HWEBAARHAE, H44% 519, p. 25-54, 1993

alb—av

g
n

E(LE 1991-92 FEEKDAKBAD TV E 2 — 4 —

EEEAT UTEET H R HERET ESEE

TAKARADA Shinji, Yamamoro Takahiro, Nakano Tsukasa, MuraTa Yasuaki,
Kazauava Kohei, KAwANABE Yoshihisa, SaxkacuchHi Keiichi and Sova
Tatsunori (1993) Computer simulations of pyroclastic flows of the 1991-92
eruption of Unzen Volcano. Bull. Geol. Surv. Japan, vol. 44 (1), p. 25-54, 10
fig., 1tab.

_Abstract : Numerical simulations of the pyroclastic flows of the 1991-92 eruption of
Unzen Volcano, Kyushu, Japan were performed to evaluate runout distances, disaster
areas, flow velocities and arrival times of the low. Three gravity current models were
used for the simulations: the energy line model, the energy cone model and the
Bingham flow model. Using the energy cone model, runout distances and possible
disaster areas were mapped as a function of various effective friction coefficients. This
energy cone model was revised not to reach the shadow zone due to topographic
barrier. Relationship between the volume of the pyroclastic flow and the effective
friction coefficient was investigated. Average velocities of five pyroclastic flows (May
24 8:07; May 26 11:13; May 26 14:28; May 29 15:02 ; May 29 15:31, 1991) were
measured using video images. Average velocities of these pyroclastic flows were up to
42m/s. Flow velocities and arrival times for these pyrocalstic flows were simulated
using both the energy line and Bingham flow models. The flow velocity calculated by
the energy line model was larger than the measured average velocity. In contrast, the
flow velocity and the arrival time calculated by the Bingham flow model with the
appropriate parameters (density, flow thickness, yield strength, viscosity and drag

coefficient) agreed with the measured values except in steep slope region.
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Fig. 2 Bird-looking map of Unzen Volcano. Unzen-dake digital elevation data
1991 : 5. 31) was used to draw this map.
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Fig. 3 Results of simulation of energy cone model. Flow can spread over the shaded
area.

£ =0.15, 0.20, 0.25, 0.30. (A) Hc=10m, (B) Hc=100m, (C) Hc =500 m.
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Fig. 4 (a) Runout distances of pyroclastic flows between May 25 and June 8, 1991
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(eg. effective friction coefficient u).
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Table 1 Measured average velocities of a pyroclastic flow, total lateral runout distance,

measured intervals and arrival times.
Nagasaki, (b) TBS, (¢) (d) Fuji TV and (d) 8 mm video image (GSJ).
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Fig. 5 Calculation method of flow velocity
of pyroclastic flow by energy line
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Topographic cross section along Mizunashi river
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Fig. 6 Sectional topography along Mizunashi river (a). Results of velocity simulation
by energy line model compared with measured average velocities (b~f).- (b)
pyroclastic flow at 11:13 on May 26 (¢ =0.41), (c) pyroclastic flow at 14: 28 on
May 26 (©=0.38), (d) pyroclastic flow at 15:02 on May 29 (u=0.40), (e)

pyroclastic flow at 15:31 on May 29 (¢ =0.36), (f) pyroclastic flow at 16:08 on
June 8 (£ =0.28).
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D, V,=63m/s, T=T6s & »7 (6K e). 6/3
16:08 @ kKB# 3, H=1022m, L=3600m » 5,
H/L (=w)=0.28 &%, V,=78m/s, T=9%0s &
Woto (BE6R). 5/2611:13 DKBHEDOEE, ©F
AW & 2 RXEOFERIIZNE N 14, 23, 13,
25, l1s Ths (BE1HR) M, vYIar—-vavTi,
9, 7,5 8 1lsThb, EHlELD SEHHTHXMH
ZEBLTWS, Lo T, MEbEAEL D @i
HoTW3 (86X b). T DMEMIZ, fho k>
WTHEETHS (E6K c,d,e). ZRVF—51 v
EFMCEBYIalb—va YT, Bl OEMETE
EEEIE LD LS, §CIREE T IC R A ISR
EMoTwdE EER). Cofd, EBROKBRTE
BHIOEAD TRIRENEL B - TVWBIL bbb 5T,
Yial—-VavTREHROE THEET .

Pk iz rxF—54 vEFNMTEEYIal
-V a3 TR, ElEICHNTRENEL 20, JhEE
b RIERBHE T ENLMNE,. Lich-T, =
FANFE=FA VEFNEME ST, KRROKEHEELE
W AEACKUEKIIGHT 2548, Tk
HIZEELTHV B SEND 5.

4.3 EvHLATIO—FEFI

EvHazo—i3, BREEDEOEEIE LT

BIK ErHaryo—E7VIk3RETEORE

Fig. 7 Calculation method of flow velocity
of pyroclastic flow by Bingham flow
model.

ZIEHHEZ » TV B FEHPOERE (boundary layer)

&, BREELT O UMb » TOR Wit EEs
oW ERO 7S v FEATTETVWE B TRD.
EVvH L7 u—DFNcxd iEbIE (DR TERSN 5.
T/, ERBOBRENMII,

1 [ pgsing (D*—y?)
e

v(y)= 9 *K(D*y)};

<T5 %2 5h 5 (Johnson, 1970), 7=/ L, D, k73
y TEADES ZRL, v RENOERmAH SRl EEE
Hlacfll- - EEEEST E6RD. 77 v FifHO&
B (v,) i,

o a2k Ve
dt = gsln 0 (D -+ Dc) 0 <D2 _ DCZ) 3
Ha<1000 .................................... (8)
Wy o ing 28 MY
at ~ ESMYT H, MDY p(DP-DY
CEVP2 ’
— TD— ; Hazlooo .................. (8 )

<tEz o3 (McEwen and Malin, 1989). (®)=XiZ
BRoBE, @)RREEOEEEERT. (DXL B)
e 8D S 2EDOFRE,
D
V=%IE v(y)dy+vp—Di .................. O)

BELNE, TDEEDTITy FOES (D) B,

c

D;*MD+m%—J&D+nDY—ﬁW
- K
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1300 kg/m®, D=1.5m, £=2000Pa, 7=50Pas, C¢=0.01). (B) 5/29 15: 31 DKW (0=1300 kg/m?,
D=1.7m, k=850Pa, n=T70Pas, Cg=0.01). (C) 6/816:08 @ k¥ (0=1300 kg/m® D=2.5m,
k£ =850 Pa, 7=90Pas, Cg=0.01).
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Fig. 8 Results of velocity simulatioh of Bingham flow model.

(b) plug thickness, (c) arrival time.

- C,=0.01.

Pa, n =90 Pas and Cg =0.01.

(a) flow velocity,
measured average velocity, critical velocity between laminar and turbulent flows,
(A) pyroclastic flow at 11:13 on May 26.
Used parameters were o=1300kg/m®, D=15m, £ =2000Pa, n=50Pas and
(B) pyroclastic flow at 15:31 on May 29. Used parameters were
0=1300kg/m® D=1.7m, k=850 Pa, n =70 Pas and C,=0.01.

(C) pyroclastic
flow at 16: 08 on June 3. Used parameters were p = 1300 kg/m® D =2.5m, £ =850
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<52 503 (McEwen and Malin, 1989).

Yialb—vavid, UTFOFETTE -7 (D &K
NOEE (o), FhoEx (D), BRMEE (o), ¥k
), BTN (C,) D520 4 —-s%2BX5,
@ QoE»s 735 v 7oRs (D,) 2XRD5. (3)
O D, D% -T, A SFHE (v) 2HET 3.
WD R F v 7TlE, TOviE ADRKKRALT,
D, #k® 5. (5) ToFtEE2EVRT. HEORRER
Fou PR 1~28 & Lk, HEF — & i3k o FEER
Wiz 100m BB TES%ERDTAH L. D LEOFE
BITHS T0 7540 R FEMK 3 C/RT.

5/26 11:13, 5/29 15:31, 6/316:08 ® KK D v
Iab—Vva vORRAESKIT/RT. 5/2611:13 ©
KWeRE, 0=1300kg/m®, D=1.5m, x£=2000 Pa,
n=50Pas, C,=0.01 &L7c&%, HAfH#E (V,) 64
m/s, ERERERY (T) 124s &7 -7 (8K A). 5/29
15: 31 @ KREfRIE, 0=1300kg/m® D=1.Tm, k=
850Pa, n=170Pas, C,~0.01 &L &=, V,=89
m/s, T=68s &7 » 7 (8K B). 5/2915:31 @
KB, 0=1300kg/ms D=2.5m, £=850Pa, 7
=90Pas, C,=0.01 & L% & &, V,=142m/s, T
=100s &M -7 EBRC). EvHaTu—EFN
T, B10oEE TORERPHE 2 omOZER TS
THEBEEICHEML, SO 9% 2 OEO T OFEM
oWy b &, WHENEBICED T 2 EAED 5.
DEFNTIE, BHIOESS OEEOFEE TR &
CERMEE—FLTwd GE8X A, B). 5/2611:13
D KR, 800~1350 m DK% 46s. TREL TV
5 (B1%). YIav—varTid, TOXE%E 54s
THETS (22 VF—54 Y OBEEIE 128). 5/2915:
31 OKBeRIE, 800~1750 m DK% 32s THAELT
W3 (E1E). vialr—varTid, ToXM%E 37
s THETS (22 VF-54 vOES3, 20s).

L L, 500~800 m @ X[EoS s om#EE, FEfl
BT 2EBIZBE-TVE ESKD). To&EM
HLTOFEDOA—FI, SEOEVYH LT —EF IV
£Bviav—vavTl, RhoBRs (D) 2—Ei
LTWBIZENBERODO12THBEELONSE. THD
L, ERomn T, S8mE» SBRNE OERZEES
TN Fo—Y v 27 Y7 (Munson et al, 1990,
D. 688-694) HHEC T, HOOESHEL LD, Ak
WHSEDDS 5. v ab—va v TRENOES (D)
A—FLRELTVS DI, SAETO D 2EEX

DHELRBES VBAETVAAERESEY. I DFEA,

SRIET D AREVE, @ORP @DRLHKBHRD

NEESKEL BT ENbd. TORDERELD
bIREPHE BB EEZ NS, F, BEROISP
71— T OELTIE, Bokic & > TEEENBEDT 5129,
Kb O KPP L BICHTET 2 (Cofar 5, B
BEcL-TT) a—abEnsd F) 5/2915:31 0
KBERIZ L), Tokew, BOLOESSREICHE LS.
chick- TR bR S (ELXR. Larl, 4F
DEFNVTIE, DB—ETH 3 LHERIPEFICEL S
- oA TEBMIC TR RO L TiEE L Tw . (B8 RD.
Ao, WEhOKBRE S LOBRIC X 204
EP, 2fEOIES T ORI KR OBRES ST &
> T, BRME k) O O BEDTA-5D
WHEEEL TV EEZ N5, T LiciiEdoss
5% — % OIS HOFETH 5.

[EiRIREED 5 ELRIREENORITHHE C B HEE, Ha
=pv?/k=1000 &£ b,

/1000«
v= 0

ko onbd (Hampton, 1972 ; McEwen and Malin,
1989). 5/24 11: 13 OXFHROEAER, p=1300kg/m?,
£=2000Pa &£ U, v=39m/s TREHRREEL 5 ELIRINE
~¥iTT 5 (B8 A). 5/2915:31 £ 6/316:08 D
KRB OBE&E, p=1300kg/m®, £=850Pa &b, v
=26m/s CRRRE» SELFRE~ETTS B
B, O).

75y SOESOEE, SHEEE OFEHHEL IR
IS, WRABOELZY, ZORT 5y FinER
- TW3 (B8 b). DT lid, BHODHERL
DREENKEL MBI &ILL>T, BIREEMEDOBY
WETEMSEEC - TV A ERE) BESKS5ILT
SEATX %, 5/26 11:13 OkBROBE, SHETE
2/3 IR IL Y, BEHE TR’ 1/2~1/3 BRI
HoTW5, 5/2915:31 % 6/3 16: 08 O KR DG
&1, £ WNSVIDHIZ 2/3~9/10 BIERBIZE > TW
5.

4.4 NRIA—FOHREF®

EYyHLa7o—EFNILbYialb—YaVYTiRS
DONTA—FERFER LI, THEDNTA-7%ED
AR L TR DM ERT.
BhOBEER, KR TINETREANSNTVSE
AR L ke P Ly KL 1980 4 7/22 &
8/7 D KR OBEE X, HRBEROHBY O & E X
M5, p=1450kg/m® EKBDShTWS (Wilson and
Head, 1981). 73 2 A DA —H 2 F 4 v:KILD 1986
i 3/27~4/28 O KBROBEE R, BERCEVTVWLT
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(@) Depth vs Runout distance (5/26 11:13)
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(a) 5/26 11:13 DKW (£ =2000 Pa, 1=>50Pas DHA).

(b) 5/29 15: 31 @ KW (k£ =850 Pa, n="T0Pas DIEFA). (c) 6/3 16:08 @:kPuik (k£ =850Pa,n=90

Pas DIEA).

Fig. 9 Relation between flow depth (D) and lateral runout distances. (a) pyroclastic
flow at 11:13 on May 26 (k¢ =2000 Pa, » =50 Pas). (b) pyroclastic flow at 15:31
on May 29 (k =850Pa, n=T0Pas). (c) pyroclastic flow at 16:08 on June 3

(k=850 Pa, n =90 Pas).
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Arrival time vs yield strength and viscosity (5/26 11:13)

Maximum Velocity vs yield strength and viscosity
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10X MR (k) SR () & Licxdd 3, (a) BHERE O £4L, (D) RAMED AL

5/26 11 : 13 O KA D¥5 2 — % (£ =2000Pa, 1n=50Pas) DUEI(H]. £—=1800~2200 Pa, 7 =50,
70, 90 Pas QENICH>WTRT.

Fig. 10 (a) Relation among yield strength (k), viscosity (7) and arrival time. (b)
Relation among &k, 7 and maximum velocity. The range was x = 1800~2200 Pas,
n =50, 70, 90 Pas. These figures were used for evaluating the parameter (x = 2000

Pa, n =50 Pas) of pyroclastic low at 11:13 on May 26.
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V1= sBOEEORAEDLD, 0=1360kg/m® &
kvonTWsb (Beget and Limke, 1989). JbifmE
oo i o K HERR ) 0 B i, dbpi o BRI Tl
1300 kg/m?, LD FTHE TIF 1100 kg/m® TH -7«
(FH, 1992). ThooHEAMAI & LoWT, EHED
KR OT LB O IZ, p=1300kg/m?® & L.

FLOBE (C) @, HhTviaflmols EEo
BHMAUEKRTOEHR % ks £95&, C=0.04/In
(D/ks) TKH SN S (McEwen and Malin, 1989).
TIT, ks 2 EHHEAEE-TH 0 1m &45&, D=
1~3m ®&&E, C,=0.017~0.012 £ 3. GFD ¥
lab—vavTl, C,=0.01 &L7%.

WHhOES (D) i, Y b~ v 219804 7/22 &
8/7 KRR TIE, 0.5~1.5m Th-7 (Wilson
and Head, 1981). & — # X 5 4 ¥ :kil1D 1986 ££ 3/
27~4/28 DKM T3, 1~2m Th >7 (Beget
and Limke, 1989). Jbug@&byr F 1929 8 K FeiRHER
MOEXIZ 1~3m Th -7 (FH, 1992). Lihi-
T, ZZTiE, D=0.5~4m DOHFECTHAET(LE
(EIXD). DBKRELULBE, KB OKEREER
AR LT B, BIAIE, 5/29 15: 31 DKFERD
B, £k=80Pa, n=T70Pas & L &%, FEIEH
A, # 900 m, 2300m, 3600 m, 5800 m, 7000 m @D
HETREIET 205, ZOMOMRATRIELELEY 8
9K b). T &lE, TOYIal—varyTiE K
iR 3 LB ERI OB TEE LPT W L AIRLT
WHEEAZLNS.

BkBFOBENOES (D) &MREE (o), Rk
) OHlAGLER, UTok2c LTRELKL. %
F, Yialb—vaYEROEKL, Ki4OKBHEOTHAE
Ip#t (5/2611:13 T L=1575m, 5/2915:31 T
L=2400m, 6/316:08 T3 L=3600m) %#HHT 3
D o#iF%, k & ZZMLEIREHMNLH NS EIN).
IDEE, £k DEMREVRE, FULEREE (L) MEL<
Y, KO/NESBEREROWEHTHELLPTES
(k=850 TiF, 1200m % 1600 m O Hii3EIEL 7
W EIRD. Wiz, WAEREER/T D oL
T, k & DEELZLE T, BEERTC, RAHH
EFHNB (EIORD. 5 LT, HAMEKEY D, «,
n OHlBObEERD I,

5/2611:13 DEHEFICE-T, D, k, n #&ED
LI LTHELIDPERT. IOKBROBAR
L=1575m TH B &5, 9, ZoOEcELT
% DiEFN. BdiR £k=80Pa &L T, DD
Zibiextd s L & bEFA~7H, L=1600m fHE<T

g Lotz TR, REICk 2RX LT L
DOEALEFIRIE T A, £=2000Pa T, D=1.4~1.6
moEEERTEIIEEbEoKk, TTITR, D=15
mé&Llf, kT, £ & %, £k=1800~2200 Pa, 7=
50, 70, 90 Pas o #ifl c&bx ¥ T, WMAEH L),
BEMER] GBE10K a), &Kk (10X b) DM
B~z TDEE, £k=2050~2200 Pa, =90 Pas
D4R, L=900m &8>k (o, TOFEET
BEGERRIPHC - T0E , 10K a). Thodk
& OHlAGHLEDHT, FAHE 1L iy
HEWERMNE SN S, £=2000Pa, n=50Pas #H
L.

4.5 BV MALYX - LEBERSEOKERONS

X—4

EYHLZ70—-EF VTR, BEDLTA, 2KHT
BIREDHELS OB B EREHED, ZHxVF—FA4
YEFMTHAS, FHEOKBROFKHICE VY 32 b —
va VHRETH B, LhL, ANTINENS -
52oHb, FEDLIENS A =5 2BZ TR
HE s, 20T, BEIEELLAFHROHEREYOH
A S, NEB  EEEE - JOEBUKIE ORtr, 1957
oW T, IEIFEREHO, HEBEX - BREE -
MM E D5 A — 5 ARDTBITIE, ThdboFlEd
BKBERICOWT b, Y5 2 — & %20 o TKEER
DOFRAIEHE - G o BERRIB ESTFHITE L EEZLS
N3, 2T, Y r~LYATI98047/22 & 8/7
WHHE U 7o/ NEBUK IR (Wilson and Head, 1981)
&, sy E T 1929 5 6/17 I AREIC X - T
FeHE UM KR D5 2 — & 2RO 1Bl AR

(EM, 1992).

Wilson and Head (1981) &, dbkEvb~L v X
KINTHAE U o K O BeRAEE & i O FGRIE % 3k o
TW3, 513, HEEO h SO KBERIERY»,
FROKRETRADKEEZ LZ 505 (10000Pa) <
L&, FRODZVWELS TS 1000~2000 Pa OFE J1ITi
ZbhpZEEHWT, oSN (P) LHEEMOBRK
BE k) 020 H0L L, P=0C+nx ORMEKER
(Johnson, 1970, 479p) & b, k=300~ 2000 Pa T
HBHELKk, i, WOME2HOAKRT, [l
Zihw o & E OB 1M 5, £=400~18000 Pa &3k¥
fo. & BT, KPFHEREO BRRBOE S (T) &L1H
& () 5, k=Tpgsindd ®X (Johnson, 1970,
503p) 2MHWT, £k=400~1100Pa & L7z, F7, &
BV TV AR AR OBE (0,) SERFE @), it
HirADEG (q), FFEOXBRERYOEE (o) »
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5, k=dg(o,— qo)/8 ®I (Johnson, 1970, 487 p)
ERWT, BRBEOR/MEEZ, £=200Pa & L1
M () O, ~Fx box—FOER ) LA
721 (F), WHirHEE (W) »5, n=F/(6zrru) O
REM > T, =30~13000 Pas &RKHTW 53,

FH (1992) &, JbiEuk s EO 1929 54 K HEFHER
¥ (BsHEh, 1986) iI->W\WT, MO > T a4k
RO (SFE, 1983) OEREMEOFHIZITZL
BRBEZRD . 0 — TOEE w, o— 7 DU
DEE % h, HARBOEE wb, HARROEE% hs
L& x, BRBER, ki=ogh®/w, k,—=pgsind -
hs, ks=pgsin’0 .2wh D 3BV DLHETRD LN B
(Wadge and Lopes, 1991). T 60HMND, k=
200~16000 Pa &7 - 72 (FMIFH, 1992).

Zh 5@ Wilson and Head (1981) =M (1992)
I & B KPR O RIRIEEE RO K HIE R, SRIOZEW
BFEoD 5/2611:31 & 5/2915: 31, 6/3 16: 08 @ :KiHR
DY 3Ialb—VvarTEohi k=850~2000 Pa, n=
50~90 Pas OEFEHTH S I LERLTY 5.

4.6 SHOEE

SEOYIalb-Ya VTR, p, D, kK, n D85
A= I BREPICELC—ETHELFEL TV R D,
SREOESS TREME L » SIMBEPHL 1> T3,
SBIITH L1544 — s ofEROE({bicowT %
BL T HELD 3.

ETRIEELIR 1EED Ee > HBETS, KR
BEBEICRELRETTWE, LdL, RE,SELET
KR OTOREALPHERICHE T & 251, HoEmg
PAY DS OMBNEZRIBOATVE, KD
DULPEELBVE S IcBbn s, 5%, KRR
WA EZET 2 b, KRROM» SRS EES
Hft7—5 &5, Lizh-T, NP ErsOEF
FMBO/ER, Fv 75— —5—7Eh{i-fo ki
RORBNEGSETH 3.

5. ¥ & &

(1) ZALE 1991 FHE K THAE U 7o KBk O BlERRRE &
wREEHO Y I a2 v —Ya vE, X NVF-2—VETFT
NAEF - TITE>, TEAALF—T—VEFLOYI 2
V=¥ a vz, HIEHEZEOEOWMMCIEELE VX
SICHE L, BEEF— b5 0fEOEA (He=10m)
&, BERREOEA (He=100m, He=500m) I
DWW, ThENEMERGHRTE (=030, 0.25,
0.20, 0.15) iz, KWeikOEEA R 2K HicR L
fo. KWERO H/L & AR E OB > W TN, &

BAKZEWIEFE H/L /NS BRAERBHZ L%
A~z

(2) EHETHREL TV 2 KRR OTREEEFR L 55 R,
AE LB OEEFEEE L Eo L H kv a T L
NTE (~42m/s).

(8) ZTRAX—54VEFIT, 5/2611:13, 5/26 14 :
28, 5/2915:02, 5/29 15:31, 6/3 16:08 @ K#FHD
Yial—vaVETH-k, TOEFNTRERHEI
AT 2, BEBMNE L RAERSD
TEERLI

4 vrvHarzo—=FVCTIE, 5/2611:13 & 5/29
15:31, 6/3 16:08 D KFEFROFHE &L BFERFMDO Y L 2
V=¥ a YETR ok, 5/26 11:13 O KBERIZ, o=
1300 kg/m?®, D=1.5m, £=2000Pa, =50 Pas, Ce
=0.01 ®& X, HAKRHE (V) & 64m/s, FERR
(T) & 124s &7 5 7. 5/3115:31 O KBk, o=
1300 kg/m?® D=1.7m, £=850Pa, n=170Pas, C,
=0.01 D& E, V,=8m/s, T=68s &7 -7 6/3
16: 08 @ kK BkE, p=1300kg/m® D=2.5m, k=
850 Pa, =90 Pas, C,=0.01 &%, V,=142m/s,
T=100s &7 - 7. Th 5 OHERIEHMOIEKHEERT
i3, FERMEEEERNLS—BLTWE, Lhrl, &&E
T, EAEID SHESEL Lo/, COTEWR, D
B—SELLTWAT LIKRRN S 5 rlfEELNH 5. F 12,
EDEAHIRLTEDDNS A=Y ERELIDPERL
2. THNEDNT A—FH, £ hAL YD 1980 4E
KERRHERE Y, dbEER Y 1929 S KRR <
RHoNFEMBEE B LT, EURETHBILER
L.

x B
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ecflag.c : Hon Jun 3 11:40:08 JST 1991

i:
2: #include <stdio.h>
3: #include <math.h>
4:
5: typedef struct {
6: int nxX,ny;
7: double dx,dy,xb,yb,**z;
8: char waf;
9: } Grid;
10:
11: #define HX (grid->ax)
12: #define HY (grid->ay)
13: #define DX (grid->dx)
14: #define DY (grid->dy)
15: #define XB (grid->xb)
16: #define YB (grid->yb)
17: #define Z (grid->z)
18: #define F (grid->%)
i9:
20: static int Round(d)
21: double d;
22: {
23: return((d>=0.0)?7(int) (d+0.5) :(int) (d-0.5));
24: }
25:
26: static int Visible(grid,xS,yS,zS,xP,yP,zP)
27: Grid *grid;
28: int xS,yS,xP,yP;
29: double zS,zP;
30: {
31: int x0,y0,x1,y1,dx,dy,x,y;
32: double z0,z1,dz,delta;
33:
34: if (xS<xP) {
35: x0=xS; yO=yS; z0=zS; x1=xP; yi=yP; zi=zP;
36: }
37: else {
38: y x0=xP; yO=yP; z0=zP; x1=xS; yl=yS; zl=zS;
39:
40: dx=x1-x0; dy=yi-y0; dz=z1-z0;
41: for (x=x0+1; x<xi; xz++) {
42: delta=(double) (x-x0)/(double)dx;
43: it (z0+dz*delta<Z[x] [yO+Round((double)dy*delta)l) return(0);
44: }
45:
46: if (yS<yP) {
47: x0=xS5; y0=yS; z0=z$S; x1=xP; yl=yP; zi=zP;
48: }
49: else {
50: x0=xP; yO=yP; z0=zP; x1=xS; yi=yS; zi=zS;

M1 23 AE—a—VvEFMLEEYIalb—vayD7asIL0 R
Appendix 1 Source list of the program to simulate the pyroclastic flow, using energy
cone model.
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51: }
52: dx=x1-x0; dy=y1-y0; dz=zi-z0;
53: for (y=yO0+1; y<yi; y++) {
54: delta=(double) (y-y0)/(double)dy;
55: if (z0+dz#delta<Z[x0+Round((double)dx*delta)][y]) return(0);
56:
57:
58: return(i);
59: }
60:
61: static void Scan(grid,xS,yS,zS,mu)
62: Grid #grid;
63: int xS,¥S;
64: double zS,mu;
65: {
66: int X,¥;:
67: double dz,delta;
68:
69: for (x=0; x<EX; x++)
70: for (y=0; y<HY; y++)
71: if (xS==x && yS==y)
72: Flx][yl=1;
73: else
74: it ((dz=2z$-Z[x]1[yl)<0.0)
75: Flx] [yl=0;
762 else
772 i? ((delta=mu*sqxt(DX*DX#(double)(xS-x)*(double) (xS-x)+
78: DY#DY#(double) (yS~y)*(double) (yS-y)))>dz)
79: Flx][yl=0;
80: else
81: F[x][yl=(char)Visible(grid,xS,yS,zS,x,y,z5-delta);
82: }
83:
84: #define STRLEN 256
85:
86: void nain()
87: {
88: char name [STRLEN] ;
89: FILE #file;
90: Grid gRID,*grid=(&gRID);
91: double zHin,zHax,xS,yS,dz,mu;
92: int X,¥5
|
|
|
| HE1 >5%
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93:

04:

95:

96:

97:

98:

99:
100:
101:
102:
103:
104:
105:
106:
107:
108:
109:
110:
114:
112
113:
114:
115:
116:
117:
118:
119:
120:
i21:
122:
123:
124:
125:
126:
127:
128:
129:
130:
131:
132:
133:
134:
1356:
136:
137:
138:
139:
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fputs("grid file name = “,stderr); scanf("/s",name);
if ((file=fopen(name,"r"))==NULL) exit(1);

fscanf (file,"%1f %1£",&XB,&YB);
fscanf (file,"}1f %1f",&DX,&DY);
fscanf(file,”%d %d",&NX,&HY);

if ((Z=(double =*)calloc(KX,sizeof(*Z)))==NULL ||
(F=(char *#*)calloc(HX,sizeof (#F)))==NULL) exit(1);

for (x=0; x<BX; x++) {
if ((Z[x]=(double *)calloc(¥Y,sizeof (%+Z)))==HULL ||
(Flx]=(char *)calloc(HY,sizeof (*xF)))==NULL) exit(1);
for (y=0; y<EHY; y++) {
fscanf (file,"1£",&(Z[x] [y1));
if (z==0 && y==0)
zHin=zHax=2[x] [y];
else
if (zHin>Z[x][y]) zHMin=Z[x][yl; else
) if (zMax<Z[x][yl) zHax=Z[x][y]l;

}
fclose(file);

printf("%1lg\t%lg\t%d\n" ,XB,DX,EX);
printf£(*%lg\t¥1g\t¥%d\n" ,YB,DY, HY);
print2("%1lg\t¥lg\n" ,zHin ,zHax) ;

fputs("source location = ",stderr); scanf(“%1f %1f %1f",&xS,&yS,&dz);
fputs(“friction coefficient = " ,stderr); scanf("}1lf",&mu);

x=Round ((xS-XB)/DX); y=Round((yS-YB)/DY);
printf ("%lg\tilg\n",Z[x] [yl ,Z[x] [y)+dz);

Scan(grid,x,y,Z[x] [yl+dz,nu);

fputs(“flag file name = ",stderr); scanf("%s",name);
it ((file=fopen(name,”w"))==FULL) exit(1);

fprintf(file,"%1£\t%1f\n",XB,YB);
fprintf(£file,"%1£\t%1£\n",DX,DY);
fprintf(file,"%d\t%d\n" ,BX,HY);

for (x=0; x<EX; x++)

for (y=0; y<EY; y++) fprintf(file,"%d\n",(int)F[x][yl);
fclose(file);

K1 »o%
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' Velocity Simulation of Pyroclastic Flow (Energy line model)
LM=2400
DIM LL(200), HH(200), L(200), H{200), S(200), A(200), V(200), T(200)
N=161
FOR I=1 TON
READ LL(l)
NEXT |
FOR I=1 TON
READ HH(l)
NEXT |
FOR I=1 TO N-1
Ly=LL{I+1)-LL(1)
H{)=HH(l)-HH(I+1)
SS=L(I)"2+H(l)"2
S(1)=SQR(SS)
NEXT |

OPEN “CLIP:” FOR OUTPUT AS #1
LA=0: HA=0
FOR I=1 TO N-1
LA=LA+L(l): HA=HA+H(I)
IF LM<L{l) THEN GOTO 100
IF LA>LM THEN GOTO 200
NEXT |
100 LX=L(1)
HM=H(1)*LM/L(1): FR=HM/LM :GOTO 300
200 LX=L(l): HX=H{l) : NN=I-1
LY=LM-{LA-LX)
HM=HY+(HA-HX)
FR=HM/LM
300 V(0)=0: VV=0: TT=0: CLS
PRINT “ N, “Distance (m)”, ” a (m/s2)",” V(m/s)".” Time (s)"
FOR J=1 TO NN
A(J)=9.8*(H(J)-FR*L(J))/S)
VV=2*A(J)*S(J)+V(J-1) 2
IF VV<0 THEN GOTO 400
V{J)=SQR(VV)
TU)=(V{J)-VU-1))/A)
TT=TT+T{)
PRINT USING ”  ####": J, TT, LL{J), LL{J+1) ;
PRINT USING ”  ###.### “ AQ), V()
WRITE #1, J, TT, LL{U)+25, A{), V()
NEXT J
400 PRINT FR

CLOSE :END

DATA 50,100,150,200,250,300,350,400,450,500
DATA 550.600.650.700.750.800.850.900.950.1000
K2 TAVF-FAVEFMRCELEBYIalb—YaryDTas56) Rt
Appendix 2 Source list of the program to simulate the pyroclastic flow, using energy line
model.
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DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

1050,1100,1150,1200,1250,1300,1350,1400,1450,1500
1550,1600,1650,1700,1750,1800,1850,1800,1950,2000
2050,2100,2150,2200,2250,2300,2350,2400,2450,2500
2550,2600,2650,2700,2750,2800,2850,2900,2850,3000
3050,3100,3150,3200,3250,3300,3350,3400,3450,3500
3550,3600,3650,3700,3750,3800,3850,3800,3950,4000
4050,4100,4150,4200,4250,4300,4350,4400,4450,4500
4550,4600,4850,4700,4750,4800,4850,4800,4850,5000
5050,5100,5150,5200,5250,5300,5350,5400,5450,5500
5550,5600,5650,5700,5750,5800,5850,5900,5950,6000
6050,6100,6150,6200,6250,6300,6350,6400,6450,6500
6550,6600,6650,6700,6750,6800,6850,6900,6950,7000
7050,7100,7150,7200,5250,7300,7350,7400,5450,7500
7550,7600,7650,7700,7750,7800,7850,7900,7950,8000
8050 '
1250,1225,1200,1170,1137,1110,1080,1065,1037,1010
970,950,930,900,858,815,757,742,725,715
700,690,680,670,663,653,645,637,628,620
610,600,592,585,578,565,525,497,485,470
450,445,438,425,410,397,390,387,382,377
373,367,361,349,338,327,318,308,299,293
288,282,275,268,260,257,251,248,244,239
235,230,228,225,223,220,217,212,208,205
202,198,195,192,188,184,180,178,175,171
168,166,163,160,157,153,148,145,139,137
133,130,128,125,123,120,117,114,110,108
105,102,99,97,93,89,87,85,82,79
77,74,71,68,65,62,60,58,56,53
50,48,45,42,40,38,36,34,32,30
29,27,26,24,22,21,20,18,16,15

14,12,11,9,8,7,5,4,3,1,0

iR 2 -5%F
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'Velocity Simulation of Pyroclastic Flow (Bingham Model)
DE=1300: D=1.7: K=850 : E=70 : CG=.01
DIM LL(200),HH(200),L(200),H{200),SS(200),TT(200),DC(200)
GOSUB topography

OPEN “CLIP:” FOR OUTPUT AS #1
TT(0)=0: LO=0 : HO=0: V0=.1 : VS=.1 : V=.1: ST=1: CLS

GOSUB parameter

FOR I1=1 TO N-1
FOR 7=0 TO 100 STEP ST

GOSUB calc

IF $>=85(l) THEN GOTO 100
IF V<.2 THEN GOTO 200
PRINT USING " ####", TT(),L;
" PRINT USING ”  ###.#### "DC,AC,V
WRITE #1, I, TT(l), L, DC, AC, V
NEXT T
100 VO=VP : LO=L(I)}+L0: HO=H(l)+HO : SO=0
NEXT |
200 CLOSE #1 : END

topography:

N=81

FOR I=1 TO N
READ LL({l)
NEXT |

FOR I=1 TO N
READ HH(l)
NEXT |

FOR I=1 TO N-1
L()=LL{I+1)-LL(1)
H{I)=HH(1)-HH (1+1)
SS(1)=SQR(L(l)"2+H()"2)

NEXT |

RETURN

parameter:

MRS EvAazo—EFAckdvyialb—vavd7ras 54 b

Appendix 3 Source list of the program to simulate the pyroclastic flow, using Bingham

flow model.
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PRINT “DENSITY” DE "kg/m3”

PRINT “FLOW DEPTH” D “m”

PRINT “YIELD STRENGTH” K "Pa”

PRINT “VISCOSITY” E “Pas”

PRINT “DRAG COEFFICIENT” CG

PRINT N“”  Time(s)";” Distance (m)”;” Plug {m) “;" a(m/s2)";"

RETURN

calc:
DC=((K*D+E*V)-({(K*D+E*V) " 2-(K*D)"2)".5)/K
A=9.8*H(1)/SS(I)-2*K/(DE*(D+DC))
B=-2*E/(DE*(D"2-DC"2))
C=-5*CG/D

IF DE*V"2/K>=1000 THEN GOTO 300

' LAMINAR
DQ=ABS(A+B*V0)
Q=EXP(B*T+LOG(DQ))
VP=(Q-A)/B
GOTO 400

'"TURBULENCE

300 IF (B"2-4*A*C)<0 THEN GOTO 200
AA=(-B-(B"2-4*A*C) " .5)/(2*C)
BB=(-B+(B"2-4*A*C)".5)/(2*C)
DX=ABS((V0-AA)/(V0-BB))
IF DX=0 THEN GOTO 200
CC=LOG(DX)/(C*(AA-BB))
XX=EXP(C*(AA-BB)*(T+CC))
VP=(AA-BB*XX)/(1-XX)

400 M=-4.9*DE*H(1)/SS(l)
=-M*D"2-K*D
VB=((M*(D"3-DC"3)/3)+(K*(D"2-DC"2)/2)+(N*(D-DC)))/(D*E)
V=VB+VP*DC/D
AC=(V-VS)/ST : VS=V
S=V*ST+S0 : S0=S
TT)=TT{-1)+T
L=L0+S*L(1)/SS(l)
H=HO+S*H(1)/SS(l)
RETURN

DATA 0,100,200,300,400,500
DATA 600,700,800,800,1000
DATA 1100,1200,1300,1400,1500
DATA 1600.1700.1800.1900.2000

MR 3 -0
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DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

WEALETHER GEuUE

2100,2200,2300,2400,2500
2600,2700,2800,2900,3000
3100,3200,3300,3400,3500
3600,3700,3800,3900,4000
4100,4200,4300,4400,4500
4600,4700,4800,4900,5000
5100,5200,5300,5400,5500
5600,5700,5800,5900,6000
6100,6200,6300,6400,6500
6600,6700,6800,6900,7000
7100,7200,7300,7400,7500
7600,7700,7800,7900,8000

1255,1225,1170,1110,1065,1010

950,900,815,742,715
690,670,653,637,620
600,585,565,497,470
445,425,397,387,377
367,349,327,308,293
282,268,257,248,239
230,225,220,212,205
198,192,184,178,171
166,160,153,145,137
130,125,120,114,108
102,97,89,85,79
74,68,62,58,53
48,42,38,34,30
27,24,21,18,15
12,9,7,41
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