ*|	�k��������������=����� ���2"��*|	Ù<��

���# 9��� �F	29!LYn�Ò*�52� 4-2-3-1 9�®�;R/R"5	 Z-_

`a!"]^	��������8�=��"�����kí	}h
	����¿D4��

º	_`a2R�&'R���	9" 	�s"Lfg����+ �3%1��2	bcd

!�V��;

µ*|	�k��������������=4���	"+�����h�¤��s�"Z-

_`a6ç���+ ���;5 !"1-2-3-3 ��®���"Maxwell(1977)���#+ �¦

§����������=4����	"+���_`a9:�"$. ���vwkh9	�Y

"!<HÓ"2. ���vw¤¥/+��� ��Y!Ñ��%&R*�"3. ï�9	�¨��

	�����ÛQ2���çµ¶	�
 UR !����/+	�� R"ä"'	" 	g��¤

�(�	�¢((t)=�,®~�¢ Z ����0(4-2-8)9C�+ �;2�x�S	F2���

)�(à. 4-17 (a));

ZR R

t
U

)(α= (4-2-8)

®~�¢ Z 	�!�������"	��:+"�;Z 6}~�*�2"+	*fæç6	�

�*�"���vw¤¥9��� �(	)m!}~�*�;Maxwell (1977)9!���vw2

¦§µ¶	��Z�*^R"�i	üB�ëâ��2�x�S	�9"����������
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=��¹Fp�* Z 	�! 2.7 9:�2R���;<�"Maxwell (1977)!ä"'6<HÓ°9

:�"((t)*+,� Z 6S¢9:�"����6���vw¤¥�:�2�S��2"���

vw¤¥9	����	+§µ¶	�
 uV",éµ¶	�
 uH"*+,����vw¤¥/+

	��mìe!j�	�x*�9¤� �2R�;

ZV s
t

u
)(α= (4-2-9)

( ) VH uZu 2−= (4-2-10)

2tan −= Zeθ (4-2-11)

(a)

(b)

àààà 4-17. Z-____`̀̀̀aaaa����������������----0000àààà....(a) Maxwell (1977)�ÛÜ�����6���vw¤¥�:�Vu/½

a	 Z-_`a (b) Croft (1980)���Ú�� �"������s�hi	 Z-_`a(��R"Croft L0

	à������	�sî��}~�R�:�)

Fig. 4-17 Schematic figures of Z-model: (a) Original type of Z-model whose explosive center was set on the

surface. (b) Z-model modified by Croft (1980) whose explosive center was buried. Its buried depth was a little larger

than the one in Croft (1980).
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tuvwD~���vw��������	 3 / ���PQR�"fg¬­ 0_02 �=4�

3%����1��R"å�	��	���vw¤¥/+	��m�F2�"0(4-2-11)���

� Z 	��PîR�	6à. 4-18 (a)9:�;3%����1	��m�!���vw¤¥2¦

§*µ¶���"R�6��"´s+ � Z 	�!"µ����p�*� 2.7 2c®�"1/

�}~*���R���;

����62��s+ ���hi��R� Z-_`a�Ú�R(à. 4-17(b))"5	����	

î�6}~�z|"����	)m6}~�*�52��R�	6 Croft (1980)9:�;R/R

*6+"5	 Croft(1980)	V��Ú�6pC9~�	!"����	î�6�����æç	

0.03 j�	hi��R�	Ú9:�;Anderson et al. (2004)��� ����x�"Z=3 	¿À

9F"����	î��}~���2"Z-_`a9!"�����¶/x" �³QR�R<

x52�*�;

 (b)

àààà 4-18. ääää��������				$$$$%%%%&&&&''''2222��������mmmm////++++´́́́ssss���� Z 				����: fg¬­ 0_02 	��`������;(a) ��

��6���vw¤¥�:�2�SR�hi (b) ����6���vw¤¥/+ 12 mm 	î��:�2

�SR�hi

Fig. 4-18. Initial position and Z of each fragment estimated from its ejection angle: fragments’ data are obtained

by empirical run No. 0_02. (a) an explosive center is set on the target’s surface, (b) an explosive center is buried 12

mm from the target’s surface.

(a)
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����	&'69
�2�hi"��mìe ! Z 2����/+��&'�U���m�3

����(4-2-12)	�x�44�;<�"5 �p���2��m�2����	î�/+ Z 	

��´s�526�Ï�(4-2-13);

)1(tan
cos

1

)2(tan
cos
tan

tan

2

−∆−
∆

−+∆−
∆
∆

=
Z

Z
eθ (4-2-12)

( )
( )1tantancos

cos2tancostantancos1tan 2

+∆∆
∆+∆∆+∆−∆∆+=

e

eZ
θ

θ
(4-2-13)

�%��6î� 12 mm�:�2�SR�(	"å�	��	��m/+³Q� � Z	��"

0(4-2-13)����´s�F	�à. 4-18 (b)���;Z 	�ê�! Maxwell (1977)6µ�����

2R��R� 2.7 �����O�ºµ"748 å� 137 å	����R�"Z 	STH/+� �

2j�	�6î�� �;

����	î�2 Z 	�����È�(	"+"�����	>?"*+,���	���

�þ�wa�à. 4-19 ���;����6 12 mm 	2~"Z=2.2 2��2fA	����þ�w

a2"³Q� �"+	¶~6stn�*�6"Z-_`a6³Q��"�������h/+

	����6�����
ùh/+	# ��F39	��*��5!"fA	��9!U+

 */��;�+�""+���67î�F"fA	�����	>?	�æ
�¼z*�;Z

�}~�R��"����	î��}~�R��� «��î�676�+ �6"Anderson et

al. (2004)��� ����x�"5	�x*Él*¿À�=��!"Z-_`a/+�����

¶/x" 6³Q� �52�*�"Z-_`a	pC-.�9:�52��R���;

5	��"L©ª9´s+ �3%����1� Z-_`a�����¿D4�	�!ë�6

:�;5 !"Z-_`a6"#F#F<HÓ°"k�,6��)�hi	_`a9:�	��

R"Lfg9����
���vw!Hõ	÷ø�g�I4�Ùk9:�52�¡¢��28

" �;<�"µ��������������=��!"�����§ç����»¼k§

ç	Îi! 3 %9:�"��Q�«���� �oHGH�Q92�S��526789:�

6"L©ª9��� � pit 	§ç����»¼k§ç	Îi! 26 %9:�"�������

� �oHGH�"F!�Q92R��S9~*�52�F����28" �;



- 124 -

(a)  (b)

(c)  

àààà 4-19. Z-____`̀̀̀aaaa////++++´́́́ssss++++    ����""""++++""""����������������2222""""ffffgggg////++++����++++    ������������������������				>>>>????""""����������������þþþþ����

wwwwaaaa				bbbbcccc: �����	>?"*+,�����þ�wa!fg¬­ 0_02 	F	;
ô����vw

¤¥/+	î��"
ô��������/+	���O�; (a) Deq = 12"Z = 2.2, (b) Deq = 12"Z = 8, (c)

Deq = 20"Z = 2.5.

Fig. 4-19. Streamlines and ejection velocities estimated from Z-model and the outline of the crater and

fragments’ velocity vectors obtained by the experiment run No. 0_02: vertical and horizontal axes represent

depth from the target’s surface and distance from the center of the pit, respectively. (a) Deq = 12"Z = 2.2, (b) Deq = 12"

Z = 8, (c) Deq = 20"Z = 2.5.
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4-3. ��������	
����
�����

����������������������	
�� !(4-3-1)�"#$%&'(!�

)*+$,-./0123�45678�9:�������������;<!(4-3-2)�=

����$>?:@������ABC"#DE 5 msec DE 50 msec $F�.GH$I:@J

K-.(4-3-3)L

4-3-1. ��������	


�MN$O:@��������������PQ0/0RS$T.U: pit VWDE�XY

�Z�[\���C�"#DE 5 msec ]^$�/0123�_`abcde$�12 m/sec ]f

�gh�����.i��T&�j�_�klCbm 2 mm ]f�T.(3-4-2-2�4-2-1)Lno�

pq�ab"#$O:@����.���r
s!��0/0t23$O\.���u�vw

���gh�xy��z�������i���i${. 4-20$|-L���$}-.����

{{{{ 4-20. ������������uuuu����vvvvwwww������������gggghhhh: spall �~�������DE spall ��������i�L2 ���

�gh���C�:LEarly���gh��� HPV-1������i����L

Fig. 4-20. Initial positions and ejection velocities of fragments: spall fragments means those were recognized as

spalled ones from the shape of its silhouettes. This group includes fragments measured in two dimensionally. Early

fragments contain those measured with hyper-velocity camera, HPV-1.



- 126 -

PQ0/0�RS�$T. pit(�m 13 mm)DE���6�gh�����@:.�C��E�

.L����vw���gh���$�EI����:i��x�5C|���.z����

��$,!@���������u�vw�"#��RS�-. 1�C 5.8 mm �VW$ R!

@O&�j�ghi 1 DE 5 m/sec �¡:VW$ R!@:.L2 ����gh�¢���!�

��£@¤: spall ���R$��¥D\�=��¦§¨©�ª.i�C«¬-.LGray �­�

�@:.i���z���������$i����������$i®@�nEcD¯��

��T&�°����"#!�±²5CT.i��=�{��³c:C�gh��� 2 ���

´¯�i�$O:@�µ¶DE�T.:�µ¶$eD¯@�����i�C�n�@:.L

{{{{ 4-21. rrrr



ssss������������ppppqqqq����aaaabbbb""""####$$$$%%%%&&&&����������������....������������····¸̧̧̧¹¹¹¹gggghhhhºººº»»»»: =�r
s�i��c¯

���$O\.¼�½¾��2pixel %&¿¿���T.LÀÁ�ÂÃ���gh��� HPV-1 $O:@�

���¼�Ä�C'(-.VW�Å�Æ�ÂÃ��gh��� E-2 $O\.¼�Ä�C'(-.VW�T

.Lz���������ÇÈDE�É!���·¸$ 0.35 �Ê§�����������ÇÈDE�

É!���ËÈ$Ìh 1.3 g/cm3�Ê§�i��T.���Í�$}-.���¼�½¾$�ÎC(§.L

Fig. 4-21. Mass-velocity relation of fragments listed in reconstructed data set simulating all fragment ejected

in one vertical impact: fragments smaller than 2 pixel shows a decrease in mass-cumulative number distribution

which represents detestability of fragments fall here. Blue, green, and red hatching means detect ional limit of the

hyper-velocity video camera(HPV-1), the high-speed video camera(E-2) for early and late fragments respectively.

The mass of early and late fragments obtained by multiplying 0.35 and 1300/920, respectively.
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Ï:@���·¸���gh�xy$I:@JÐ.({. 4-21)L==�i�z�������

���·¸���gh��$x�C¥E�.C���������¤£@ÑD:VW$ R!

@O&����$O:@¼�ÒÓcVW$O:@����gh�·¸��$xy�¥E�c:L

��������Ç�� 4 pixel %&iÔ�:i�C_�kl�T&�=�%ÕcÖ×ØVW�

���·¸�Ù�ÚhC�£c.(3-4-1-3�Table IX)L���¼�ÛÜC�f!Ý�.�C��

����ÇÈ�ÞßàC 2 pixel %&Ô�:��Ö×ØVW�T.�-.��{. 4-21 $O\.

ÂÃ�º����¼�ÛÜCáâ�n���·¸�Ù�Cãä$åæ$c¯@:.VW�|!

@:.L�ç!�=�E�ÑD:��i�j�_�klCèé]��êë��@O&���g

h�ì�.��$�íºcîïCðE�@:.L

(a) (b)

 (c)   

{{{{ 4-22. ��������gggghhhhññññ��������òòòò: ��������gggghhhhóóóó$$$$ººººôôôô!!!!����LLLL(a) ab"#pqº�r
s�0/0t23 (b) �

�ö÷ 0_02 (c) ��ö÷ 0_21

Fig. 4-22. Histogram of ejection time bin: (a) reconstructed data set made by one vertical impact. (b) 0_02, (c)

0_21
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n����������j�ÇÈøSC/0123ùÇDEú�.ABC¤:=�$%¯@

i	
û\E�.L{ 4-22 $�����ABüýó$�������òcEþ$��gh�


s�|!�Lab"#�r
s$���!:�gh���cEþ$���gh����9:@

������gh��C�n�.���¼����z�����òC°������@��$

�£c¯@:.L�@�ab"#��$O:@���ghC 10 m/sec ]f�����j�:o

�iC5 msecDE40 msec���6¤:AB$����@O&�=�à�/0123���18 cm

� 2 ���	�
g 2200 m/sec ��!�à 0.16 msec � 30 �DE 300 �$�®-.Ln���

�6z:AB$����.����j�ghi��6g:�$,!���6¤:AB$���

�.����j�ghi��6¤£c¯@:.Lab"#�r
s���ö÷ 0_02 ���AB

�
:$û:@����ö÷ 0_02 $O:@��Slit û�/0123���R$O\.�	/0

123�vwCo�@:�=�C|���@:.(Appendix D)L

��ghüýó$�������ò�ì�.��{. 4-23��$��ghC 2 m/secDE 4 m/sec

�vw$�0P��IL=���gh���$O:@�����¨ë��Ã��$O\.��

vw��EI�%&ì����gh��Î�Þß-.����gh� 4 %���T.L��2

3�9:���$O:@�¤:�����C��23$%&����Ý�.���j����

u�vw�PQ0/0���-.���0.9 m/sec%&i¤: !�T.�����ghC 2 m/sec

DE 1 m/sec �VW$O\.��ò�"³���#$$%&-.i���c:�JÐE�.Ln

����gh���:VW$O\.¼�'�"³CÝn.gh��=�R�(i#$�):i

�� 20 m/sec �T&���������gh�!�:à� 12 m/sec �T.���=�E��*

�[\@:.ÒÓ5i�:�JÐE�.LÔ�c+,Ë�9:��� 0_21 $O\.��ghº

»�ËC�bm 7 mm -×.ý/�9:���$,!@�¿¿gh�g:VW$«¬-.0e

CT.C��Ë�!@�EI�i��:���n���ö÷ 0_21 ��q1��/0123C2

I$ô�@:��PQ0/0�s��Z�3¾$T.4�T.=�DE��¯�&�!�56

�ð.��$�����0/�7�C8n�.L

{{{{ 4-23. ����������������������������������������gggghhhh������������òòòò: 0_01�0_02�0_06�bm 7 mm-×.ý/�+,Ë$%.

"#�0_21�Ô�c+,Ë$%."#�T.L

Fig. 4-23. Ejection velocity and number of late fragments: in empirical run No. 0_01, 0_02, and 0_06, nylon

spheres, 7 mm in diameter, were employed as projectiles. In the empirical run No. 0_21, a polycarbonate sabot shot

the target.
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4-3-2. /0123�45678���

XY�Z���VWDE/0123�ùÇ�abde9��gh����������Z-�

��:�;«����$%&<=-.=��åæ�T.(4-2-3-3)Ln��4-2-3-1 �i ���

$�>���������C?���.���@�¿�	cl�A¯B&Ch��I/012

3$,-."#PQ0/0�s$O:@�¢�T.LA¯B&Ch���c:DË/0123

(E�F��ü0Øcl)$,-."#PQ0/0�s¿�PQ0/0��$�®-.�ºCGò

���$ºú!@!nÕ�Z��$O:@��>�����������-.=���HcD

¯�L!�C¯@�����������$I!@��PQ0/0�J�$«¬-.�"#�

icOA¯B&Ch�K-./0123L·�«¬CøMcNô�O�!@:.=�CC£|

���.Lj=������Onose and Fujiwara (2006a)�|!��$�/0123�A¯B&C

h�K-.�ºC�"#$%&'(!�)*+$,!456$78-.=�$%&���C�

�����P�!�����
Q!�=��¼R-.L"#PQ0/0�sA$�=�C45

6ST�!�ÒÓ5$I:@��Dence (2004)$%.�-U�bm 52 km � Charelevoix PQ0

/0�?�$O:@i|���@:.Ln��Kadono et al. (2005)$O:@i��gh"#�Z

$O:@456��C¥E�.=�CïV��@:.L

4-3-2-1. ����WM

"#PQ0/0�s����/0123�YÇ$��PQ0/0�J��/0123�)Ì

���VW¿XY�Z���VWC¦SXY$ª&�k�:.�ZC?K��.Lj�XY�

Z���VW�[\$>C.]dVW(3-1-2)$��ò�� radial-crackC����.�¢�T&�

�I$ crack �^¯@:._`6cVW][$O:@��A¯B&7'$,!@i456$78

-.=�CÒÓ�T.L�	$,-."#PQ0/0�s$O:@��������C���

�.ab�cd6$e:�fg{��/0123�YÇ{({. 3-5�rh)�{. 4-24$|-L

=����$O:@��/0123�XY�Z���VW��j�[\�ª&��A¯B&

7'$,!@456$ijÕ=��ÒÓc]dVW�$ºô-.L=�XY�Z���VW�

]dVW��3¾��k� SF-Ç(the outer boundary of the shear-fractured region)�lmLnË6$

��=�Ç�{. 4-24 (a) ({. 3-5�rh)�/0123YÇ�$|��.o:X�YÇ�-./p

�p��T.Lfg{(b)DE(d)$O:@��qÁ�rÃ�eD���XC SF-Ç�|-L"#

$%&�s���"s+���	/0123R�"t!cCEuv!�SF-Ç$w¯�A��/

0123�px)*�ZChn�"t!��JÐE�.Lno�=�)*+C SF-Ç$y�-.

��/0123�]dVW��mde[e�$*¢zo¢�{ÐE�.��i$�=��b|

-.Jde$�}þzo¢C{ÐE�.({. 4-24 (b))L)*+�~Ï��i$�=�E�zo¢

� SF-Ç$[�-.]dVW$�È��.L¿C@��+C SF-Ç$w&�=�$�F¯@:�

)*7'Cª&�E�.��SF-Ç$[�-.]dVW$�È���zo¢C456$q�-.

({. 4-24 (c))Lzo¢�q�$!�C¯@�SF-Ç�Ë$�mde�e��ghC'(!�=�

~�CXY�Z����	�R�uF&�j���\�ùÇ$�!���$�==DEXY�
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           (a)

(b)

(c)

   (d)

{{{{ 4-24. ������������������������������������ØØØØ��������ffffgggg{{{{: (a) /0123YÇ$¥E�.	
��ò���({. 3-5 �r

h) (b) SF-Ç9�)*+�y� (c) )*+DE���� SF-Çû�$�ÐE��zo¢�q� (d) SF-Ç�

~���	�ùÇ9����������

Fig. 4-24. Schematic figure of an ejection mechanism of late fragments: (a) cross section of the crater and

definitions of variables. (b) input of the compressive wave on SF-surface (shear-fractured surface), (c) release from

the compaction wave and elastic rebound of the SF-surface, (d) ejection of late fragments



- 131 -

Z����	�C�������!@ùÇ$�:i�DE�$����.({. 4-24 (d))�P�-

.L�I��	/0123$O\. SF-Ç��Y�/0123ùÇ$abcx$x!@,­�T

.���SF-Ç$O:@'(!��e��gh�Õâ/0123ùÇ�abcsº][��:$

�â�!!Õ=�$c.L!�C¯@���������!@?���.������/01

23ùÇ$,!@_`abci�$½E�.=�$c.L

��$O:@��no 4-3-1-2 � SF-Ç$y�-.)*+�¥Èi&�=����+�P�-

.LÏ:@ 4-3-1-3$O:@��SF-Ç�[$T./0123�A¯B&Ch���!��º��

/������I�½45Ë���!�=�� Green xò�9:@� -.L(�$�4-3-1-2

�P�!�)*+��4-3-1-3 �� !� Green xò$�y-.=�$%&�SF-Ç�T��&�

ghcEþ$j�~ÏA��É�!�=���MN$%¯@ðE����5O���-.(4-3-

1-4)L

4-3-2-2. )*+�����

��·L·9�"#$%&'(-.�I�)*+��������Z�)Ì$K½cA�C

DD.��$�j��â�C&� £c.���@:.Ln����+$¡Õ)'�"³i¢

¿D�T.�JÐE�@:.L��Ð� Bonnan et al. (1998)����·£�¤�¥�$,-. 201

m/sec DE 350 m/sec ��"#���´:��� 5 mm �¦§�¶Ç�¨Ç��)'cEþ$"

#��¦§¨Ç�gh���!�L=���$%&���ÜC 9 %�17 ©�T.���¦§¨

Ç��"s+��â�C&$DD.A���j�ª� 500«40 nsec�380«20 nsec �T.=��

|!�Ln��Xu and Thadhani (2004)����ÜC 50%� Ni-Ti�¬!�­$,-.�500 m/sec

DE 1000 m/sec��"#���´:�¦§�¶Ç�¨Ç���)'���!�L"#ghC 1000

m/sec ������ 3 mm �¦§�®a!���"s+��â�C&A�� 40.5 nsec �T&�=

��"#Ç���â�C&A��¯ 6�$c¯@:.L

=�%Õ$���·°}�­¿±²$,-."#$x!@��"s+��â�C&$³Mc

A����$O\.�´cïVCT.L!D!cCE�;«�MN$O:@"s+��â�C

&A�C�����L·���Ü�"#gh�cEþ$¦§���:���#$���MN�

³M���.�gh 4.2 km/sec ��"#$O:@�s���"s+C���Ü 60©��	��

�µú 22 mm u�-. !����£¶c¯@O&��MN�ì�@:.)*+�·�-.�

�$�b�=�E�9:.=��åæ�T.L!D!cCE��MN�¸9!��	$O:@

i�"s+C��·L·��uv-.=�$%&���6¹:�â�C&A���I�JÐ.

=��;«�MN�º»!c:L

=�%Õ$�SF-Ç$y�-.)*+��Y� 0.5 DEòµsec ]���â�C&A��¡Õ=

�C·¼��.C�����$O:@�=����+���!�L=����MN�³M�-

.)*+��Y�½�$·�-.=�Cåæc����+][��Y�P�-.=�$%&�

���C¾¿$c.��À\.���T.L

)*+�)' P1 ��/0123�px)*�ZCh$:!:�P�!�L4-1-4 �i|!��
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$�L·��ZCh$�zo¢ghÁ«5CT.=�CÂE�@:.C�==����à� 12

MPa �9:�Ln������ghcEþ$j�~ÏA�${Ð.�)*+�)'��*�Ã

Ä-.���=�C 1Å��:T.:�Ô�: !��É�´¯�L

~ÏA� t1 $x!@��=��nË6$ÃÄ-.=��ãä$åæ�T.C�³c£�i+

,,bm�"s+CÆ�-.�$³McA����@��:à�TÇÕ�JÐE�.L���

$O:@9:�+,Ë�Ìh� 1146 kg/m3�"s+�ù-�ò CÈ�sÈ�à�O�O� 3945É1.171

�T.(LASA Shock Hugoniot Data %&)L"#$O:@+,Ë��$'(!�)'�g(4-1-28)�

ù-=�C��.L

( ) pppppppHp uusCP ⋅+= 0ρ (4-1-28)

==� 4-1-3 %&�-×.ý��	$,-. 4.2 km/sec �"#$%&'(!�)'� 14.4GPa b
h�T.���+,Ë���DZgh upp�cEþ$"s+�gh Up��O�O� 2200 m/sec�
6500 m/sec �¥ÈiE�.L!�C¯@�"#$%&'(!�"s+C+,Ë�bm� 7.1 mm
�Æ�-.�$³McA�� 1.1Êsec bh�T.Lj=��SF-Ç$)*+CË9-.A� t1 �

1Êsec cEþ$�=�C��·�	���uv-.=�$%&A�}����à�f-.��
� 3Êsec�10Êsec�9:@�É�´¯�L=�E�à���É$9:�_D��ò��i$ Table
XVI$|-L

Table XVI Elastic response of the target to compressive wave

Material Material properties Size Compressive wave Out put

Density
Sound

velocity
Young's
modulus

Poisson's
ratio

Lame's parameter
SF-

radius
Pressure Duration Velocity Duration

�0t cLt E �t � � a P1 t1 vre_max t_0.1vremax

kg/m3 m/sec Pa Pa Pa m Pa sec m/sec sec

Gypsum
Basic 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.02 1.2E+07 3.0E-06 1.5 2.0E-05
Young's
Modulus

 x0.
1

920 696 4.0E+08 0.2 1.2E+08 1.9E+08 0.02 1.2E+07 3.0E-06 1.7 6.5E-05

 x10 920 6957 4.0E+10 0.2 1.2E+10 1.9E+10 0.02 1.2E+07 3.0E-06 1.1 6.2E-06
SF-radius /2 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.01 1.2E+07 3.0E-06 2.5 1.0E-05

x1.5 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.03 3.0E+06 3.0E-06 0.26 3.0E-05
Pressure x0.1 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.02 1.2E+06 3.0E-06 0.15 2.0E-05

 x10 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.02 1.2E+08 3.0E-06 15 2.0E-05
Duration  /3 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.02 1.2E+07 1.0E-06 0.55 1.8E-05

 x3 920 2200 4.0E+09 0.2 1.2E+09 1.9E+09 0.02 1.2E+07 1.0E-05 3.2 1.7E-05
Basalt

Basic 2650 5418 7.0E+10 0.2 2.2E+10 3.2E+10 0.02 1.6E+08 3.0E-06 5.5 8.0E-06
radius  /2 2650 5418 7.0E+10 0.2 2.2E+10 3.2E+10 0.01 1.6E+08 3.0E-06 7.7 3.4E-06

4-3-2-3. Greenxò�9:��������

�����ÌÍ(1962)�ÎÏ(1957)�i�$�Green xò�9:�45Ë/0123����

��´ÕLGreen xò G(r, t; ρρρρ, τ)��T.ABτ$O:@p�ρρρρ$�F¯�'$%&A�%=��

.�AB t��� r$O\.���òÐ6$�g�!�i��T.L
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[' f(r, t)�Ë9-.Ñ�i~�dbg��vw r�AB t ���v w(r, t)�9:@�g(4-3-1)

��$ù��.L

( ) ( ) ( )trftrwC
t
trw

t ,,
, 22

2

2

+∇=
∂

∂
(4-3-1)

==��Ct�
g�T&�/0123�ÒýÓÜ Et�ÌhÔ0t�9:@g(4-3-2)�ù��.L

t

t
t

E
C

0ρ
= (4-3-2)

:n�3¾Ç S ��#$Cg(4-3-3)�ù���t = 0 ���g(4-3-4)Cs&�â��½]$O:

@ w �'Õ+�ù|�ª.i��-.L==��Φ(r, t)�h1�h2 (h1,h2>0)��3¾#$�ù-�

ò�T.Ln��h1 C 0 �T.���ÖH��T.=���h2 C 0 �T.���×���T.

=��ØÙ-.LÚ�3¾Ç S$ab�T&[\�e£ÛvdeÜP3��T.L

( ) ( ) ( )trtrw
htrwh ,

,
, 21 Φ=

∂
∂+

ν
(4-3-3)

( ) ( )rftrw =, , 
( ) ( )rF
t

trw =
∂

∂ ,
(4-3-4)

pÝ$�3¾Ç�T. !� Greenxò G(r, t; ρρρρ, τ)��ÖH��$O\. Greenxò�T.Þ

Mß G0 ��3¾#$�|-à�3¾#$ G1 �á�ù��.LÖH���-cFâ3¾Ç�c

:�½$>:VW$O\. Greenxò G0��âxò�9:�g(4-3-6)�ÞMß�T.L

( ) ( ) ( ) ( )trtrGC
t
trG

t −−=∇−
∂

∂ τδρδτρτρ
,;,

,;,
0

22
2

0
2

(4-3-6)

n��à�3¾#$ G1��g(4-3-7)���!�DI G = G0+ G1C t = τ$O\.#$g(4-3-8)�

O%þ3¾ S��#$g(4-3-9)���-%Õcß�T.L

( ) ( ) 0,;,
,;,

1
22

2
1

2

=∇−
∂

∂ τρτρ
trGC

t
trG

t
  (4-3-7)

( ) 0,;, =τρtrG , 
( )

0
,;, =

∂
∂

t

trG τρ
  (4-3-8)

( ) ( )
0

,;,
,;, 21 =

∂
∂+

ν
τρτρ trG

htrGh  (4-3-9)

ãØ�AB t (t>τ)�vw r$O\.(r���W���) �vw(r, t)��]��#$���-Green

xò G(r, t; ρρρρ, τ)�cEþ$[' f(r, t)�9:@�g(4-3-10)�ù-=�C��.L

( ) ( ) ( ) τρτρτρ ddftrGtrw ∫∫= ,,;,,   (4-3-10)

�$��MN$O\.45Ë/0123��Y�j���3¾#$�� -.L����$

O:@��SF-Ç�[\�ª&�¢�45Ë�!@�ä.n:�-.=�CÒÓ�T./012

3�]dVW��RS�$/���I�½Ë���-.L=�/��RS��/0123YÇ

DEì�E��å�RS$�j��m� SF-Ç��m 20 mm$�j�ª�pæ-.i��-.L
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�I��	/0123���½Ë�T&�ÚÌcç6�´Õ��$�/0123�"#���

´¯�ÇCÖH��T.=��Jè-.³M5CT.L!D!cCE���	PQ0/0� 

!��SF-Ç��m¯ 20 mm $,!@�12.5 mm ���6U:vw$å�RSC«¬-.=�D

E�n��Ûé�����==��/0123�ùÇ��*��ê-.Lëp�ì5���p

�j����@��:=�CïV��@:.��(íî et al., 2003)�SF-Ç�ë�Ç�!@��

��-.=�$%&�/0123�ì5�a�ÃÄ!@:.ÒÓ5CT.Ln���I�/0

123$O:@��SF-Ç��\$�XY�Z����	C«¬-.C�����$O:@�/

���\�ÖH��T.�P�!�LcïcE�XY�Z�[\��ðË�c¯�=�E�X

Y�Z�[\�VW�ñ~�� -.=���ãä$åæçDE�T.L

/0123�Y$x!@��SF-Ç��m�¢��ò�!�SF-Ç�T��&gh�j�~Ï

A��=�$,-.Á«5�ÃÄ!�LTable XVI $�-�O&��I$ 4.2 km/sec �ab"#

$%&PQ0/0�s���/0123�YÇ$¥E�.XY�Z���VW�[J�X��

�!�A��m 20 mm �>��!�=�C 1/2 ��T¯���� !��É!�Ln��SF-Ç

�[\$«¬-. radial-crack ��*�JÐ�%&[\�Ç�456S7�JÐ.��$��m

C 30 mm �T. !$x!@i�É�´¯�L30 mm ����mde�7'σr C 4-1-4 � �

�%Õ$"t-.���Jde�7'σθ�àC�	�òó6A¯B&�ZCh(¯ 1MPa)��Ð

c£c.vw$�:LSF-Ç��mC 30 mm �!�A��É���y�-.)*+�)'σr �!

@ 3 MPa�{Ð�L

�½Ë$��\CÖH��T./�CT. !�=�/��RS�ô��-.�õö$O:

@�/���m a%&i��:ãØ��m r (r > a)$O\.�AB t���v w(r, t)�ÌÍ(1952)
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==��a�Ct ��j�ª� SF-Ç��m��	�
g�T.LΦΦΦΦ(τ)��/���\$�F.[

'�TEF-3¾#$�T&�g(4-3-12)�ù��.L=���nË6$� SF-Ç9�)*+�

y��ù!@:.L����$O:@�Ûé����=�)*+�g(4-3-13)�ù��.��+

�!@P�!�L=�ù��9:.��)*+�7'C÷�-. !¿�)*+�~ÏA�C

÷�-. !$��+DE�o�C¥E�.����É�´Õ"s+~ÏA�� 3 µsec n��
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==��P1�t1 ��j�ª�)*+�)'�~ÏA���λ�µ��	� Lame’s yò�ù-�-

.Lg(4-3-13)�Èº-.��ãØ��m r (r > a)$O\.�AB t ���v w(r, t)��g�ù�
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����$O:@³Mc�� SF-Ç�ú~gh�j��v�q�$³McA�c���r = a �
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/0123�ÌhcEþ$û+
g$x!@������¸9!�i��¦A�$�¦§µ

ü�Ës!��	�ý&ç!���!�i��9:.L�	/0123�Ìh� 920«44 kg/m3

�T&�û+
g� 2170«150 m/sec �T¯�LPoisson’s �σpt � 0.2 �-.����	�Òý

ÓÜ�g(4-3-21)�9:@ì�.=�CÒÓ�T.L
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����$O:@��SF-Ç�~��/0123L5Á«5�JÐ.��$��I��	/0

123DE�����Ìh�
g�9:@É�!�ÒýÓÜ Et = 4 x 109 �>��!�=� 0.1

�� 10 �$,!@�É�´¯�Ln�������$�pÝ6cþ�@$O\.ÒýÓÜ�Ì

h�px)*Ch�9:��Éi´¯�L�ò��@ Table XVI$�-L

4-3-2-4. SF-Ç�STgh�j�~ÏA�

SF-Ç9�)*+�y�DE�=�$,-./0123�45678$¡Õ SF-Ç�ghC?
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���������gh���@íº$Ô�£c.n���SF-Ç�m�Ùú�=�Ç�ú~g

h��[\$eDÕde�½�!@�{. 4-25 $|-L��+�ù���)*+$%& SF-Ç$

[e��7'C�F.cd$O:@��AB�÷�$¡:�vC÷�!�==$zo¢C�È

��@:.=��|-Ln��SF-Ç�gh�[e���j�����==$y�-.)*+�

Ch$Á«-.L��+�ù-�$g(4-3-13)�9:@:.���)*+�7'C÷�-. !

¿�)*+�~ÏA�C÷�-. !$���+DE�o�C¥E�.LSF-ÇC)*+DE�

���.��SF-Ç�J�$�ÐE��zo¢�q�CÝn&�SF-Ç�gh���de�In

&�RS$eDÕde�c.LSF-Ç�T��&gh�(�à��=�C)*+DEß����

���à�T&�==DE��È���zo¢�q���i$Û�"³! 0$��-.L

{{{{ 4-25. SF-ÇÇÇÇ��������vvvv����gggghhhh����AAAA����6666ÙÙÙÙúúúú

Fig. 4-25. Displacement and velocity of the SF-surface

�MN$O:@��SF-Ç�T��&gh�(�à vmax ��=�C(�à� 1/10 n�"t-.

�$M-.A�τ0.1vmax �£¥3�23��ò�!@9:�LT��&�~ÏA�� SF-Ç�gh

Cj�(�à� 0.1 �$"t-.n��!�GH������������gh�¯ 1 Å��$

1n¯@:.DE�T.({. 4-23)LTable XVI$ñ	�#$$O\. vmax�τ0.1vmax�à�{. 4-26

$|-Lno�>��c.u�#$�T.ÒýÓÜ 4 x 109Pa �/0123$�s����bm

20 mm� SF-Ç$�Ch 12 MPa�~ÏA� 3 µsec�)*+Cy�!� !�T��&gh� 1.5

m/sec �T&�����ì�E��������gh��á6�T.Lpd��T��&~ÏA

�� 0.02 msec �T&��I$?���.������A��¤��cEþ$j��EI�$�

�.���$Ô�:à�T.L
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{{{{ 4-26. SF-ÇÇÇÇ����TTTT��������&&&&gggghhhh����((((����àààà����====����CCCC((((����àààà���� 0.1����$$$$cccc....nnnn��������TTTT��������&&&&~~~~ÏÏÏÏAAAA����: G��	

$,-. 4.2 km/sec ��"#�f!�>��c.u�#$$,-.�É5OLþ�@$,-. 4.2 km/sec

�"#�f!�u�#$$O\.�É5O� B�|-L

Fig. 4-26. Velocity and duration of the rebound of the SF-surface: G and B represent each result calculated to

simulate impact cratering on gypsum and basalt target at an velocity of 4.2 km/sec, respectively.

/0123�ÒýÓÜC 1ÅÔ�£c¯� !���~ÏA�C¯ 3��c.LAi and Ahrens

(2004)��"#$%&PQ0/0C�s���/0123��p� 1cm ��dË$ýY!
´

�
g���!� `$%¯@�
gC"#¶� 1/4 $c.=��|!�LAi and Ahrens (2004)

$O:@�������_`6c
g�T&����$O:@³M���.��/0123�

Ë�ÒýÓÜ�T.����c[
�±²�T.C��MN$O:@i"#�Z$¡:/01

23�ÒýÓÜC�f!���~ÏA�C¿¿�þ�ÒÓ5�����c:L

SF-Ç��mC�º$c¯� !�T��&gh� 1.7 �$c&�j�~ÏA�� 0.5 �$c

.L-cFâ�j�°�#$C¦§cE��%&Ô�cPQ0/0��%&g:��C�:A

������.=�C|���.L=���Ô�c+,Ë�9:���ö÷ 0_21 $O:@��

�������������gh�
òº»$O\.(�àC¿¿��gh�g:de$�¯

@:.=�({. 4-23)��á6�T.C�=���D�.��$��c.�0/��ÈC³M�
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T.L

�	�à$,!@�ÒýÓÜC 18 ��)*�ZChC 13 ��T.þ�@$,-.bm 7 mm

�-×.ý/� 4.2 km/sec ��"#�f!�u�#$�{Ð.��j�T��&gh� 3.8 ��

��~ÏA��¯�º$c¯�L�E$�Gault et al. (1963)�9:E�� 3 mm /$%.þ�@

$,-."#$%&�s���PQ0/0�¼�!��ò��y-.�j���gh� 5.5 ��

���~ÏA�� 1/10 $c¯�L=�=���=���þ�@9�"#PQ0/0�s$O\

.��������ghC�	$O\.i�%&i��£�n����ABi�:=�$�á

6�T.C�=���D�.��$���c.�0/��ÈC³M�T.L

)*+�)'cEþ$~ÏA��Oi$��gh$�*�{Ð.L��Ð��)*+�Ch

C 10 �$c��T��&ghi 10 �$c&�)*+�ChC 1/10 �$c�������gh

i 1/10 ��c.L!�C¯@�Ô��C�	%& 1 Å)*Ch��:��·�L·��s��

@:.�P�-.��=����$%&�É��.T��&�gh� 0.15 m/sec �c&���

��!@�������CÔ�Ë$r È-.=�CÒÓ5�T.Ln��SF-Ç��mC��

£c.�T��&ghCÔ�£c.=�DE�"#PQ0/0�s��fC��£c.��$

Ô�Ë�$r È-.=����.���ô!C÷�!�%&ÛO6$Q�����s-.L

4-3-3. ��������AB$x-.JK

4-3-3-1. ¨ëDE[
!�u�U�cEþ$��u�U�

��������/0123ùÇDE���C�"#DE 5 msec DE 40 msec �n�~Ï-

.GH�!@�U:vwDE���$¡Õi�(4-3-3-1)���·L·��uv-."s+�Õ�

$¡Õi�(4-3-2-2)�SF-Ç�T��&$K½�A�C³M�T.=�(4-3-2-4)�j!@ SF-Ç�

(§�T��&�~�C�	��R�uF.�$³McA�(4-3-3-2)CJÐE�.L

noÝ�$�U:vwDE�gh�����.=�$¡Õ���ú~A��¼�-.L"#

���DE¨ë���$w.n���$�ø'�¢C�£i��P�!@�
´����¨ë

�"#���n�[
!�=�E�u�U��ì��L�gh������DE"#AB�ì

�.=�$¡Õ����gh�¥Èi&�o����´0.3 msec �T&�=�$¡Õu�vw

��Î� 5 m/sec ���� 1.5 mm�1 m/sec����� 0.3 mm �T&�PQ0/0U� 24 mm

���.�íº$Ô�:L[
$%&ðE��à��{. 4-27 $|-�$��$%.bh�
:

�T.C�PQ0/0U�%&iU:VW$i�m=�C|���L=����������

���ABC�U:vwDE�gh������=�$%.���ú~A��¢��<=û\

E�c:=��|!@:.L
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{{{{ 4-27. ������������¨̈̈̈ëëëë%%%%&&&&[[[[



!!!!@@@@ìììì�������� t=0��������������������UUUU����

Fig. 4-27. Initial depth of fragments at t = 0, extrapolated from their trajectories

+,Ë�¶Ç$«¬!�/0123L·C�"#$I! 1 ��6$)Ì�[\���ù $

vw-.i�DE�$����� !$I:@JK-.L=�/0123� 1 ��6)Ì��

�� 4-1-1 �{. 4-3 �|!�i��¦���)Ì��{$O\.+,Ë!yU�DEPQ0/0

U�n��VWC���������!@������P�-.L��AB�z:i����

�ghig£�n��¦A�$����.����®¯���gh��Ii�C�:=�DE({.

4-22)�=�E����u�vw�j���ghüýó$ "�c!@:.�JÐ.=�CÒÓ

�T.L/0123YÇ����´¯@:c:��$O\.XY�Z���VWcEþ$)Ì

�[\�VW�U���=�ECPQ0/0U�$�4-.i��P�!@ì��Ln���

�ghüýó�u�vw�������gh���´Õ=��������Õâ#ghüý$

}-.i��·¸�$�4-.i��!�L=�%Õ$!@ì���#��ghüýó$�=
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�$}-.��$,!@ì��u�U�üý������ghüýñu�U��-.L

gh���´Õ=�C���#���¨ë���ghüýñu�U�n�[
!����A

B��#��$,-.����AB�!�#��ghüýó$=�Þß�ì���C Table XVII

�T.L��ó��EI��T.C�=�)Ì�Jè!�u�U�DE����JÐ@i�#

��ghüý$}-.�����ghüýñu�U�DEú~��Ý-.AB��"#DE 1.5

msec DE 7 msec �T.��É���/0123)Ì��U:vwDE/0123ùÇn��ú

~A��¢������������AB�¤��<=-.=����c:L

/0123�)Ì$DD.A�$x!@�����$$�!�#$$O\.;«��0/C

c£�=���Ñ$ÃÄ-.=��%ÒÓ�T.L4-3-2-2 $|!�±²¿°}��)Ì$O:

@�����"s+��â�C&A��(��i 0.5 µsec �T&�=�à�������n�

�ÞßA����@ 4Å]�iÔ�cà�T.L

Table XVII Modified ejection time of fragments from the buried depth for each velocity bin

Initial depth bin Modified ejection time
mm msec

0_01

ve<0.6 23.7 - 24.1 -17.4 � 30.5

0.6<ve<1.25 20.2 - 23.7 5.2 � 13.9

1.25<ve<2.5 14.3 - 20.2 6.5 � 6.8

2.5<ve<5 11.3 - 14.3 4.0 � 1.9

5<ve<10 9.6 - 11.3 2.6 � 1.6

10<ve<20 9.5 - 9.6 1.6 � 1.2
0_02

ve<0.6 23.8 - 24.1 0.9 � 2.8

0.6<ve<1.25 21.8 - 23.8 5.0 � 6.8

1.25<ve<2.5 14.7 - 21.8 6.9 � 7.0

2.5<ve<5 9.8 - 14.7 4.2 � 4.5

5<ve<10 9.4 - 9.8 1.5 � 1.8

4-3-3-2. �Ë�
g���AB�¤�

�MN�;<!��������������$O:@��SF-Ç�Ýn¯�RS$eDÕ+

C�XY�ZVW�$«¬-.�	��R�����n�u���.³MCT.L����=

�$³McA���56$ÃÄ!�L

Teramoto et al. (2004)��bm 40 µmDE 220 µm�F��ü0Ø�
g�&�R���!�=

�EC 92 m/secDE 171 m/sec�'ÌcpÝ6cF���
g 5 km/sec���(!£�:à�|

-=��n��ËR��
g Cpowder��f�Dm df$Á«-.=��|!�L)��0/({. 4-

28)�g(4-3-2-4)��Ã��-.��yò�àαpowder�βpowder�j�ª��0.3O%þ 33�c.L

powder

fpowderpowder dC αβ= (4-3-24)
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�MN$O:@JK�´¯@:.�	�­��Teramoto et al. (2004)C
g���!��Ë�

��!@�Dm���Ü���
s!@:.L·� 3 �$O:@¶c&�j�nn[
�´Õ

=���Håæ�T.C�T£n�*��!@noDm$x!@JK�´ÕL����ðE�

��	�­�Dm� 1µm DE 10µm �T&�=�� Teramoto et al. (2004)C
g���!�F�

�ü0Ø�Dm$�� 1 Å]�Ô�:VW$T�.Lg(4-3-24)$+:�=��Dm 3µm n�[


-.�j�
g� 46 m/sec �T.L�$���
s-.i��L·�
gC Teramoto et al.

(2004)�9:E��F��(5 km/sec)$,!�����9:��	� 2 km/sec �T&Ô�£c¯

@:.L�Ë�
g${Ð.i��L·�
g��{$x!@�nç,£FD¯@�:c:C�

=�C�4xy$T.�P�-.���	���uv-.
g� 18 m/sec bh�T.=�C·

���.L==� SF-ÇDE+,Ë�!yU�n��µú 25 mm �-�P
g 91 m/sec cEþ

$ 18 m/sec�u�-.�P�-.�j�`MA��O�O� 0.3 mseccEþ$ 1.4 msec�c.L

{{{{ 4-28. Teramoto et al. (2004)$$$$||||������������FFFF��������üüüü0000ØØØØ����DDDDmmmm����----����PPPP



gggg

Fig. 4-28. Diameter of glass beads and bulk sound velocity employing data from Teramoto et al. (2004)

�������C/0123ùÇDE����.n�$DD.A��Õâ� 8 ô�£C�=

�E���Cph)Ì�[\��/0123��DE����T.=�$%&<=û\E�.L

Table XVII $|!�.Îº���AB�Õâ� 0.3 DE 1.4 msec ��SF-Ç$O\.)*+$,

-.45678$¡Õ�e��ghCXY�Z����	����uv-.�$³McA��

x�û\E�.=�C·���.L�$�SF-Ç��78$�K½�A�C³M�T.L4-3-2

�ì����	PQ0/0�s$,-.>��c.u�#$$,!@�É���T��&�~

ÏA�� 0.02 msec �T&�����������~ÏA����.� 3 Å]�Ô�:C�crack

$%./0123�ÒýÓÜ�f¿�SF-Ç��45678C�	����uv-.I$�$A

�}���.ÒÓ5�Jè-.���I�������~ÏA�$�?£ÒÓ5CT.Ln��

SF-Ç�ëp�����!�=�$%.��Y$¡Õ/0123ì5�a�ÃÄ�ÒÓ5�Jè

-.��=âEi�É���������~ÏA����-de$�£L
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4-4. �������

4-4-1. �	
��
�

���������� spall �
�
��������������� �!"#� spall �


�
��� pit$%&'()*+,(-.�/0�1�234���56�789:;-<;-

=>�?5@��,A9-.�B�CD!����EFG&H89A!(3-2-3, I. 3-9 (g), (h), (i))"

J�-�����K4�4L������MNOP� 1.3 Q�RST!��78-spall /0U

 
����VW���!4L������MNOP� 1.6 Q�RS8(I. 3-9(l))-#�/0�

X(�A����EFG&YZ9A!#V&H89A!"

J�-[\]^� 2_��&`a8��
b��c\U �-Rdefb�(40U 300 m/sec)

��
�
�b�D g�h��-ij���,A9�-
��5@�k�CDZ9A!#V

�lj �!(3-4-2-1)"�Vmn-����� 45 ��ij���,o!=>56^�
��h

��-<;56^�.�X(pq��DZ9A!"J�-����� 70 �����,A9�-

60 m/sec r:�b�+
���!�
�K9<;s(�=>56�,A9[\���p�+t

!"� �-�
�
���!h������EFG�uvDp�+�DA"�Vmn=>5

6^�
��w89�-xy��+� 37.5 U 45 ��zP&{|V89A!��78-���

� 45 �����,A9� 30 �&{|V8-���� 70 ��,A9� 30 �U 37.5 �&{|

VT!X}�D!"

#�X}�-������ spall /0�1~-fb�
���
����� �!��D��

��EFG&��T!�j��-234����������������������?V

89����!VT!���(Melosh, 1989)~-��+t!�������������Z9�

�T!���(Anderson et al. 2004)�� F�����¡%+�DA"Dahl and Schultz (1999)�-

¢£�7T!ij��¤¥&�A-���X(�¦��!�§¨�©ª�«D g�.��¬

�234­®�7T!5@�¯V�CDZ9A!#V&H8�"#�¤¥�X(H���ij

���X(�¦����§¨�°�5G�-±²³D g� Onose (1996)�,o!´�7T!µ

b�ij��¤¥�¶�Vv·e+t!"8U8D� -#�¤¥�aA ��������

¢£+t(-J�-���U ¸��@¹+��º¨��¬&\»8�p�+t!#VU -

#�¤¥¶�&.�JJ±²³�¼aT!#V�+½DA"J�-¾¿Dij���X(�¦

��� spall /0��¬�[�U p(Onose 1996, Onose and Fujiwara 2004b)-�Vmn-ÀÁ�

��� 70 �����X(�¦��������+tZ9p-��ÂÃ�XZ9:;56� spall

1�ÄAp�-<;56� spall 1�ÄAp�-spall �
�
��DAp�DÅ�FÆ8-#�

f�$��¬���ÂÃ��AEFG&YÇ#V�HÈ��9A!�j-���É�t�Z9

�ÊË&	TÌÍG�t!"

Î5+-�	
��
��ÏÐV
�b��wÑ~-�
�ÏÐ%Ò�w89�-ij��

�X(Ó ��p�V-xy���X!p�V�Ô��ÕÖD×A�lj �DUZ�"I. 4-

29 �ij���,o!�
��
ÏÐ-b�wÑ&����k�Ø8�"#� �I��-�Ù

�¤¥�X(Ó ���
���&ËÚ9t!"DÛD -ÎÜ�ij���,A9
���
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!�	
���£T!�
�Ù�-45 ����&Ý½-°Þ�ß ��p�àU +t!"I.

4-30 ��-����k�á%o8��	
���£T!�
&H8�"±¤¥�,A9[\T

!#V�+½��
b�D g��
ÏÐ�â)��,A9�-xy���X(Ó ���


�ÏÐVb��wÑV-ij���X!p�V�Ô�ãC�lj �DUZ�"�à8-ij
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Fig. 4-29. Mass-velocity relations of fragments ejected in oblique impact cratering: some datasets from different

experiments shearing the same impact angle are combined, in order to increase number of data points in large mass

region. Hatched area represents those where detestability of fragment shows obvious decrease. (a) impacts at an

angle of 45 degrees (45_01, 45_03, 45_04), (b) an impact at an angle of 60 degrees (60_01), (c) impacts at an angle

of 70 degrees (70_01, 70_02, 70_03)
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Fig. 4-30. Impact angle dependence of mass-velocity relation of fragments
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Fig. 4-31. Impact angle dependence of evacuated volume, which thought to be responsible to late fragments
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Fig. 4-32. Impact angle dependence of the averaged ejection angle of late fragments: averaged data from impact

experiments at angles of 0, 45, and 60 degrees are shown. Data sets for the 0 degree’s impacts and 45 degrees’

impacts are shifted a little.
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Fig. 4-33. Impact angle dependence and ejection velocity of late fragments: red and blue lines represents number

of fragments ejected in each ejection velocity bin at a vertical impact and a 60-degrees’-impact, respectively.
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Table XVIII Impact angle dependence and density ratio

Projectile Target Impact velocity Vc Dp/Dproj.

material density (g/cc) material density (g/cc) km/sec

This study Nylon 1.2 Gypsum 1 4.2 Ek
1.0cos1.37�i 3.4

Gault (1973) Al 2.8 Basalt 3 6.25 Ek
1.13cos2.0�i 3.1

Grey (2002) Al 2.8 ice 1 5.2 Ek
1.2cos1.42�i 9

Onose (1995) ice 0.92 ice 1 0.5 Ek
2.3cos2.6�i 2

IIII 4-34. ��������ÂÂÂÂÃÃÃÃ����XXXX!!!!----��������������������NNNNOOOOääää��������������������EEEEFFFFGGGG&&&&HHHHTTTT]]]]½½½½ÑÑÑÑÙÙÙÙ����////ÉÉÉÉ

Fig. 4-34. Crater depth’s dependence on the impact angle and impact conditions
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Table XIX Total mass of fragments ejected lower than the given ejection velocity in the
reconstructed vertical impact

late early gray
g g g

all 0.59 4.62 0.24
ve<10 m/sec 0.58 3.15 0.23
ve <5 m/sec 0.52 0.99 0.22
ve <2.5 m/sec 0.4 0.47 0.02
ve <1.25 m/sec 0.17 0.44 0.02
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�.

Fig. 4-35. Cumulative mass of fragments ejected at a velocity lower than the given one. Vertical axes represent

the evacuated masses estimated from crater volumes. Parts of the evacuated mass corresponding to compaction are

also indicated. (a) reconstructed data set for one vertical impact employing data from 0_01 and 0_05. (b)

reconstructed dataset for one vertical impact employing data from 0_02, 0_04, and 0_06. (c) 45_01: impact

experiment at an angle of 45 degrees employing the target box with the slit. (d) 60_1: impact experiment at an angle

of 60 degrees. (e) 70_01: impact at an angle of 70 degrees.
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Fig. 4-36. Fragment mass-cumulative number distributions of fragments produced by a vertical impact
reconstructed from empirical runs No. 0_01, 0_05: (a) ve < 1.25 m/sec, (b) ve < 2.5 m/sec, (c) ve < 5 m/sec, (d) ve

< 10 m/sec, (e) all fragments
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Fig. 4-37. Fragment mass-cumulative number distributions of fragments produced by a vertical impact

reconstructed from empirical runs No. 0_02, 0_04, 0_06: (a) ve < 1.25 m/sec, (b) ve < 2.5 m/sec, (c) ve < 5 m/sec,

(d) ve < 10 m/sec, (e) all fragments
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Fig. 4-38. Number of Fragments belongs to each fragment mass bin: (a) ve < 1.25 m/sec, (b) ve < 2.5 m/sec, (c) ve

< 5 m/sec, (d) ve < 10 m/sec, (e) all fragments
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Fig. 4-39. Mass of Fragments belongs to each fragment mass bin: (a) ve < 1.25 m/sec, (b) ve < 2.5 m/sec, (c) ve <

5 m/sec, (d) ve < 10 m/sec, (e) all fragments
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u	�M�IJ�¦§K 1: 0.68: 0.22 �¨©J./ª«#m/IJK��9:E(3-3-1)Fe=[

N\D9:E�w78;<��PQi¬�­L®¯
�-0.23[N-0.55#mB���9:E spall

;<�Z°PQi¬��u/­L®¯-0.58�-0.66 �±�(3-3-1)Fspall ;<� !²���
�

;<�vwxyJ78 !�³�´�Km/IJ�;<� !JPQ�³�´�Km/IJK

µ¶N:/(Melosh, 1984�Melosh, 1989)K�I:
�������	CD9:�i·9:E�w

78;<����J¸¹%M�F

�w78;<�
�}~)()���m/º� pit kl[N���;��¥uE;<K�23

[N 5 msec ]»��()*+,J¼½W�M¾¿��12 m/sec ]À� !#789:/��#

mB�q�¼JÁÂK�� 2 mm ]À#m/(3-4-2-2�4-2-1)F;< !Ã�U��w78;<�

¯�Ä1/J�;< !K 2 m/sec [N 4 m/sec �xy�Å)}�Æ�F�w78;<��­L

®¯
�-0.84 [N-1.66 #mB�I:�45ÇÈ 45_04 #��9:E;<�É�[u	Ä1E­

L®¯-1.27JÊË²#m/F

������	G�9:E�w78;<������Z-ÌÍÎÏ�ÐÑ�ÌÍÎ�ABÒÓ

./IJ
ÔÕ#m/(4-2-3-3)F"E�4-2-3-1 #�Ö­E����w78;<�m/�
I:

�´×./;<�KØD9:/�
�Ù&t&'MÂ�ÚÛÜBÝ!�Æ�()*+,�-.

/23}~)()�b���	�Þ#mB��w78;<��78�ß%	
�}~)()�

àS�Ñ�./�23��ÚÛÜBÝ!�á./()*+,¢P�Ñ�KâãMäå�æE%

	�/IJKÝçèé9:/FqI#�()*+,�ÚÛÜBÝ!�á./êiK�23�A
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Bëì%E£íî�-%ïð²��ñ./IJ�AB�w�K789:EJòG%EÌÍÎ�

óô%EF()*+,���;�9:EklJ�q����õBSö÷¾klJ�iå%�q

�øù#m/ SF-Y�23�AB�b9:E£íîKúû./JòG%EFI�£íî�üý��

÷¾kl�()*+,�ïð²Mþ���AB SF-Y
�¿L� !���I�eLK}~)(

)�8��¿[HrY"#��;�9:E&'�����%�&'��r��m/��[N�

�78./J%EF

4-3-2 ���	
�()*+,�÷¾kl�ïð²�ñ�	
)��¯���/IJ�AB?

@²�Ä1EF������	
�SF-Y���
B !��z� vmax J�I:K�z�� 1/10

"#��./��ã./p³τ0.1vmax ���,�+,��¯J%	��EF��JM/vw��

J%	���	g 4 x 109Pa�()*+,��b9:E��� 20 mm� SF-Y��Ý! 12 MPa�

��p³ 3 µsec �£íîKúû%E���C°./J�SF-Y���
B !
 1.5 m/sec #m

B��45#Ä1N:E�w�;<� !JÊË²#m/F�¾#���
B��p³
 0.02 msec

#mB�4ß�ØD9:/�w��78ps�MNO�q��N�L� ­/J!"�#9�

�#m/F

�w78;<��78psMNO�q���p³�$9
�I:NK23£¤��º�vw

xy[N% !#789:/IJ�MNO� SF-Y#ëì%E�¿L� !K&'�����.

/ !K&�J�HIJJ��'BKèé9:/FTeramoto et al. (2004)
()�#�*�Ã)

+�, DG45�6�����, K-¤M¢��q:J ­	 1.5 .#9çM/IJ�MN

O�AB/[M01#
AB, K&çM/IJ�è%EFII# SF-Y[N����2úº9

"#�3· 25 mm� Teramoto et al. (2004)���	CD9:E�� 404m��*�Ã)+��u

/5Î}, 91 m/sec�MNO�I:�����&'���6%	Ä1E 18 m/sec #��¿L

�eLK�79:/JòG./J�q�8ãp³
���� 0.3 msecMNO� 1.4 msecJM/F

0123�X9
�}~)():�+��«]�����w78;<��78;!K<Ï¾

²#m/IJMÂ�=N:/F�¾#��w78;<�� !-PQ�®�
�23;!�X9

���./IJ
8>M[ÛEF�w78;<��-./23;!�X9
�23;!�?$

JJ��78;!KttÀ@AB�M/IJ�78psK�1�MB��w78;<�J�i

AKÔÕ�M/IJ�78 !Ktt&çM/IJKµ¶N:/F

������	DG9:E;<[N�B�N:E !]À#789:E�����	�Z°

PQ�;<�Z°PQi¬MNO�nÃ�U�;<¯��CPQ�Ä1EF�w78;<�K

&ç	/[Mkl�C�%	�/��-%��w78;<��
;<� !JPQ�³�´�

Km/E1�EJ�� 2.5 m/sec ]À�§ ²% !#789:/;<
�/[��w�J�w

78;<��HdzLç	&���[Nób9:/IJ�MB�;<:�+��!DK=N:

/F




