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Abstract
The evaluation of fire risk for combustible materials was carried out using Chung’s equations-X, Chung’s equations-XI, and
Chung’s equation-XII, which were newly established. The fire risk index-XII (FRI-XII) and fire risk rating (FRR) were calcu-
lated for specimens including camphor tree, cherry, rubber tree, and elm. The combustion characteristics were determined us-
ing a cone calorimeter according to ISO 5660-1. Chung’s equations caculated the fire performance index-X (FPI-X) and fire
growth index-X (FGI-X) from 893.68 to 1696.75 s%kW and from 0.0006 to 0.0012 kW/s?, respectively. In addition, the fire
performance index-XI (FPI-XI) and fire growth index-XI (FGI-XI) varied from 0.78 to 1.48 and from 0.67 to 1.38,
respectively. The fire risk index-XII (FRI-XII), which is an indicator of fire risk, showed that camphor tree had a value of
1.77 (fire risk rating: C), indicating a very high fire risk. This suggests that combustible materials with a high cocentration
of volatile organic compounds have lower FPI-X and FPI-XI values, higher FGI-X and FGI-XI values, and consequently high-

er FRI-XII values, indicating an increased fire risk.
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Table 1. The Moisture Content and Bulk Density of Each Specimen
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Moisture content

Bulk density

Materials Scientific name Classification %) (ke/m’)
Camphor Tree (CT) Cinnamomum camphora Hard wood 9.5 528
Cherry (CR) Prunus avium Hard wood 8.8 483
Rubber tree (RT) Hevea brasiliensis Hard wood 85 540
Elm (EL) Ulmus davidiana var. japonica Hard wood 8.7 445
PMMA - - - 1180
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Table 2. Experimental Conditions for Cone Calorimeter Test Method

ISO 5660-1
Sample size (mm’) 100 x 100 x 10
External radiant heat flux (kW/m®) 50

Orientation

Contents

Horizontal face upwards

Test time (s) 1800
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Table 3. Combustion Characteristics of the Test Specimen under 50 KW/m’ External Radiant Heat Flux

Materials “TTI (s) °CRT (s) (kW/rCII;;{l:t];(%e:;e (s) (kw/;;Pl;Ei“d—ﬂﬁe () esﬁﬁ;;(sj)’eak
Camphor Tree (CT) 13 235 258.98 / 30 37222 / 265 0.0304
Cherry (CR) 13 235 209.82 / 30 271.12 / 255 0.0165
Rubber tree (RT) 14 245 225.60 / 30 31040 / 280 0.0238
Elm (EL) 12 200 210.66 / 30 36246 / 230 0.0246
PMMA 17 368 1110.56 / 385 - 0.0516
Materials "TSPR ¢ peak(s) (ASGT (s) hspiz‘?fn?; ((rs‘;z/ 9 ICOP e (¢5) ICOPean (&/5)  COPrean / COPrean
Camphor Tree (CT) 45 245 0.0775 / 290 0.0015 0.0449 0.0334
Cherry (CR) 30 250 0.0490 / 280 0.0016 0.0400 0.0400
Rubber tree (RT) 85 205 0.0611 / 300 0.0020 0.0429 0.0466
Elm (EL) 40 200 0.0682 / 240 0.0014 0.0375 0.0373
PMMA 385 368 - 0.0007 0.1243 0.0056

*Time to ignition; Ycombution resistance time; “Ist_peak heat release rate;

9nd | peak heat release rate; “Ist peak smoke production rate;

Time to 1st - peak smoke production rate; faccumulated smoke generation time; "nd | peak smoke production rate; ‘mean carbon monoxide production rate;

’mean carbon dioxide production rate
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Figure 1. Heat release rate curves of the test specimen under S0
KW/m® external radiant heat flux.
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Figure 2. Smoke production rate curves of the test specimen under 50
KW/m® external radiant heat flux.
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Figure 3. CO production rate (g/s) curves of the test specimen under
50 KW/m® external radiant heat flux.
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Figure 4. CO, production rate (g/s) curves of the test specimen under
50 KW/m® external radiant heat flux.
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£EH] ZFORA FPIX ghell <@ ShAbaAdS H1H(89.34
sYkW) < IHUEH979.22 sYkW) < =HUHH(1034.66 sYkW) <
PMMA(1146.78 s¥/kW) << HUNH(1696.75 s7/kW) 2] =M= F71381S
th webA suiE SR EA 0] 7 A vElET o] AAL
A 71 SEES] o] Hof 5 3712 W gho] HAl & 7
A7) fEo® et vt g9 @de] TR e Bl
2 Yt ol HUEUEES HAA7IASET} v wiE e
Z olgjj¥rk

gk B ARG A RE 173 8] flste] FPLXIE A=
o] Ak FPI-XI> FPI-XS PMMA 7]53kQ] FPI-Xpvua o2
the o= pdEh o] WA HudraasEs) HAdilE
9] o] skl 2719 T2 wWiEoll SPRig peak 2 HRR g peac B A
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FPI-X= . CRT (s) @)
SPRpwk (m?/s) + PHRR(EW/m?) - COP, ... (g/s)/ Co,P, .. (g/s)

Table 4. Fire Perfomance Index-XI (FPI-XI) of Wood Specimens and Plastic at 50 kW/m® External Radiant Heat Flux

HRRIS(JCZLk

SPR]S(J)eak

COPpyean /

Materials CRT (s) (kW/m’) (m’s) COPran FPI-X (s*/kW) FPI-XI
Camphor Tree (CT) 235 258.98 / 30 0.0304 0.3341 893.68 0.78
Cherry (CR) 235 209.82 / 30 0.0165 0.0400 1696.75 1.48
Rubber tree (RT) 245 225.60 / 30 0.0238 0.0466 979.22 0.85
Elm (EL) 200 210.66 / 30 0.0246 0.0373 1034.66 0.90
PMMA 368 1110.56 / 385 0.0516 0.0056 1146.78 1
CRT (s)
SPR,,,.(m*/s) - PHRR(EW/m?) - COP,,,, (9/s)] COP,,,, (g/s)
FP[-XI = )
[ CRI(s) -
SPR,,.(m*/s) - PHRR(kW/m?) - COP (g/s)/ CO,P,,.,, (g/s) "
2 7,2
et x = 5Py (m?fs) - PHRR(kW{:; C):T(C;O)P (g/s)] COLP, ., (g/s) @
gsto] 2-g5le). Hoighs ARSE AL AA SIS A3 Aol A4 2300 ot} gm0 AP} o] otk 53], A7k
FAAE s Zoljtk 71 AR A geljek EreH Y 4L g3k v I B4 dAsde] fERE o]
AREE 4% FERAE Qe B g26], B Shito] TS A A3ste] 7 e 24 TTIZE TSPRug e AFS1 2] FHA7]HHAY
o] sk AA Y A7 E FhAshs F10F oitdch AIREE A gsisith
9l

o]7]elA] FPI-XIo| S7Fer5 ghAll91 370 Hopxith

FPI-XIS T8k AR X|59] @22 2 3) 2tk o] 42
3HA1Ad EA5-VIIT (FPI-VIID S TTI (s)& tAISF] CRT ()& =sk
ATt

Table 40 AZ2 FPI-XI #S YERAUTE oA FPI-X #
PMMA® 3373} g gho|t} b 5 A5-XI (FPI-X1)2] shAqHAd
S HUH0.78) < ILFUHE0.85) < =FUHH0.90) < PMMA(]) <<
HLUE(1.48)2] A= F718FTh

S A AgelAs 7HIES] SRS CSst] flste] #H
A7 S E[SPR e (m7/s)], HTNDWEE[PHRR (kW/m?)], 12
I A7 g o] e AJZHTime to SPRyey (5)]2] 370 ¥
5= 13t ARSI (fire growth index-1I, FGI-INE HH
SFATH15]. 2eiu sHAl Al BAE= /3l 7k T 7R 2Rl
Arbstebag} o AbstekA o] WAS EEsto] H7EE A aAfo] glo]
A dAbsteRA s} o|akstekAe] F S TS 23k 4709 B
= w9 sto] A A G- VII (fire growth index-VII, FGI-VI)S 7
oo 28-313lrh16]. o] 2 MayYAT-o} vlwste] v JZ/3 7
AUEE Fol7] flate] HU7EdEEel Zdx= ARE Hod
7AEG ) AEQUEE 183 datksiekas) ojatslekae] Pl
LTS 233 4712 ATE aEste] A998 FrkE Tdst
At

T 2 AFeAs B o HOE JHAES] HulAV S
o] =dE= A17HTime to SPRig peaks TSPRig peak (s)] THALCN 2ol
A st A A7 ¢ A ZHaccumulated smoke generation  time,
ASGT (9] Al 24= &8st 2] @) o] sAVIEA4-X
(fire growth index-X, FGI-X)= A= A3tk 7HAES 1 AHA19)

2] (4)°ll4] FGI-X<& SPRpe (m?/s), PHRR (kW/m?), 18] 37 COPpean
(&/8)/COPrean (g/5)2] 370 W72 53t 7S ASGT (s)Z Wr #to=
EER=S

Table 59l A|5.2] FGI-X % YERISITE FGI-X #-2 Fa A7
ANZHASGT (s)], FHEYEE(PHRR, kW/m?), Hjad7dA&%
(SPRyeak, m’/s), 12|31 UAks}ehao} o) abslekAio] H A< mn]
2o A YR} 7F =2 3o YERT ol PMMAE A
st AR F SPRig peaks PHRR gto] 7F& 3, B COPuear/
COPuean®] 7] Wt 02 Tt webs] Ssubi= 3441930l
7V =A JEebsTh ol dedt uhel o] A f7] 3EEe] g
Fo] 7] WMoz ofajdrk vt Aol 7HE v A
O Uehsth ol AduEEd ARSI W] wiiE
O & olglErh FGI-X #hell 23t glA1918/3-> Wbi(0.0006 kW/s®)
< PMMA (0.0009 kW/s?) < =F170.0010 kW/s?) < H1H7(0.0011
kW/s?) < TLFUH0.0012 kW/s?) 9] =X 2 S71ekaith

ot BE A AR sHAAREE Bk As oA 3
AANBE-E BFEssl] Aste] 1A B4 st WAAE A8
skoitt. o]} vl Ad3ATelA AAlE ARV (FGI-
VIID[16]3} &= oh W o7 34 4-XT (FGI-XDS 2] (5)9F
2ol AME skl Agsiglch 997]elA FGI-XI FGI-X< FGI-
X EF HPMMA A8 71E0z e glow gejar,
ol HAE Al e} ZHiAeH e ARG ko] glerw
[26], St Gehi7} 7S A7]bAAdo] Hashs o R ola e
ok webA FGI-XI kol A-ATE A8l AA= AR 4=
Hrh

FGI-XI& k= Fakd 42 23l 212 2] (5)% Lo
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Table 5. Fire Growth Index-XI (FGI-XI) of Wood Specimens and Plastic at 50 KW/m® External Radiant Heat Flux

HRRlleeak SPR] st_peak

ASGT

COPran / FGI-X

Materials (kW/m?) (’fs) ) COPrean (WIS FGIXI
Camphor Tree (CT) 25898 / 30 0.0304 245 0.0334 0.0011 1.38
Cherry (CR) 209.82 / 30 0.0165 250 0.0400 0.0006 0.67
Rubber tree (RT) 22560 / 30 0.0238 205 0.0466 0.0012 1.33
Elm (EL) 21066 / 30 0.0246 200 0.0373 0.0010 111
PMMA 1110.56 / 385 0.0516 368 0.0056 0.0009 1
SPI‘%,P”L /s) « PHRR(kW]m?) - COP, .. (g/s)] COP,, ... (g/s)
FGI-XT= ASCT) )
SR ) - PHRRGIV) - COP, 1 015)] €O 0]5)
ASGT (S ) PMMA
fire Risp o FCI-XI  PGI=VIT  FGI=III  FGI-I _ SGI ©
r—x1 " Fer—vin & Fer—m & Fer-u O spr

o] WAL A AGFEA A 2719 S wiel Hujdr]
TS (SPR g pea) & H DL ZE(HRR o pea) 7S A EISI] 28
3kSlth FGI-XIo] 571 sAlfdd2 sobls nlditt

Table 5o YEFA FGI-XI k- HHH(0.67) < PMMA(L) < =F1
F(1.11) < TFUF1.33) < BUH1.38)2 /=2 Fregith o)A
o o @49 AR 3T Q) X|ul FGI- X, FGI- X132} AFsE Aeky

< B3t} 5, FPI-XIZ) FGI-XI gkell o]te] siAl$184d-S H71st 4
I HupRot sl o] 71 Wk Edolglor sl 7§
Aol A= oAtEr

ulgtx] Ao R HA| W FepAgg X3t 71 ES FGI-XIE]
ol ALFE AR FoA AL, FARIAY S oS & F
AT FGI-XI Alge] 93] S4E dlo|eE gg3) Axtste] &
oA & #ro=, FZEEHE A3elA A AR A S
gebsh=r] FRHARl WrkE A8d 5 it

AR 2 ()2 ol AeEH ARG S ATtk

Aol 398 Ay A3

o]Z ulelo 7 3B S-S Hrlkelr] $ste] AlEE FPI-X,
FGI-X, FPI-XI, FGI-XI= dH3t5.om Aa) Aol s /e 3}
A$1EAAF-IX (FRI-IX)[16]9] A o= &-83b] fl& = o

2w ow SHSRAAS-XIT (fire risk index-XII, FRI-XINZ 2]
()3 o) Az ate] 2883l FRIXIIE FGIXIE FPIXIS.
2 URe gho® Aofs ] ol st gk shAebd el A
&= A3} 2UH26]. Z, FRIXIL 3ol AZSE sA193840] 718t
3L WHR FRIXID o] fobds== shAl91gge] fashs 2o

A, A9 D S EA TS THEOE ST 5 e A
o7 wetHE
FRI-XIIE T3 2] (7)< v 2tk
FGI- XTI
FRI-XII= 55— @)
ot A EAE 7 A AR 5 Qe HEFAR FAEA Y

T3, Al 34 A Al 4 &, 2023

st gl o R SRS A=s] fste] AR
A|4=XII (FRI-XIN Q] AFE nlgto R 3¢ 532 Table 63}
2ol AAEIATE =, A8 AG-XI (FRI-XID) ) 0~12 334 ¢t
= 269 1A 0 R A7) kAN ARES AaEES 1Ed 75w
Tretson, sARPAAE 71F 0 R M9 =2 A, =2 B, &
1 C B3 20 D, W 1 E, B 20 F, i Y GE FSISi
5 AE A2 B JJJ S A3 AER G = Qe
AR FFolH, FHake 512l GO S UAANEA 2 AP
R  gle HA FEAS ARSI weA diie] 7
BAEL Table 69 750l g2 Aoz osjech

ox fle B N

Table 6. Fire Risk Rating for Fire Risk Index-XII of Test Specimens
at 50 KW/m’ External Radiant Heat Flux

FRI-XII Fire risk rating Fire safety
2 or less A Very high
More than 2 up 4 B High
More than 4 up to 6 C Medium 1
More than 6 up to 8 D Medium 2
More than 8 up to 10 E Low 1
More than 10 up to 12 F Low 2
Over 12 G Very low

Table 70 Ko ule} o] sAISIEAIA=<] FRI-X1Io] 9]t 5}
AHAEAL U7 7P w2 A0 YEITE PMMA Al8ES
Z[EEAR T S o)gsle] T FRIXIE HUEH045): 55 A
~ PMMA (1): S5 A = L%—\A!%(l.%): 55 A = ILFUE(1.56):

A < FUHLT77): T8 CY AR STt SAEdE

'6‘
FUA05 Wkt 43} S 8] T e B o
:
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Table 7. Fire Risk Index-XII (FRI-XII) and Fire Risk Rating (FRR) of Wood Specimens and Plastics at 50 kW/m® External Radiant Heat Flux

Materials FPI-XI FGI-XI FRI-XII FRR
Camphor Tree (CT) 0.78 1.38 1.77 C
Cherry (CR) 1.48 0.67 0.45 A
Rubber tree (RT) 0.85 1.33 1.56 A
Elm (EL) 0.90 1.11 1.23 A
PMMA 1 1 1 A

ol9} Zo] AFAIRE 9 Al1x} HA7EEe TeEE A7EA
AlZEE diAlete] AAAFAITHCRT) 9 F2 A7 EAYAIZHASGT) =
7173 Ase] A AL AEY A71EHAFA A e disk
AAQ B QAT Aosta, olF 7HAA AR AEA Bt
of Agst Ay, I FUIEEE thF st AddiEE
(HRRpear), HHAZEAYEE(SPRyca) B CO/CO, 2] B gn7} 3=
2 22 FPI-X %3 FPI-XI %ol Wil T3k FGI-X 33 FGI-XI 3t
o] F7¥stell whet FRI-XIIE] gho] Folxith 0|31 sl =
oFE ougith FRI-XI 32 A8 E A4 543k AREsto] o
OEH 7HAA AL AR S wksh=d] & 2ola
901 Prlz AL= 4 Qi

ofN
% =
_|>4

4. 4 =

Ard 49 sAIEA H7H= 3171 918 Chung’s equations-X,
Chung’s equations-XI, 1] 3. Chung’s equation-XIIE A= FH3}A
o AIEE U, WU U, S5 S AEEgin 22
ZME(ISO 5660-1)5 AH&-3t] AldH] gt i 545 AFs)

Som, HFH O Chung’s equation-XI1Q! FRI-XII®] ]3] 3149
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