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Reconsideration of volcanic block kinematics (2)

— Air resistance to volcanic blocks and inclination effect of explosion principal axis —
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The present authors pointed out, in the last paper, a mistake in the equation of motion for
volcanic blocks. Reliable assumption of the air resistance to the blocks is required for
accurate estimation of initial velocity of volcanic blocks. However, little attention has been
given to the point.

This paper organizes the problems about the estimation of the air resistance and proposes
a new method of the estimation. Also this paper organizes the effect of factors on the
distribution of volcanic blocks. Model calculations revealed the effect of the atmospheric air
density cannot be ignored. For the effect of explosion principal axis on the distribution of
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volcanic blocks, this paper proposes an extended equation which volcanic blocks eject to all the
directions around the crater.

I.IZ C & Iz

pERIEH STV D kA oER) FREX (B 2 1E, Matuzawa, 1933 ; Nagata, 1938 ;
Minakami, 1942) Ti¥, EEEHNE<7 brime LTRY - TELT, BELREKRCTITE
L< 2V, B CHRARDB2007) XD LA2BE LEHFIRAERE L. Kndx, £k
b &IC LCZERIRYT, KRB O R R, B RO & AFErEe Sl W OB 2
TV, IEROFIEIZE Db O L IBMFTT 52 L2 B E LTV,

I KILERIZHT ZESER

BT DMIENER D ORETHIUTZ b —27 ZOERNC XY, HE v OMIRRHED 521

DI0E, WS = 3zndv LBV = Kpd*? OS> ThHD. £, ZOZSD)Dlk

MEVERBLN, RS ) 1T LA/ v X(Reynold's number) R THY, R =vd/v (272
L, v=n/p, v BIER, p @ WEREL p o WRIEOEE) tRIND.

TIT, LA VZREN 100 LD T LI, RSN MBS 0 1,100 0 A4 — 4 —T
HHZEERLTND., KRB ZHEy THEE L CWDHHERE I =40cm OMEEE XD L, =0
LA NV ZEE, 0 CORKOBRMERITY =0.13256 X107 m?/s THDLM D,

R =vd/v=3x10'v T®%. (72721, v Fmls )
ZIT, v=100m/s ZEXDH L, R =3X10° L%,

L7ho T, ZO& D BMEREE p, ORKHZRITT 25613, BUEERIOZ 2 EE T
FEEWZ LBbnd. ZOREOBEMERIRNIZKp,dV Tho1, BN 5608H
5. TORBTIHEEET NI 1/2)Cp, SV (S : WEOKIER) Thd. Z I THIRZIRIC
RALTHE, S=1/4)md* THDrb,

TEHEEST = 1/2)Cpp, SV’
=/8)x Cpp,d* Vv’
L, EMEEHUCBT D SoICERK & C, BRI,
K=(1/8)nC,
Liesh. LintoT, KE0.081%, 1EEC,MH 0.2 12N 5.

Wilson and Huang(1979) 1%, kL5 i Ok FEBRZITVE O/ & LT, kKilkg)io ¢, |

R DA,
C,=Q4/R)F " +2J1.07-F
ERELZ. ZEL, MEROER SMOEN a, b,cPEE, F=(b+c)/2a ThHD.
Suzuki(1983) ¥, Wilson and Huang(1979) DO T EBRT — & Z 3G L7/ R,
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C,=Q4/R)F " +2\1.07-F
DFM, oD TEBROT—2%2 L0 L<HHTELIXNTHLIZ LEAHERMLTWAD.
EHHOREZMNTS, R =10 ORFCIE, H1HIEHTE 21ZEHa/hs<, —RiER
TIFF=07 BEZROT, C, HZ
C,=2\107-F=12
BETHD.
F1TEAER T R RDDE, R <10 ORIATHL0 B, R =vd/v <10°, T7Hbb,
vd <0.01 m?/s OFPFATHH. 2L, FIRTHIE, d=1cm DEFR, v<] m/s TRITT
DAY L, BENTRV.
L7=23- T, KA O/ T EER2 5 E ) 7~ Wilson and Huang(1979) d 28K H1=003 KA
KUZEHIC bRk 2 72 6, it S 7o kK IEBlO KK OES 25 D ICBE L T, C, |
B 2EDOAROER, C,=2/1.07-F LBNTELXZRVEEZ RS,

EEFARRICE T HERIEROERE

T K ILEE SO EE) 2 RT3 5 7o o O EE S RAUT, ATlE (5K 5,2007) Tl L<,

av
& kv
a °

DD L& Z &Il D.
EE R B T 2 IETORE L 1%, BERd OFHOEEEm LB &,
k=Kp,d*/m=(1/8)aC,p,d*/m-.
BHORE K, EROEEL o LIS, m=(1/6)1pd’
L7z - T,
k=Q3/4)Cyp,/ p'd=3/21.07-F(p,/ p'd)
L.

RRDEE p,=0.00120 glem?®, d =1.0m, p' =25 glem®, F =0.7 #fRAL T, H#EE;
BROBIOBRE k2R L THDE, F=44X107% m™ ! LR, k2ROIROBYD
FREB2IT, EROEEZIRE LI Z LICXVIRESTBETH L2 0, kO L H12B/2) 2K, &
BEEEXT, BRBRIIHELND LEEAVTK, HERDLONRENTHD.

ThRbb,
k=K, N1.0T-F(p,/ p'd)-

Katsui et al. (1978) 1%, AERAIL 1977 FEEAKOBRIZ, H4 KOOSR KILEEHIZo
W, ARSI D AEMAE (ANHARE) ZHE L, 0T —& Bk 2 b oI & kil
OAADEEFEH L, B 0.7~0.8m OEBITIET A EfEE LTEX107* m™ ! Z#HELT
W5, p,=0.001226 g/lem®, d =0.7~0.8m, p'=25glem®, F =0.772E%RALCAEHL
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THDHE, K, BELTIEK, =14~1.6 IZHYTH. ZATRLE. K,=B/2) OELLTL
LHEF TN TEENP-T LS
Matuzawa(1933) 23MEfi L7z, KREEOEELIEZEIZAND &,
k=K,\1.07-F(p,/pd),

B 2ol
pi=p(l-—+2)", A=—"-"-g,
! ’ T, yoy]

d : KIWEROER, o KIEESROBE,  p,:z=0105 5 KRUE,
T,:z=01CBU 2 RTRE,  p,:z=0108 5 KEHLE,
B KEDBE L
T, RRBEDOBELEERCANESHAD kL, BELR TORTEES ), X
NEOEELZ L, KNENSOESEz LT 5L,
o K L0 F

por i —g(h +2)]

Lb.

V. KL - RKILESRIZH L TRE S - BIARpHEHR R B DA

Matuzawa(1933) I,

k=a0-L ot 1A
T, mdp

ERE, BEL OWEIIFCET 2 HITHRIC L S K Offix, 1.0< R <102O#FHTIE, logK
& log R, \Zxf L CIRIFEMOBRICH Y, 10°< R <1.24X10° OHIPHTIE, K%, 1ET &
DR 0.12 LErPlEn D Z L &R Lc. TRLLEDO R Tid. K OEIFEMICE T LT 0.08 & 72
HZEERAWT, ERICKRERRISHT DK DL EHE ZOEE 2D LELT, K =0.08
ML=

KA &3 y THEB) L T2 ERd =40 cm O T, v=100m/s #E x5 L, R =3X%
10° Tho.

Matuzawa(1933) 2335 A2 BRGSO d & A IEO BRI,

d =15cm, A =5.00X10"* m !, (BFE (L, 1983)
d =15cm, A =478X10°* m !, (&M, 1913)
d =40cm, A =1.920X10"* m™ !, (&M, 1929)
d =40cm, A =197X10* m ', (AR, 1932)
d =50cm, A =1.464X10"* m~ !, (BEBSIL, 1888)
d =100cm, A =7.34X10"° m~! (I, 1911)

THZHNTEY, Matuzawa(1933) IZZDOfEE L EICKKREBEOFEEEZER L-ZHEENZ
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TEHEL TV .
Nagata(1938) 1%, EHOMRITEEZED 220m FLEZRD T, KKBEOFELLEER L2
BAEOES BRI > THEEZITo TV D, 22 THOLLRTWDIPRE 113,

6Kp,
7wdp’

1=

Th Y, Nagata(1938) %, R % 10° ~10° &2 T, K=0.12 ZHHLT\5.

AR LCWDERIE, d=35cm, p =064glm’® THDHDOT, v=100m/s DHEIE, L
AV IVAEIT R, =3 X100 BRENIAEND. RROHEEL LT p, =0.00120 glem® &2 H\\ T,
IV AR HEEL TR L,

2=0.0123 m"!
ERD.

Minakami(1942) 1%, MRS IIE o = (1/8)kap d*v: ERBLLTND. Lizn->T, A

TRAT DL,

c/m:3kpA =1

4dp’

L7224, UL, Minakami(1942) OFSChicid, FHEICH W HEURE O BARR 22 Bl 1z >
TORBIF LY 7= 50 FHAE, B OB d =50cm~100cm, HH#E ) =50m/s~200m/s
DHEPHTITON TN LD T, REMREHRE LTd =05m, v=100 m/s Z52 5L, R =4X

106 FED LA ) AV AEPRRIAENS.
K =0.08 [ZIET 5L LTI, k=02 2DOT, p =24glm?® , p, =0.00120g/cm? %

RALTAEEZFHFE L TAD L,

d =0.5m, A =15X10"* m !,
d =0.75m, A =1.0X10"* m !,
d =1.0m, A =75X107% m !
s,

H 501983 1, |HMEOEILL LT, 1=3C,p,/4dp’ ZHNTWVDHA, Zhik
Minakami(1942) F3icHiF 2 A ICBWT, k=C, LEVELOLFELTHS. Jhug,
VBN TWSHME, C,=08, p,=0.00120 glem®, d =1.0m, BLV p'=2.2g lem® %
RALT AEZFESD L,

A =33X10*% m !
Ls.

Fr - Q98413 N 5(1983) LFEIERIS, A=3C,p,/4dp’ EZMNTNDH, ZOmILT
x, C,=02 ZHEHALTHEL TS,

L7225, d=1.0m, p =22g/m?® OFEID I EIX
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A =82X105 m !
L.

Fig.1 1%, Y EOFGmXOF THRE SN TWHEIOBERE ZIIHIST 2 AHE, BLOENE
MDF TR ST IRPUEOR & FHRICHE A SN S5l S8 N D A%, Ao ERICK
Jot 2 EE SRR EORPURMAEE LTI 7 LICRBRLEZ b DO TH D, B L OSH R
SNIMME, k=K, 1.07-F(p,/ pd) ROBIRERT.

IDUT 7D E, Matuzawa(1933), Minakami(1942), F1 « M1/%£(1984) 7 & D¥AE 2 H
N FROBUED 6 23D 1 AITITHED DI, WTh b KILZERAERKIKE R Lz & & 025K
FEEZ0EFEANTNEZLICLDLDTHS.

Matuzawa (1933) 238 L7 AL OB 2 ERE & RE L 7=/ D=L o i,

A=6Kp,/ mdp'
ThHob.

—J7, Wilson and Huang (1979) 238 O FEBROFEREZH LI LT, EOELIEIUIIAFEN
HRME (BES a WROER b, c DBE, datbtc) 13, F=(b+c)/2a ) OZEKIBHUTHED
TiEWeE LTHELZZORX A b LI L7oEo 2= 5UEi oA

————— Ka =2.0, da=1. 225, dr=2. 5e3, F=0. 7
Ka=1.5

Ka=1.0
Matuzawa (1 9)33)

Air resistance (log & [1/m])

Diameter of rock (log d[m])

Fig. 1. Change of air resistance to volcanic rocks with diameter of the blocks.
Straight lines are calculated from the theoretical equation:
k=K, N1.01—F(p,/pd) . Air density p, =1.225 [kg/m], block
density p' =2.5X10° [kg/m3] and F=0.7 are assumed.
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k=K, N1.07-F(p,/ pd)
TH5.
EROZHODZESEIRONIZ, py=p, E LT, AMELAEDOLEL>THD L,
Alk=6K/xK,1.07-F
&%, TR, K=008, K,=15, F=07, r=31416 #{{AT2L,
Alk=0.167=1/6
L.

—J7. Nagata(1938) DHEHLE A FE &@ﬁ<mké®u\%ﬁuﬁwghtﬁﬁm%ﬁﬁp':
0.64 glem?® & —fRDKIEHBBED A D1 BRETHRICE B DOTHS. £z, H0bH
(1983) DEUE & FEMDUE 2B DAY, ZHUTFRLOT OB & LT (LA V2 10° DfE, C,)
=08) ¢bHrOEZTOEEFAVZILIZLD. ZOHEIZ OV TR XD F TR OFIIL &
FAGAY AN

Katsui et al. (1978 A ERA L 1977 MUK DERIZ, 55 4 K A0S S i kLEsic >0 g,
FHUSIZRT DEHMEE (NFHAEE) Z2HEL, TOF —& Zal k5 HAEE & k o
HEPEEFH L. £ 2 TR LN FHER T5em OEHUSHIET 5 kil 6X10 *m ! T
HY,ZOMEDEIETK, =15 OEMEERD I LA FiglIZBW ORI TWD. kil
BOZSIERE SO EBENSHEE LD L LTE, 2O 16T TH5HH, EFLo Wilson
and Huang(1979) 023, B FEBRICHWV DN EREE cm OB RIS T2 EREI 2R D 5K
ELTRFTRL, BHAIEHROZETIEHEZHET 5L LTHHEET 2L 2R LTND L
IZEDbID.

V. MHEROSMIKEN D ERIEREHET 5—2DHE

iR X 91T, Katsui et al.(1978)1%, kO b o kEHIZ W T, £FMAIZE
JHEMAEEZRET D LT, HHOEKESNSHEE KD Z L 2R L.

ZOMEEE X HT-DIC, FUEHRSMAEZEZSIEIT k= 6X107* m™ ! S{ELIZEA L,
k=1X10"* m ! L{E L7BEOMEMROKE L Fig.2 1277, Fig.2(a -DIZEBESAm DO
BORACPIEREZ 2km & AUE L7285 BICHE, 225Uk =6X107 1 m— ! ClI# ), =252.4 m/s
PUETHHH, k=1x10"* m~ ' THEY,=1520 m/s THDHZ L& RLTHEY, Fig2@2)
32 OEDEIOFEMA LT, BiE TIL9E, BB TITATERETHL LR TFRINTND
Fig.2(a-1),(@a-2IZ 8\ T, HHE MRS 2 R3O TV AH DL, B AR O Ic sk L TRl
FREEDSZEE U7 W e RBIEBEO R 272 L TWD Z 2R LD TH S, Fig.2-DIZa3t
AR OO RS DT & LT, AKEIERE 1.5km HUSI2% T4 223 OMI TR O ik & 7~k LT
V5. Fig2(b-2I%, ZOHS TIIEORKAEMMAIEN, AETISE, BHETESETHDHZ
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EERFLTWD. ZOFRRERITEIE O ML T O MM EOREA IR, BRSSO %
SHEPISHH O EH 5N BRAEKE & U CERED DHEERD Z L 2R LT D, MR
BN BZE DG E b LI SNBSS R IC kT D EEME T Th A 5.

Fig.3 12, M A2 &K EHEE 2 km #5286 H U2 SO0 E 2 #eEE T 558, 2 CHRE
SNFZELZIPUEIC L > T, BONDHEEN EORELNT D20 R LT, ZORRIE, At
DHAATEDOBIKEE DO RWEMAEOTENTONL 2D, ZOMELRESES 2 AR
HZEHERLTND.

WIT, ZTHETOMRICBNTHIEERO NI ELEZ D LS TN <D0
BRIZOWTH#H L, TOEMEHAD. Matuzawa (1933) 1Tk LIEBLOMEZFH T DIZEL T
X, REBEOREEMIIRBIERVWERTHSHEEZ T, TOPHREHEIZL> TURLE.

1000 - 500 . — _
——— k =0,0006[1/m], Vo=252.4[m/s] | ——— k =0.0006[1/m], Vo=252.4[m/s]
- k=0.0001[1/m], Vo=152.0[n/s] | -~ K =0.0001[1/n], Vo=152.0[n/s]
800 | 400 |-
30 |-
g g
N N |
200 -
100 i
S i h o B .
0 500 1000 1500 2000 1500 1600 1700 1800 1900 2000
(a-1) « (m) (a-2) x (m)

0 Q008 /). Vo252 4nve) |
=0.0001 1

......... ¥ =0 0001 [1/n1; Vo=152.0tn/s —— p D ey Yotz dfav]
200 = == % 200001 1/l V=152 Olw/s
‘ 500 : S
o |
a0 |
£ g
" .
200
| 100
I [ J S — - A
500 1000 1500 2000 1100 1200 1300 1400 1500 1600
(b-1) x (m) b-2) x (m)

Fig. 2. Relation between effect of air resistance and initial velocity of volcanic blocks.
(a-1): The maxmum arrival distance is assumed as 2 [kml].
(a-2): Incidence angle of volcanic rocks at 2 [km] point.
(b-1): Ballistic-curve of volcanic rocks landed at 1.5 [km] point.

(b-2): Incidence angle of volcanic rocks at 1.5 [km] point.
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260 1 ! ! ! ! '
20 -
220

200

Initial velocity (m/s)

180

160

140 ! i i i i i
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007

Air resistance 4 [1/m]

Fig. 3. Change of the initial velocity of volcanic rocks with the air
resistance value to the blocks for the maxmum arrival distance 2
[km].

Nagata(193) 1T K ILEBLO /3 AT 3K I EHC IR B 2 5E6 1L, KDL CORR[EEZHAT 2
ZETRY B LEE 2Tz, Minakami(1942) 13 K ILPEBETRAT OB & MO FRIx A2 E B 2,
ERKIE K DOBEO KINEESE RO Y %, WA & kR ELHERR L BOMRICL D L%
A L7z, FER 609831, B KRBT T 2 KRR O G ERE 5, KILFORE
ERHAEOREEIT, Hlreinntepr(1975)MBHIC L DRI OWTITo B E b &
2, KoY E SHHAEOBFRXAZE X, TOHEEETo7. H0 - Q984 IF Kk LB
DTG 2 28 H %, OXAEDO LK, @EROBER, @ISO RYIHE, @5
O X AL, OFIHHREORIHD 5 THH I LT,

VI. KREEODESEMNR
Matuzawa(1933)1%, KIEBEORITICR T 2 &K HEHE, #FE O “RICHHT DB

LLTKp Y &ELE. WAL, ?ﬁL’F“Fp DL B L, EROTRE pd} /6 &
. o T, EEGRAICET 2 BHUREUT k= (6K /npd)p,, RRDEE p, 13 z DB
ThHY,
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pi=pli-Lay

0
Thod. 122, A=pTglpf, WEz=00LE, KIEE p, K&Ep, KRUBET,,
KIADBEAR B =0.006°C m, BEINEE g .

ZZT,
/1:6Kp(J
nwdp'
&E‘A< &)
B4
k=A1-=2)".
( T )

0
ZIT, k EOREDRERML>THL L, RAOEEAR S =0.005C m, EHINEE g
=9.80m/s*& L, z =0T, RKRJE p,=1.01325X10°kg/m-s? , KKEE p, =1.226 kg/m?,
KEIRE T,=28816K &9k,

A:po—%g=6.83, £=1.735x10’5(1/m)
PP T,
L7eb. €57,
z Pa _(1-1.735%1072)°
Po
Om , 1. 000,
1000m, 0. 887,
2000m, 0. 786,
3000m, 0. 694,
4000m, 0. 612
LRHHND.

KUPEBOTATIZRB N TR, HRBEACEERHT 4km BETH L0, MHANDOREE
IR K 3000m FREEZZEZNITRWTHAH. Zo%H, LLoREbLVICkDs s, ZoRET
DRADESUIHHFEE DMLY 30%FRE/h S 0.

VI. EAMRENSEZEIE

EIMEE b EEIZL > TRRDDOT, ZOZMDERNZ AL > TH . MEROPER =
6378136.6m, KA G| IHEG, HEKOHEM ,z =0 (ZHBT 2 EIMEE % g =9.8062 m/s?,

LRI, R m OWEERT B S £ 1,

mM
fO =mg, :G?

s
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z =z IR LEINKE g 1%, EEm OMKIMERTL2EN% fFLT5E,

M

e~ TC,

GM =g°R’
GM
(R +2)°

_ &o
(1+z/R)*"

g:

T OFRIT, EEZE3,000m T,
_
(1+z/R))’

ThoHNE, ESIEEDEEAET0.1%RETHS.

HEDOEWNCOWTH RS - T &, B 35 EOfLZ KL 5L, HE 25 ETIIN
0.1%/NE <, FEFE 45 T 0.1% KEWVWEETHD. H-TC, —IIEhEhoklic

BWCKkOBEEIZBT2ENMEEOMEEHNDZ ETHITHDLEEZLND.

=0.9991

VI IRFETEDMEE HEHR

HE - R8I, KILEFE DBE D K L A4 FE & R 0 BALRGE 0 5,1983) & VT
BEEM OB E B SN KSR O NG 2 DB OV TEREZ{To7. 22 TIHIN
TS E FNREET V) ST T, ZOFT T LTS5 T ARE O I 1A~ i HH E %
KO HRUT DN TEET 5.

R EMOATEPLOMBEE L L, EMFRORRIEELy & LT, HROEED
B (FEoEE Hm e OAKFE EREAE Q, AKFENLOHEY ) ~OLEEY &
Kb,

(1) BtRzRRE LK Z x y e Lo, BETEOBEE S x#hz, famE bJim
_z%%tb,%%E%®ﬁﬁ®ﬁﬁ%%%(%mb%)&Té&

l,=cosy, my=0, n,=siny
ThHD.
(2) fEEoBRt Mol maEzE (Lmn) &35 HRRES (Lmn) TR (X, Y, Z)

EAR D SRS
x—X:y—Y:z—Z
L m n
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L%, Yo T, FUA (0, 0, 0) Y HAREDE (4, m,n) ThLHEMOITENL,

_JY_Z

X
!/ m n
ThD. ZOBEBBE (r,Q,0) %%,

x=rcosQcosf, y=rsinQcosd, z=rsinf

ThbDH. 1o TC,

rcosQcosf rsinQcosf rsinf

14 m n

Tbhsb. Hiz,

m _ sin Q

b4 cosQ’

n _ sind

m sinQcosé’
ZIZT, n=cos(r/2-0)=sinf THLINHG,

m=sinQ cosf .

- T,
sinQ cosf sinQ)
Y4 cosQ’
iz, ¢ =cosQ cosb .

(3) MtmzmE LKFEZ x & L, BEEEMOME M x @z, SHE 5w z
ZLpl, BEIEMOIE (0, m,n,) &
l,=cosy, m,=0, n,=siny CHY AEZEOEROTE (L, mn)=(r,Q,0) 1T,
L=cosQcosd, m=sinQcosh, n=sind THDINH,
ZO2HMOBDOME §IT,
cos@ =1l + mym+ nyn
=cosy cosQ cosf +siny sind
LRs.
T, BRI AE S x z mNTOREAEELD L, Q=0TH20b,
cos¢ =cosy cosf +siny sind
=cos(y —0)
ThD.

U EDEZENS THINEELMREET V] BT 5, BRIEMOKFENODOAE Yy LiE
BRI (EOMEE Fih & OXKFE EREAE Q, KFEENODOMEY ) OREED
BRI,

cos¢ =cosy cosQ cosd +siny sind -

- T,
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V=V, sin'"(z/2-¢)
=V, cos"’ .

TN, RFEEMBACER O ORE y BN TWDHED, (EEOHE~OELO R
XTh5s.
X. BEROMBITHRICEN D EHR

OFN, FRICEZLESDEPTRITHBRIZEOREDOEEL 52 50, ETAFEIZE-T
Wikt 5.

1.

>

BEOEEELICKIHE
RIBEEOREED, BILORITHMIBZ EOREOREL 5 2 D). kmﬁ@&%WOm:
HHEE L, 3000m IZHDHGEDKERLIZON Figd Ths. EHROEBERE, (2 :0.2m,
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Ballistic-curve for different crater-altitude.

Initial velocity Vo=250 [m/s].
Solid curve: crater-altitude is 3 [km]. Dotted

curve: crater-altitude is O [m].

(a): Diameter of volcanic rocks is 0.2 [m.]

(b): Diameter of volcanic rocks is 0.4 [m].

(c): Diameter of volcanic rock is 0.8 [m].
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5. Effect of the air density on ballistic-curves.
Initial velocity Vo= 400 [m/s].

Diameter of volcanic rocks is 0.8 [m].

The crater of altitude 3 [km].

Solid curve: The effect of the air density at
each altitude.

Dotted curve: The effect of the air density at
crater-altitude.
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