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From the volcano-energetics point of view, it is very important to evaluate the velocity,
direction and distribution of ejected volcanic blocks. However, in most cases, it is hard to
measure directly such quantities during the eruption. Therefore, the volcanic blocks landed
on and around the crater have been investigated to reproduce dynamic aspects of eruption
after the eruption. In the present paper, ballistic curves of the volcanic blocks are numerically
analyzed for various combination of parameters, such as direction of the explosion principal
axis of ejection, velocity and direction of the wind, air resistance to the block and dependence
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of direction of the initial velocity of ejection. The calculations are made on the basis of a gen-
eralized ballistic equation of ejected blocks, in which the wind velocity and the air resistance
to the block are treated as vector quantities. Calculated results lead to the following charac-
teristic conclusions: (1) The winds above 20 m/s along the direction of ejection plays the major
role in the ballistic curves, while the lower wind velocity is less effective. (2) Spatial distribu-
tion of the landed blocks is mainly affected by the direction of the explosion principal axis.
The distribution of the volcanic blocks which was spread to the specific direction is described
by inclination of the explosion principal axis. (3) The spatial distribution of the small size
blocks depends remarkably on the air resistance.

I. IU®IC

—HOARFEIZBNT, #KRS (20072) 1F, FITRROKHKILELORESETHHNSNT
E/ B AR OMER, RO ZEIEININNRY MIVETH D EZEL KL THEWN
ZERBRLT, iz 0l Ez2MkL, NOBEOMREEZEEL - O D 5 ETHELE
RELUZ. HDNTEARS (2007h) 132 OEEH HEAZAY, EREHTOEVIIRDEHOE
A EADORNE, KOEEOENICK S KEAEEOBEHRICS A 52058, BREHOESICX
HEBEHBROBEWLED I 2L —2 3 VU E{TO .

ARIZHBNTIE, 8RS (2007a) AMER LU EEBICHT 2EE) AR AW T, HUEdhRR
g 2 REDONRORE S 2 2 L —2 3 > 217D, Ei KA O M OFAR S 2 4
57017, BEEVETYOOH ETOEMOEMMAEIIDONTERT 5,

INFETRILAEBOMM A T = X LCEIR 2 - 20985 51, FHERO S M), Bk
59 AR 2 OE U2 E T )V TSR WS A H 2 Z LITHLA R DN TV,
T OB EEIC ETHAA T RN oz, AT, HO5 (1983) 2R L 72 KILFEOR)E
EHHAEOBIRKE b L e TRHGEEAMMKGEET V) 2HWT, EHEE ST
THHEDEMWAMITDONTELRT S,

I 512, Minakami (1942) WEH LA OZ T 525 bia AfES % L CEERE/NAH
DT DONTiwd B &4k ,mﬁﬁ%®%ﬁ%¢@k?ﬁﬁﬁﬁ&%ﬁ:xb:@61&%@
TE U TR E AR 2 B0 A ATE THHEREE ALK TF - BRIKGEET V) Kk 22l —
TaluEiRAD.

I. MEXLUERICXETZEOHRE

JEGE X2 BV U OB 2 RATYEDS, HED 2 FOZELGESIO F TRITEENRY MLV
THE#BZTLHE, A5 (20072) IZBWTmUzL ST, KRR EDHHEERYZ MUIW =
V-UThd IZOHBHEOELXKOESNNRT MV FIZE Z2EbiELT 2L,

F=—kKWW/W)=—KW-W. (1)
L7zii>T, Zo5Eo#EEhAERIE,
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m% =mg—k'W-W. (2)

INZzx y z TEHITBLE,

d*z , dx B

(T M7< dt Lg) =0
dzy ’ diyi _

Mgtk ”7< dt l@> =0, 3)
d’ , d

md i +k W<d7i>+mg =

7L,
W = /(dx/dt— U)*+ (dy/dt— U)*+ (dz/dt)” . @

A, Matuzawa (1934) DEFL 72, 1224 &2 AT 2 PRI E) < HEPUI RS G I K
KB TH> TR MVETH D), 2EBLEGEOREEE U ICBIT2#EEHEXTHS.

ZOMEF AR E TN DIEPUEIZ K" = mk TH VD, Matuzawa (1933) THEHINTNE K
[UEBE DS ERLEZRICANZSG, RS (2007) IZBWTHUALK DI, kEITAOK
OEEE H KOEMN OEIZz £T5&,

o = Ka0oVIOTZF 0 By 4, (5)
od T,
==L,
_ 0T,
A — FV -0
boB 7

K, @ KA DIIZ X 2 ZBREP IR, oo - Htz = 0 IZBT D RKAEE,
d:KILEBROERE, o KIUEROEE, F:KIUEROMRELL,
T, tHtz =01ZBTF5RQEE, B @ KRKOEELRE,
by tH+z=01BTHRKE, g @ BHIMEE
L= T, E#E U= Ui+ U,j 2B TRIS N ABROBEMRIE, T 0= i
Xz, z OB EL TO Lk Z2ZBIANTERMERSTIUIRD 2 2 &0 HKS.

dv
x + . —
a kW(v,—U,) =0,

Lo kWo,~U) =0, ®)

dv
£ | +g =
a1 kWv,+g=0.

=7z,

W = (v,— U)*+ (v,— UD* 40,
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1. RDMRZER LICEESAREROERNHIERE
BRI W BRI TIE,
t=41TBNT, HOMED (r, vy, z) T, HEN v, v, v,) TH2ETDE, KR
& DR,
W, = (v, — U,)*+ (v,,— U,)*+0,;". (7
dt K] DA LI,
dv,; = —k;W(v,;— U,) Xdt,
dv,; = —k,W(v,,— U, xdt, €)
dv,; = — (g;+k;Wu,;) Xdt.
fLiE DAL,
dz, = (v, +dv,,/2) Xdt
dy; = (v,;+dv,,/2) Xdt, 9
dz; = (v, +dv,;/2) Xdt.
Lo T, t = t+dt 2B B EHOEED,

Uzj+1 = Uzj+dvzj’

Vi = v, Hdu,;, (10
Vi = U do; .
HROLEL,
T, = z;+dx;,
Yo = y;tdy;, (11
Zj = 2;+dz;.
Lo T, t=t+dt iTBITHEHE kO EDKEHERE,
n=v Py (12)
Lhad. ZOREIRBVT, g, k, BEY (U, U,) HOKEE, HH/EET 5EEOMK
LELTHAS.

2. AL - BETFTAHANKKT 3550 0EEHRENDERENR

i H = 0m OKONSHE V, = 250m/s, Iiff0= 40" THEHEd = 0.8m, HEp = 2.5
glem® DEBLZ, HHROIRIC K BIPUR K, = 1.0 EBWTHE L7258 o 2 Fig. 1
(@) 1TRU7z. FERITEGE Om/s DHE ORGEMKR T, KA MR T H O % + O EiE &
LCTRIEL, BEHROEEZE - ORMBE L TEBLZ. A 40m/s D5, BT
LZROBEIIBBLZL30%TH D Z EHND. KOEED 3000m DFE % Fig. 1 (b) 1R
U7z, ZOBEORREEHTH T 2 E# 40m/s DR RIZBB LT E£25% Th 5. FEIERHC
FTHEEDNEEEED TRLEDAN Fig. 2 THS. KOEEN 0m DEBEE 3000m DA
DWTC, B 0.8m, 0.4m, 0.2m OFEMOFEREEEE BT HTANOEEE DI ERL TS,
)33 PE VS G O B 0 & HITIRIF ERICR E <20, AN A O JEGE O ) B3 EE 10m/s
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S U=+40n/ w0 — T U=+dm/s
‘ ' S 0w E ‘ ‘ N s
— — U=+10n/s ! =+10m/s
=0, Om/ = U=0, Om/s
— — U=-10m/s = — U=10m/s
~ = U=-20m/s R
- U=-40m/s 2800 - =4/
. 3600 | 4
G €
~ ~ )
— 3400 - : —
(R Y \_
[T
: : Vb .
4 3200 - [E TS U VA -
LR S SRR
\ [EREANRTN]
) RN
Vo AN
Wt 3000 I i i i i T W
[ 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
(@ X (m) (b) X {m)

Fig. 1.(a). Ballistic curves of volcanic block for
various wind velocities (U). Altitude of the
crater (H) is assumed to be 0[m]. Coefficient
of the air resistance K, = 1.0, diameter of the
block d = 0.8[m], projection angle 0 = 40° and
initial velocity of the block V, =250[m/s] are
also assumed.

Fig. 1.(b). The same as in Fig.1(a), but for 7 =3
[km].

4000 T T T i T

3500 |- . . ./.,//’_,,//‘*5"',‘./.. i

3000 -~

2500

2000 |-

1800 |ooreroorm E - ,, i

Landing distance (m)

1000 [oovoont A R

Fig.2. Landing distance along the downwind direc-
tion as a function of the wind velocity for vari-
ous diameters of blocks (d) and altitudes of the
crater (/). K,=1.0,d=0.8[m], 0 =40° and V, =
250 [m/s] are assumed.

20 40

Wind velocity (m/s)

W72 0 140m~170m FEE A OBERESE 2T U, SO sz | T A HAIGT %
ZEERLTNS,

3. EROBEMRICTT IBADEE

B OB ENCH U TEMEO B HERIC G A 58 EEZ 32— L2H DN Fig. 3
(@) THB. HEBOEITEROEERBEICIREREE AN NS, ZOERNET
LBEDRK SN ZH 2 72D, FuEliiR 2 KR x—y @) ITEELEdD% Fig. 3 (b) 1R
U7z, EGEAS 40m/s OB EIXERE 0.8m OEBTH, HOMKS A D Ham 5 @ L
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K30 TN AN SRET B ENHLNER S, S SICHEBE RO E DD D0
12, G 20m/s QFE R AWM E 60° Bix D A S N A OB E AR &, EE 10m/s O &

Z (m)

1000 - Southward side wind 40m/s
————— Southward side wind 20m/s
-~ - Southward side wind 10m/s
— /s

800 - : -

600 - B

400 -~ . i 4

200 | (SRR TR . e . 4

0 ! L L L L
0 500 1000 1500 2000 2500 3000
(a) X (m) :East

Fig. 3.(a). Ballistic curves of volcanic blocks for

Z (m)

various southward side wind velocities.
Horizontal axis shows distance along the
eastward ejection direction. K, = 1.0, d = 0.8
[m], 6 =40° and V, =250[m/s] are assumed.
Note that almost the same ballistic curves
are calculated.

- Oblique wind;60° , 20m/s

1000
! - Leeward wind 10n/s

{ i L.

I
0 500 1000 1500 2000 2500 3000

(a) X (m)

Fig. 4.(a). Comparison of two ballistic curves

which depend on the wind direction. Hori-
zontal axis shows distance along the ejection
direction. The wind comes at an angle of 60°
with respect to the ejection direction (wind
velocity is 20[m/s]), and a block is ejected
along the wind direction (wind velocity is 10
[m/s]). K,=1.0, d=0.8[ml], 0 =40° and V, =
250 [m/s] are assumed.

Y (m) : North

2500 T T T T
"""""" Southward side wind 40m/s
----- Southward side wind 20m/s
2000 -—-~ Southward side wind 10m/s |
—  On/s
1500 - ; - - g
1000 - . s -
500 - H B
0 4
i
|
~500 1 L Il Il L i)
0 500 1000 1500 2000 2500 3000
® X (m) : East

Fig. 3.(b). Horizontal projection of the ballistic

Y (m : Vertical direction

curves. Parameters used are the same as in
Fig.3(a).

2500 T
--------- Oblique wind;60° ,20m/s :
Leeward wind 10m/s

2000 |- [ T . - .
1500 - : R
1000 - - : B -
500 - B
0 =}

—500 i i i ;

0 500 1000 1500 2000 2500 3000
) X (w) : Ejection direction

Fig. 4.(b). Horizontal projection of the ballistic

curves. Parameters used are the same as
Fig.4(a).
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THBINKHEEN /- GO HEHEZ IR L/=0M Fig. 4 () TH5. ZO_DOMEMEIL
FhEFERS>TWD, 2D ET, AHOREERBNCG Z RO, HaE O A 5 ks
DRESIHEET D ZEEZRLTWVWDS, ZOROHFEHBED x—y HICHEF L /ZK% Fig. 4 (b)
IRLUTE.

O T—HBREEFIV] ICK B8

KAMNSHIE N2 KIS HRIRED, SO AP AERORESICL 5T, —
FRIHIEEZ > TS N2 EEASa%E T—KtET )V EANT2 281095, |
DRVIERHR 25513, 205G OERMMEIZ AN L TEERLHERD, BORRZE
HIET D AR MR TANBET DI EnEA 5N L.

1. T—BHREET V] L& 2 ERSICKTT 2 EEZHE

MR ET IV I2BWT, HmEH=0m OXKONSHHE V, = 250m/s, {If4 0 = 40° T
Effd=0.8m, BEp = 2.5gem’ DEHE, ERIKFIHREK, = 1.0 EBWTHIHLAZSHEO
EBU A (B Om fi E) % Fig. 5 1R U7, KICIZEGE Om/s, 20m/s, 60m/s D =D D
BOEMA i ZER L, ZHUCX o THL M &R 22 &1, EGE 20m/s DL FOBEL, &
BAMAROBITHEDONRITID £V WHEIIIHNZNI ETH S, [HERHET IV TEES
MO HGE O R ICHN D DIF, JAH 60m/s FEE DD THREADEHETH S, £
FEBICE 2 DO, HRO A2 T TR FABE S E 5 2 LMD 5Nz

1 .
L D North wind 60m/s ! v T

-~ ind 2om/s§ e ¥0=228m/s, U=40m/s
5 North wind 20m/s =
~ Vo=284m/s, U=0m/s
- 0.8 -
5
2
5
§ E
o~ ~ 0.6
g 3
S =
= .
= 5

g oot

g

S

s

0.2k
0 H L L L L
0 500 1000 1500 2000 2500 3000
180 Maximum landing distance (m)

Fig. 5. Distribution of volcanic blocks for various Fig. 6. Diameter of the minimum size blocks as
wind velocities. Isotropic ejections are as- a function of landing distance is shown for
sumed. K, =1.0, d =0.8[m], 0 =40° and V, = various initial velocities V, and wind veloci-
250 [m/s] are also assumed. ties U ('Isotropic initial velocity model' : ini-

tial velocity of ejection does not depend on
the angle from the explosion principal axis).
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2. T—HHREEFIV] ICLB3R/NERSFHICKT 2 EEHE

BREEEEDS 3km TH 2G5 Of/NEBL (ZOHISICE L 2 A O TR H /NS WESD
DM 5 2 2 B EZ2 R LB DN Fig. 6 TH 5. A AIHEE skm TEEIS NS H
HWOBERED 0.8m THDHE, T OEBITHT 2 EER FI3/NEBLOE R & A5 HEHEE o B %
(R/NESLEIE) 1ICHN S, BIB Fig. 6 T, skm TEBIZN S EHOEEN 0.8m Th DHHE,
HE T HIUTER 0.2m OFEHIT 1.2km FHEICEHT 505, 20m/s DIBWEATIE 1.4km 31T
40m/s DBEWATHIUL 1.6km FHIICHEMT HI3T TH S, Lizn->T, R/INEROS Mz
EI UL, Fig. 6 ORI SEDEFEOHER 2 ATRE L 72 5.

3. T—HHBEEFIV] IO ZEROBHBE

ZESENEOOSER, B EF K T ORKREERD 2km 7251, HRAREM
HTOARMOEMME (=KW 13 45° T, ZAUTHET SR HE 140m/s TH B, &
DEE, FRMHETH S 1km HIFITEMT SMKRICONWTEZ D &, GHLOHIIHEES 140m/s
OB\EIIAED 75° L 15° DFADHTH 5. —JF, 1km ZRABER ET UKD fH
X 45° T, ZTOMEEEIZR 99m/s TH D, INZ2EETDE, RRIEGEHEED SO
1Tkm HifIZHEHT 290K1F, 1km S 2km HSL ORI B 2 I WIEE, 97205 99m/s
NG 140m/s O#EIFICH D, Fig. 7T13TOEMMEDN 15° 05 75° OHFANICH S I EERL T
W3, ZOXIITHMORRENER S X O AR OHSICE /T 5 DI, 2 OHlS & R RIS
DORNICET 5 Z ENHR D MY HEEF > Bl E =5 T &I/ b, Fig. 813, mATEE
HECHEML L 2SS COBEMAEOHFEZRL TS, ZXESIENGEETZHETS, K
His 5 OREEE & 35 A B OBIRIZIEAMNIZ, Fig. 8 IRLEHO EFABKAMIRICH 5.
ZIT, BREHNEOTRWEED [—HEET IV DL 2 EROEMAELIIDONTE

2000 T 90 T T T

75 -
1500 |- : : -
60 -

E 000 o 45 |

z (m)

Landing angle (degree)

30

500 |- LS B . : -

i, i 0 I H i :
1000 1500 2000 [ 0.2 0.4 0.6 0.8 1

x {m) Distance from the crater (Lmax = 1.0)

Fig. 7. The ballisticcurves of zero air resistance Fig. 8. Landing angle in zero air resistance stan-
in maximum landing distance 2[km]. (V, = dardized by maximum landing distance.
140 [m/s])
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90 T

80

Landing angle (degree)

Fig.9. Landing angle as a function of landing dis-
tance for various diameters of volcanic blocks.
Solid curves are calculated on the basis of the
air resistance equation by the present study

Pyl E—— L i (V,=234.8[m/s]; K, =1.5), while dashed curves

0 500 1000 1500 2000 are calculated based on the Matuzawa's air re-

Landing distance (m) sistance equation (V, = 150.7 [m/s]).

A5, KA OZESIEPIZ DWW TIL, Katsui et al. (1978) IZBWNWTHHE I N TNDHZER
HEHUE £ =6X10 'm ' 2%, EHAEEELZMMEICERL TWRRFERd = 0.7m~
0.8m IZH BT HEEXDE, K MEIZIFIE 1.5 THd. ZOK, EZEHEICTDE, SRS
(2007b) DZELILPIIT BT B2 LILPUEIE, Matuzawa (1933) p331 XDOEDK 6 &7z
%. Fig. 91, T—HBIHET IV 2HNWT, “&KUEViEE K, = 1.5 ELEHEDOERORK
HHARE L, Matuzawa (1933) OGN NIC LB OB RKEMAEZ LKL ZKTH 5.
TP S (2007b) OZETHEITXITKDMIFRT, A Matuzawa (1933) DZEKURSIRIC
XM TH 2. 04m HBE 0.2m HHORAEMAE OB HFEKIIRL TH S, ZORE
DOEIIT, FHER 0.8m OEBATRK 2km O#FHICHMA L TWDIEE, #HAKS (2007h) @
BRI LD EFD M #EEIL 234.8m/s, Matuzawa (1933) O ZEZEPI LIk s &
150.7m/s &P ESND. /A0 A A TR E A ERNE HRZ72 5, #AKS (2007b)
& Matuzawa (1933) OEEHNZYUTH S, Fig. 9 #HVWTHRIETESZ &Ik 5b. T
DB, 1.5km HIFTIE, AR5 (2007b) DOZEZIFTNITEIIUT 0.8m A DR KRAEM AT 77
°T, 0.4m LAFOEBIE Z OMSICEGEL TWiRly, —7, Matuzawa (1933) DOZe&kHiic
KAUE, 1.5km HETIE, 0.8m HHOEAEMAEIT 67° T, mAEMMAE 65°D 0.4m Al
HRAINZIITTH 3.

V. THEERESAEKFEET IV N2 3ERSHBORNERE L VEHAEE

Ho5 (1983) OEBAHAE EAEOBIRKZIERL T, AEKENTIA—F2Z M LiE<
&, BT S E AL M OM D AEN ¢ DA, EBLOMHEE V13,

TREINS. L, BREIMOAKTEN S OMAEDN ¢, BFEIEMO L& T DEROBIH AL
DOIALZEN Q UKV B2 AE) T, AROMMIAN 0 O5E, BRETEEMO T &kt
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HEDEDAE ¢ 13, ROXTHASNS :

cos ¢ = cos ¢ cos Q2 cos O+ sin ¢ sin 6. (14)
T, BEIEMOESEZMENSDME O TET &,
6 =90"—¢ (15)

TH5. LN, KX THWSREBXOHEOHHIL Table 1 I EHTHT. £/ 5D
[ (¢, ¢, 2, 0, ©) OR%% Fig. 10 IZR7.

13)KiF, TTIEAS (2007b) IZHBWT MHHEAKGFET V) ELTERLAELES
SIZRILL7ZHDT, KIUERODHBIGIROMNTN S, K0 HAEKEEORNE A XA =X
LRHOMREMD S S NN H AN NEEZEZ TRIET 25D TH S, HO5 (1983) ORE
KIUNZ BT B BHEFEFIE M = 1.5 OB EITHIET 5.

TEFEFETN S DAL ¢ 1T/ > THHGEE FHRE) 25D 28k F A EKE/NT A—5 M
WX TEDRRERL SN E Fig. 11 1T/R U7, MEKGFEINT A—F M OENWH E DRz KL
ARHA N ZZ LRI T 2N DNTIE, 22Tk Ui,

Table 1. Explanation of symbols

J&% 4 - The explosion principal axis ; AL DO YIHEE D RAK & 725 FH
J&FE F Ml D /5A) © Direction of the explosion principal axis
IBRFETEOMEE GREN S OAFE) © 6 ;5 Inclination angle of the explosion principal axis
IR TEOMEE OKFEEN S OAE) @ ¢ Standing-up angle of the explosion principal axis
¢ =90°—06
JEFE T D 5L - Azimuth of the explosion principal axis
Azimuth is measured clockwise from the north on the horizontal plane.
AW O LA ¢ Direction of an ejected block
AWLOEHIIA 6 ; Projection angle of block
AWLOEHIGAL ¢ Azimuth of an ejected block
JRIE RO J M LA O R E DDA : ¢
; Angle between the explosion principal axis and the direction of ejected block
TRIE R DI LA T DDA 5 Q
; Azimuth difference of the explosion principal axis and the direction of ejected block
fEKLFINT A—4 : M ; Angle dependence parameter
V, = Vymaxcos™ ¢ 13X TEHEN 5.
EEMKF/INT A—% N ; Diameter dependence parameter
FIRER/NT A—% @ d, ; Intermediate diameter parameter
V, = Vygun 11— (1/2)(d/d, )" (16) X TEFE SN,
TS S D W) FE 2 g FEAR TRV & K TFIE D W5 & R D5 & ORI,
V, = Vg (1 (1/2) (d/d,)"} cos™ ¢.
[—#kH £ )V ) - 'isotropic initial velocity model'
Ui B ALk (7€) ) © 'anisotropic initial velocity model'
(W E ERKFET )V © 'diameter dependent initial velocity model'
Ui FE T Ak T - EARIKTFET V)
! 'anisotropic initial velocity + diameter dependent initial velocity model'
s RS DR EE A3 AR CTERIK VRO R G 2 R DG Z-E L,
THGERE AR EET V) & WIREERKEET IV MAaLEETIVTHS.
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Vomax
Direcfion of the explosion principal axis

Vo

Azimuth of the explosion principal axis: example;N45© E

X
Avimuth of ejected block: example:N90© E

Fig.

1.

IERIREE T, BIEXEAEE (0 =0°) OHA, BRAEEEOBEEARTIZ 0 = 20° D55,

Distance from the crater (m)

Fig.

10. Coordinate system used in the present
study. O : the inclination angle of the explosion
principal axis. 6 : the projection angle of block.
Q : the azimuth difference of the explosion

principal axis and the direction of the ejected

block. ¢ : the angle between the explosion prin-
cipal axis and the direction of ejected block. ¢
(=90°— O): the standing up angle of the ex-
plosion principal axis.

11

0.8 - i
.
S
0.6 - - e
8 S
= S
< S
[
£ Ty
0.4 b ’
/
/A
i
0.2 - e
R / /
.
v
o
0 ERE' L L
-90 -60 ~-30 0
¢ (Angle from the explosion principal axis)
Fig. 11. Anisotropic initial velocity model: initial

THEEESRIKEET IV N2 BEHA 7
BREHNICEE LS (0=0"), POEEOHFIZONT, AEKENT A—F M OEN
TEUMIENA EOTNWERL D% Fig. 12 ITRLE. RIZ, AEKENS A= M = 1.5,

180

12. Distribution of volcanic blocks for two
angle dependence parameters (M), assum-
ing the maximum initial velocity V, ... = 370
[m/s], ® = 0° (the explosion principal axis is
vertical) and the windless condition.

Distance from the crater (m)

Fig.

velocity of ejection depends on the angle
from the explosion principal axis of the ejec-
tion. Angle dependence parameter M is
shown in eq. (13). In the model, initial veloc-
ity of the blocks (V) does not depend on the
size of volcanic blocks (d), but depends on
the ejected angles (6).

1%

0

4000 230 Exploﬁion p:incipa! ax?s is vertical:®=0"
ffff South; ®=20" (Inclination angle)

3500 [ --------- South; ©=40" (Inclination angle)

3000 |-

2500 -
2000 L
1500 -
1000 |

240

180

13. The same as in Fig.12, but for various in-
clination angles of the explosion principal
axis (@). K, =1.0, M=1.5, d=0.8[m] and
V, max =370[m/s] are assumed under the
windless condition.
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0 [
Explosion principal axis is vertical.©=0"

1000 330

4000 ~ 330 Crater terrain; no-obstacle
| Crater_terrain: obstacte wall
3500 F north 70 degree and south 40 degree

m)

(

South; @=40° (Inclination angle)

E vvvvvvvv South; ©=20° (inctination angle)

Distance from the crater (m)

Distance from the crater

180 180

Fig. 14. The same as in Fig.12, but for various Fig. 15. Effect of the crater terrain on distribu-
inclination angles of the explosion principal tion of volcanic blocks ejected isotropically
axis (0). K, =1.0, M=5.0, d=0.8[m] and under the windless condition. K, =1.0, d =
V owax =370[m/s] are assumed under the 0.8[m] and V, =250 [m/s] are assumed.

windless condition.

FHEMOEE A T 0 = 40° D[EOE M Z Fig. 13 ITRLz. E5IT, MEKEF/INT
A—% M =50 ODBFFITONTOAMSMiEZ Fig. 14 IORL7Z. AEKENTA—F M =
5.0, BFREEMOMEE AT ST 0 = 40° DEBL IR LD E AN - BRFEH & 75 o
TWa., ZOZEMNS, FEHMTEMMIOERIMBEEDRIANTZ XL ELTIE, HIK
HHLEE QA ERGTENREL, TO HMEREHMOEENRENWI ENELZLNS.

—J, HAHBICOWTIE, KILEEOHIBIC X M RICE > T, oSk E 2505
MELHMENTNS., HERENT A—F M = 1.5, WEIRET, BREEIEDE, KITE
OHEDILM 70 FEORE, | 40 EOREZE L 2I5E O el A Fig. 16 IR L7z, K
CHEEE I D 40 O EE TIZEI BIZH N NS, 70 OB TR I EIR RIZHN 5.
ZOBE OB ABILERG BB N D EE AN DRNS kED) BER5.

2. THHEERLIKEETIV] DL 3RINERS T

B 0.8m OFEA 3km DK EHEL TWd 5 MEORKIZOWTI 22— 3
RO K, =1.0, M =15, EEIREBICBWTIE, BRETMEEICS T 2R AMHHEET
Ve = 434m/s TH O, BEIEEHOMEE 1N 0 = 20° TIE V.« = 330m/s, O = 40° Tl
Vmax = 289m/s EROEND. ZOFRMEITBIT 2 ABET 1 XORKBIEERHZ Fig. 16 12K
U7z, 1BREFMEE OBEVWESR/NEHOSMICIZEAEFEEZ G ARV ENHB L. RIT,
HEJR, - R F I EE RN TORLIRY IR Z K, = 1.5, 1.0, 0.7 EZ(LI B85 D EEEY
A X DEKBIEE#EZ Fig. 17 IR U, BRURPIREE /NS <BET 2 &, KESOMIEN
[ CHE TH/NGO MBI 2 Z ENH SN LR 7.
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3. MMEEREAMEKEET V] BMEDEROEMAE

KILEMOESES (3) —HHKILIESRISHT 2 B0 R EEMOIEEIZDONTOETIIVEHE -~ 13

1 T T T

Explosion pricipal axis is vertical:©=0° ,Vonax=434m/s
----- Inclination angle; ©=20°" , Vomax=330m/s
--------- Inclinasion angle; ©=40° , Vomax=289m/s
0.8 -
0.6 L .
I
0.4 -
0.2 ~
0 i I i i i
0 500 1000 1500 2000 2500 3000
Maximum Janding distance (m)
. 16. Diameter of the blocks as a function of

the maximum landing distance for various
inclination angles of the explosion principal
axis () and the maximum initial velocities
(V) ax). K, =1.0, M=1.5 and H=0[m] are
assumed under the windless condition.

Diameter of block (m)

Fig.

1 T
Kd¢=1. 5, Vonax=653m/s
----- Ka=1. 0, Vorax=434m/s
--------- Kd=0. 7, Vonax=348m/s
0.8
0.6 -
0.4 -
0.2 -
0 1 1 L L I
0 500 1000 1500 2000 2500 3000

Maximum landing distance (m)

17. Diameter of the minimum size blocks as
a function of landing distance for various co-
efficients of the air resistance (K,), the maxi-
mum initial velocities (V, ...). Vertical explo-
sion principal axis (=0, M =1.5and H=0
[m] are assumed under the windless condi-
tion.

FARIZ, B 0.8m OEHEAY 3km D ARSI ERE L TnD 5 FEOIRIICHBIT 258D
EHfEE I 2L —2a> L7z Fig 16 IZHIET 5 DM Fig. 18 TH VD, Fig. 17 ITHIET 3

90 T T T
85 -
80 |-
ol
5
s
s 10k
§
2 L
- Y
2 .
i |
60 - .
55 1 .
50 K L 1
0 500 1000 1500 2000 2500 3000
Landing distance (m)
Fig. 18. Landing angle as a function of landing

distance is shown for various inclination an-
gles of the explosion principal axis (©) and
diameters of blocks (d). K,=1.0, M =1.5 and
H=0[m] are assumed under the windless
condition.

Landing angle (degree)

Fig.

%0
85 [ooirnn
80 -
T5 i
70 ), Lo |
. 2m
P
& - 8n 7
. 2m
&
60 . &m ]
., 2m
L]- . 6m A
55 - B
‘ |
50 ] i I i i j
0 500 1000 1500 2000 2500 3000

Landing distance (m)

19. Landing angle as a function of landing
distance is shown for various air resistances
(K,) and diameters of blocks (d@). © =0°, M =
1.5 and H=0[m] are assumed under the
windless condition.
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D7 Fig. 19 ThH 3. BRIMWMOESIZIEMOEMAEICRSLFEL2H5X2 52 L), Fig. 18
MEEAEND. —F, ELEPIREOENIEHROEMAEICIITERESBEEBISGSA LN
L8 Fig. 19 M5 HiH EN 5.

V. WELCHBI NS KLERORNERE - RRERE

Minakami (1942) 13, IS S N2 KIEEROR/NERIZER Uz, ZHUIHEHTITHN
SN ZELIRPIUE, BRUENZANWTHE SN REREOZ LY E2HRT 20D TH D, —
F, BHKILEE DT A ZomNaBEICL 5251, 2E0HL ThHEHRT A XOEED
AUWPNERS NS REES T TIERY., NS 0EHOESETEE 22 &, BE N0
HENLDBENZIEREOBTICHICERERARR TSI EBEZI5NS. L, ZNMELT
LKL D ETIEIEFRICH > I b725 5. AT, BHESROYIERESE A =X L
ELT, NSRBI AED TR ERHEZ GRS, BN KRE 78D L OEEIRE
R ZEbEAEND. ZOBEE, SAEIHHRY 1 0GR TRk SN Z &I
I$BEAD. ZORRICEADE, KIEHOBMANTZ A LEE A 57201201, T 558D
R/NERDBES TRRBEROEHN S KU)RERE L85 D TIIRNES D).

1. RKUBEERD [MEEERKEFET IV

AL D W) HEAG A 7 = X LA HRREET, SO W HE N ERIKE T SR E &
DEIBBRIRET 2 EnD T LR, NRVEHBEIETHD, £IT, gHIIKRE<RD
D TNES TR A E R TR EBHRHHEZEE L D6 B2 EEA, BNERVERT D1
BV, gmin & (1/2)V, g 1IN T B HHIORE S OERERE d, CAT THHER/NT A5
EMYB) ZREL, YIal—ialfo WEEEREKEFETIV] ELT, KROYEEERE
KERERET .

0.8 L. \\;-;_:. \‘\ B N

0.6

Initial velocity : (Vo/Vodnin)

0.2 - B . e - 4

0 i i : Lo
0 0.5 1 1.5 2

Fig. 20. Diameter dependent initial velocity model
Diameter of block : (d/dn) in eq.16.
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V, = Voamn{1—(1/2)(d/d,)"}, (16)
C OVEEEEIKER TEIS NS GHOBER L YHEEORRZ Fig. 20 ITRT. 554,
TNENOMHRAT 02 2 HIEHEE A ) = X LIS DI A TH 5.

2. THHREAMKE - BEEEREETIV] LL3RNER - RRKEROSH

PURTIE, THBEE AR EET IV & (WEEERIKEET IV 2laabEk TdhE
EAMARE - BRIKEET IV PO DETR/NER - BRREROMICDONTERT 2.
M, - IEFEEEEBESLM (0 =0°) T, HEd=0.8m OEHOREKIGEREEA 3km L7825
BED—DTHBK, =10, M=15, d, =09m, N=20, V,un= 71Tm/s DL DFZT
AROBREIRKEERHOBRZEREBEICL THhiRZEilAD, B 11d, BNTA—FELE, A
BORERARBEEREOREGRE Fig. 21 1RT. £ O#ERE, FHEEHE 1500m~2500m OHffiff T
13, d, WAL THEBRO T GE/NESLEIR - INEBLORKRBERR) T3k EwEs s
ZIRNDS, BHRRD LSy (RREBRENRR @ KESLO R ARBNERER) 134, PRE<RD L, &K
BEHMES R E <25, BB, FUHMATHHINSR/NEIZZED S R0nD, RAEHROER
WBRELRDILEERLTVWD, LUF, ZO#RER/N - mAKEER ST 5. RKEEER
DERBITI IR WESIZ 2T Z O - I ARESLITRRO /2] GNEBEHEE WH) OHIZET
5. 02 ITEREEUMOEEMAE O NN - RREBRIRIC G A DR ERFEL 725 D % Fig.
22 1R U7z, O ORI/ - BRAREHHRICIZEAEFEEZ G2V ENGN 5. 312,
BERIKENT A—4 N Dm/NER - mKERIRIC S 2 2R % Fig. 23 [TRL7z. N 241k

, Yodmin=717m/s

1.4 . " Vodrir=614m
---- oE =
i Y e
i . Vodmin m/s
12 k- - L j
1L 4
~ ~ 08 F §
£ £
£ 08| 1 3
= =3
= ER 4
s 5
B 0.6 e b B
g 5
5 S o4l 1
= a
Q.4 oo -
0.2 - 4
0.2 .
0 1 i i i i i 0 1 i i i : i
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Waximum landing distance (m) Haximum landing distance (m)

Fig. 21. Diameter of blocks as a function of land- Fig. 22. The same as in Fig.21, but for various
ing distance for various intermediate diame- inclination angles of the explosion principal
ter parameter (d,). © =0°, K,=1.0, M = 1.5, axis (O) and initial velocities of minimum
N=2.0 and A =0[m] are assumed under the size block (V, yi). K, =1.0, M=1.5,d,,=0.9
windless condition. See text for definitions [m], N=2.0 and H=0[m] are assumed
of diameter dependence parameter N and under the windless condition.
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1.4 . . 1.4
: -~ - N3
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02 4 0.2+
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Fig. 23. The same as in Fig.21, but for various Fig. 24. The same as in Fig.21, but for angle de-
diameter dependence parameters (V). K, = pendence parameters (M). K, =1.0, © = 30°,
1.0, ®=30°, M=1.5, d,,=0.9[m], #=0[m] N=20, d,=0.9[ml, H=0[m] and V, 4;n =
and V, 410 = 503 [m/s] are assumed under the 503[m/s] are assumed under the windless
windless condition. condition.

1.4 ; . : . .
--------- Ka=0. 7, Vomin=418m/s
——— K=1. 0, Vodmin=503m/s
- - -~ Ke=1. 5, Vodnin=710m/s
12k
1L J
£
3 08 1
s
s
5 0.6 3 J’
8 i
g
s
0.4 ]
0.2 - . Fig. 25. The same as in Fig.21, but for various air
: resistance (K,) and initial velocities of minimum
0 i i i size block (V, 4. ©=30°, M=1.5,N=2.0,d,,=

L Il i
0 500 1000 1500 2000 2500 3000 3500 0.9[m] and Z=0[m] are assumed under the

Haximum tanding distance (m) windless condition.

LTHMBO TR D E D RSB 5 A0, RREHZRT iR ([0 L¥50)
WENPWNES <725 LR UCHATHRSNOERAROEENRESBDILEZRLTVS. ¥
412, AEKRGFEINT A—=5 M POMRICE5 X 28R % Fig. 24 IRz, M ZRE<EE
ETHEN - RRERIBRICIE A EZBEZGARNIENDNS. #5112, AHOZEKIEST
R K, 228 S B86 % Fig. 25 IR L7z, K, VNS <735 L/NEBLO R RBZERREA K &
{IRBETHRENTNDS,

DDz EMmBMEnEizolZ 81, ARMMBORE I NEFEL S THNAT BB ek
ELTRERBRDBDOTHNSE, RERERIRTURB ERESBHEEEZE A BT NI RS, HHT
LEENEHREL TRNERBDOTHIUL, NSREIHEPURB NS BYEEEZEZE A S LIk
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5. T, BMOMBANTEHBIENS EMORES Mzl kD&M 2EETHZ &
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