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10. Kinetic Energy
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11. ABAQUS

200
Specific volume of vapor (m:7Kg)
175 1
150 1
1254
1004
754
501
25+

Temperature (0¢c)

50 100 150 200 250 300 350 400

0.0035

Specific volume of water (m%(g)

0.003

0.0025 |

0.002 |

0.0015 |

0.001

0.0005 |

Temperature (0¢c)

50 100 150 200 250 300 350 400

ol 5l g o aasine e -1 S
(YA4A Kruse g Wagner)

adsl Casb) e & azgi b al> o cnl 5o (il al> o

Ol (V) adaly 50 sadaiwlS L sabadls!l cugb, olie g
L Saselasl aslol ;o 058 o0 dwlows 0,85 10 Byax Cugh,
bl b cuza b aw Jolye 5 ool oy (Sasglsl pos
O BUCBICEESC SRR PRI B Toams oz

S5

" owaS T l38le 5 50 (53w e —0-F

Sl (550 gl l38l0 5 51 (o st 4 waSLT 3800 5
o s Jebos o Sk 5 Sloelr S pwiige o &S
Ol @ls 5l a8 3 Oype B )0 10 S oo 18 oLl 55
Wy, el 0033 5 ooliinl gob90 flic (o) p S LPle
a2 o n i 53 ol s 50 55 (s3bo S



£o—FO (¥ liwo)) Fojylosds s ol o) Jumo 9 oyl o (oo 9 ol [ (g0l Ly g Slids of

OS50 Ceend (nl )3 was oo ) JLAS
Jol gl s lie 4y lacyl sadsall | Lo Jow (orwions g
Joe 0sd s aSlo Gmli.i;iu)'—l =l b S Jow
300%300%120 mm? sle) L o aekd G alfelej
YV (] ,5Ken g Mindeguia) aib o

Oliee il o0 76MPa (4o asgie daseios (6,Lid Cuoglio
o axkd o> g5 45) BS0O g9 50 (i anbad (6 pdyd4ds
Al adsl llyd 4 azgi b (Al oo Coond (0l )3 (o 2 990
bl sl o TYIA s adsl Casb, woys 5 1.6¥100200m?
5 adsl aipwcs¥l Joow o IWm-LK-1 ol 0 dsdad Sleo
059 0.25 4 52Gpa plp cudjds jo5de asdad yguwly Cod
lod adgl Lol i 1o g cwl 009y 00l lge 19530 dnlad el
3 Gk 3l Boye el 0ogy ol F il ax 0 YO laxe
adgl (o yre j0 ez K5 5 Clond Jlosl 55,5 slaaxg
-l 4z )0 Y0) (3BT sles adsl bul,h jo 5 il ool Gy
G 3l SSU sles @ig egen (VF) JS& il 13 (o5
ashd 5l 2mm Gee o 2ol F ooles 4 Jlesl
S8 o Gmles a1y i)

s aakd o b mig amlie 4 Jg Cwend o
o (V10) IS ogihee aly Al Joo g 2okl
51 50mm 30mm J10mm les! ;o Lo 2565 092 dulin
Jow 9 (Experimental) ooSiolol Jow jo js5de ooy axkd
W55 Hled 0318 5 o aline 5y > bl 5 L (Analytical) Ll
Gy oy )0 et i o B jLad 0 5 o Lal 5 iy oS
elasl jlad avglio a4 (VF) JSCo wo)lo Lo aolidl 51y o po
D310 5 00 50MmM Ges o aliole;l 5 ddos Jow g9 0,
Joe sl asie (18) 5 (10) sl S 51 a5 aisS olon
S (28,5 515 50 1) (St lojl ol b dumlie o Ll
5 el Joo g sanSy il 5o bl Jas pog
5 R FKed g CbeS (Gr > Jlosl 092 a5 (g3uaie Jale
olie 2B 3l (il 18,5 alKislesl s p Wiy oo .o

0l e 18,95 5

450 15
T2mm
400
350 0z
o 2
< 300 —=_'
g 5@
S 250 s
s 2
§ 2004 id
g 03
E 150 Heating rate T4
8 3
100 52
501
0 -10
0 100 200 300 400 500 600

Time (min)

azlad il 2mm Gos 5o ROl F 5 g o poje VP IS
(Y+)+ o1,o g Mindegui) B

lasklc 3g58 -1

I ) i Y

ol oy 5B B —Y
G oleig By

(63 Juso &gl —1Y S

PR PR
dlo yo y0 g0 L0l

/

(S ol Ayl —F UMESHMOTION -¥
S englie g

gl o Slos Ol gld -V IS

SLid g o 25 al> e 2 ;0 USDFLD (45wl 51 oolazwl b
oolazul b g g oo odilgsl 3 i aslad (o cadolm! (glo i
(S Sy > 0 8 ;0 UMESHMOTION (.54 Lo
9955 o Do dmalie (1 lme (G8ES Cusglie b adioln
Sllos (85 Caaglie jlome v 5l (LALS AT Gl Djpe 50
Dy o gl il (ud g diug ploy g e g oddiiisie

ialed a1 5550 (g ples 59 0 Shas )largls (V) S5
2 Jelos Jlie 51 (S5 plsie 4y )55 30 (gl (g plas 10,185 o
&9 b b e lazg,s 9 (OT) JS2) sl )y 55le o
S 0 a8 Gl (59,0 4SS pl 53 e o LT g0
O A5 Sl o (538 weSUT l3dle 5 40 i85 & je0 (65l
3 &Pl Bras S5l g 00gs ojlailee olyax L (Kan glosle
Slgie a5 Ol JBu aSpl e .l 0o L3 o O s
el 0als 48,5 a5y Jlows! 55 SO

oW oo -F-F

@59 b prites LI 5 50 8y oy &5 Sz ol
SBu jlad sloml o 4y oagay ol g abls iy asdad o Leo

3 b a8 slagiss obml o] gsas 5 gladl > yo O



Fo—FO (¥R yliwo)) Fojylosds s ol o) Jumo 9 oyl o (oo 9 ol | (g0l Ly g Slido

AT

BS540 e )l Jl padsds b ool
bl ol &8ss (oo gl 1) (s el K00 0 S 535158
S 3l 98 nl )l JE 28 39 i )0 Bl o
)5 g qomyp 3590 Elgl 00 4

sl az o Ve v gles 5l o aadad o Gl e anl 8
;0 Vee slod (i) 9 358 Wig; (nlplls wedon 89,8 015
S5l 10555 0 @l Cual 1 (i askd o ol 5 il
Gy Sy Zow o 5 ile az o Ve gles 3585 a3y, (V9)
) o gl Yo Culs b i adaiie ;o (IS0834) Lasuis
L aS el ol Sk loges ol @dly,s ol a3liS isles
2 s axkid 50 Lo g8 0925 9 Ol JS] Jus 4 a5
sled (2yme 50 sl 5l slp o 5l Ceend plas” ( Glej 657 52
azyp Vel 51 Gles u S b ol il az s Ve
IO POR SN UK AT

Temperature Distribution in Quartz Concrete
600 T T T

P
)

==-10cm Analytical
=== 20cm Analytical

g

— 10cm Abaqus
—_ — 20cm Abaqus
Do
[
2
T 300
(7]
=%
E 200-
it

100 120 140 160 180

a0
Time{min}
Temperature Distribution in Limestone Concrete
600 T T T T
== 10cm Analytical
===20cm Analytical
500 4em Abaqus
—_ —20cmAbaqus | e
Sao- T
g -~
=2
© 300
@
E
o 200
fhad
100

0 20 40 60 80 100 120 140 160 180
Time(min)

Temperature Distribution in Basalt Concrete

== 10cm Analytical|

400+ v 20cm Analytical
— 10cm Abaqus

350

——20cm Abaqus |

TemperaturefC]
g BB E &8

==

20 40 60 80 100 120 140 160 180
Time(min)

Gl g9 dw b (S azhad ;0 Lo 595 090 - VA JSCi
o gl Yo g e Glos! o

Temperature Distribution in Depth
T T v

400
350
£ P o = ——
@ 2501
o | T T e
5
& 200+
L -=-10mm Experimental
£ 150 ——30mm Experimental
[ / ——50mm Experimental
1009 Ve ——10mm Analytical
==-30mm Analytical
50’ ----50mm Analytical
[0)

. . c .
0 100 200 400 500 600

300
Time(min)

s rhacshee Beg Yeide Glosl 50 Lod 22595 0920 10 S
sl g BEilo;T Jow 98 48 B500 Sy dskad

Vapor Pressure in 50mm Depth
o7 T T T T T

— Analytical
0.6~ [----Experimental

e o o
e £ 8

Vapor Pressure(MPa)

-]
b

. , \
80 100 120 140 160
Time(min)

PEasloj] g (Sl Joe 99 59 55 gleiil jLid 17 S
50mm Gos 4o

bl Joe e pln yo (S Slakad L8, ) sl
Sl ool &l o Ken ¢ Mindeguia lawg  (gog99e
~ahl Jaw K8 rwions sl a5 (Y- )+ < Mindeguia)
Cov azg SO 5l aS all 0 20em Cwlrs b (i (L g jleed
B )55&\.4 )‘53.0 ] 0dg 0.25 9 52Gpa )..l‘)..l [N EY) );M
I el oo o 5 il a0 Ve laome sloo adgl Lyl
Oledl Joe 50 50 J1ais a0 axkad 1o ouds sl (5,97 iiS (YY)
oS Hled 020 o s 42 B0 YO g V- W slale; jo ], dgamme
Culyd 5l dow Jow 90 uls 0sd oo il o (V) S 5l aS
il oo )10y95 5 (sl

el Joo i -V-F
o azbad jo boo 29395 -V -V-¥

S siledse 0 o8 Gyl by Sl 4 25 L
askad )5 &)l JUl g @jes 0920 By pln )0 R LS,
G 3l sl g e (VA UL adliee i
15 G ooked s 5l g yme il Yo g )+ slasl o 1S0834
Joe 90 50 sy Oy90 Alo K g8 dw b lise Sy aslad
SIS s Ty e g5 UT 38 JUS oo 5 ol



FomFO (AR ylinn)) F oylos e ol et j bummn § ] pos smckitpo 4y | oedl .y g o SLinS a%

10° Eigen Stress Distribution
a2
g o
2
o 7L
17
c 4
(]
2 gl
w 20cm Basalt  20cm Limestone 20cm Quartz

10cm Quartz
10cm Limestone

10cm Basalt
L

10! L L L L L L L
0 20 40 60 80 100 120 140 160 180

Time(min)

5 ablie lisia Glac! 53 o35 G @ a8 T S

Loo @ atusly (v dlmmiw¥l Jooo Eor (3) alal, o
O AT o bludl oo alpha ((A) s sillao)
.]4...494.40 cATavg ‘6”94 uLo.” 5.) "),».1 uaDLM.A QLQ) s_i.: )é k5_)Lm)
- oo daad Caols d (ol > cod mhaw B lodl alsld y AT
Ol Gl b o(F-F i) ey Eolos 4 azgi b ol
Sl g ooy alizes laiond (o oo sl oiiS s
S ly B e yo (o axkad 18, 5 (L (Al g ey
Sl eadolel canS mas (YY) S ol 13 )
O 00 Ol s Sl (e il Ve g Ve Glesl )0 5 >
G 5l S5 5 B ul )0 (o) 2 )50 i P E5 A )
Lol aL2ldS il 4 1) 3, alize slale; 4o (1ISO834
oaboloyl oiiS nar oS ais Cllas ol (sLisS e 0e S
S resilo Yo Bas 5l iyl (g0 gl V0 Gos o
ooy Sl (sbsS alins (! 4 009y oy Il o e
-l V) Gos ol b PBlas oo ashd culs ialS g 5,6
Do aales 5 lailinl 3> e 10 (6w
> S Blws 51 (Ko b o)Ll iy o psbilen
2 (OMd Awgding) (3,55 w2 &) Sl (S 32> (>
5 Shlos Jow 99 53 adgl 595 Bes 5 Gl (7)) g ol
4 oy b o)l e siles 4 ) eeSUT Jldle s Jae
30 8y Jleiz! lgs oo 0als olowl caiS 1S g slo e Lid
duolie 4 (YY) S 0,8 sl | o) 0 Cad (50 (30e
Gy cod Al S go8 dw b ashd o 5,8 o
G azg b ogrge sbojlogel a4 azgi b ol aizls,, 1ISO834
W laibinl 5> 5150 a5 098 o (aseie (V) Jeaz 5 S0 o)
'J"‘ Sy g 0090 d)y Sl ).»...M.u ‘6)..)155 FHEYE <9 l; U""
salss s o] glgil Koo ar S oy 5l g5 ol )0 s ey
Wlg oo 1, a5 0l o0 C8lye (VY) IS0 4 amgi L oy
5 9w 3 09 ,5b Cou 1) b axad Gee 5l oYL ao)o
ool a5 0l axkad 5l glakasMe LB Bes jo 5,95 ol el
Cubrs rals cde 4y g Slabad (6 5,L (el cely aluss

Dy s

100 [°C] Temperature Penetration

0.35
—&—Quartz
0.3F  |-+Limestone
——Bazalt
—0.251
£
@ 0.2p
o
=
8 0.15
0
a 0.1
0.051
. . . . . . . .
20 40 60 80 100 120 140 160 180

time [min]

31,8 55l 453 Voo 5led (305 59) (59 pbey Wiz —IA S
O EYP w50 o) & S

Slod (59 950 o0 0daline (V) S )0 aS 4ig8 Jlon

(S5l lalbSw b 0 Gas jo ol F le a0 V-
WS (oo Sl ] S b g 039 i (o Ell K00 4 S
T P o)l Jul pn gbabSen JBs el L
O o sloyam (s mali8l s m s Sl daldl o g aes o
b (Lol T a5 5o slanl jo Les ol wales> o0 5l g4
20 olF il az o Ve gles 358 Zie s el 00y YL

blyn iy (51 5l 55

o @395 oo Ao lagis -¥-V-F

) 4 429 L) (G ghale )0 & 5l (A6 sled @95
O bed 2ble; 5 oiy sbo S (JBs S alse 4 ()
Los 4 53 095 agiay Ko o beaasiie ool o5 el atly
ol g 009 (ot e (S aakd )3 Led o5 ol plis cailainly
Ssbon b 5 > sl sl el b5 i
29 Sl S e Ol mhe o wands cnl o
Oyl a8 S o e e ) (oS Sl calalie S
Sl ghie J21s 50 095 0 o)l ahate p (ol &j90 4
Sl ohg Sl i lye a4 b 25 (nl wes 0 &) (22
) alal) 5l oo oo ;o Sloj 5 5o 10 059 i Nigh oo
= haite ;3 0y A5 @ e 0928 (V0) SS90 oo dnlna
IS0834 3 > 5| 56 o 3k 5 Sol e 35,155 sloalsKin b
Sl 4 Ol Cod mhan e Bl Ve g Ve lesl o)
50 ed oo S8l o HeS e JSi 51 aS wieS les Ll ailAS
5o dalol joanils (o lad el ofg i ol 3yl slales
Bos ) & g A Sl (S AT S @ YL slales
oS 51 505 s ragle Ve Gae & Gl (5 ol ) ¢

B0 E) Pl (S Sz e ol PSS
o, = Ecr * alpha * AT,
AT, = AT — (AT + AT,)
AT, = (AT = ATgyg) *7 A)



Fo—FO (¥R yliwo)) Fojylosds s ol o) Jumo 9 oyl o (oo 9 ol | (g0l Ly g Slido dY

Spalling Probability Depth vs Time (30cm Thic.)

0.2
—"‘
a”’ """"
_0.15¢ P PPt L
3 S
ES) f" -----
|8 ” .
3 2T
= 0.1+ PRt
£ Dot
K s
& Lo
L 7,50
0.05] , ’,",. —ou
&) ===Limestone
==Basalt
. . . :
GO 10 20 50 60 70

30 40
Time[min]

Olo) 42 Comd (5 £95 A )0 B85 (Yoo o —TT S5

10000 —
fibre dosage
(kg/m?)
1000 —--0
5 |-o-0.9
= -»1.75
< 100 -3
i~
o2
10
1
0 100 200 300 400

Temperature (°C)

23 ol 9 Lod 4 Ay s D9 o po - VY SO
(Y++) Galle gKalifa) ;v gy b

oolazul (s LgL!bo)‘L.u O & L ablas Lng)lSJb‘) )| L;‘
() S adlign o5 Lsle 5 Shosnly sl |
al) Ol 2 Ol g Lo & atily (6pdidshi b
Loo 52 ;0 (633985 eandtl 5l g ol 45 0,105 o Gialed
o] Cowdds 8,5 il ax 0 Av slod [0 (6 pdudehi 4 S
Gy Cod gy ashad  Leo moll 51 (0) Jgoo ol
ol s F-F i 40 ond 4| ol slaaasis LISOB34
1) el Jan 3 55550 5 dy3ai Sl ooyt Jlacl L
240 S &gS ) 005 s iules |y Gadod pl jo ol
Sridedi Olime S (TV) JS& a0 a9 b (o axbad I les
bl et Gliee 2 (58,5 S0 0 b o Sl e p0 aya
Lgls 15 ks mecls slo s 1.75 Kg/m? Jilas 51 ool
FeS Bl askd ot BB 8,85 2T pliee Wl oo (S0
5,Slas Sgng ely alias (ol a5 Wil Caoles wsys Vo
o olabd el g ol wals 5> pln o (S skl (6,18,
S Olge ool seler WIBEE G e e )
Sojls 5T 45 a5 ol s0gy Sleiiles allas o5 yany
o il ekl iy 0 S o 18 ool 5 jg0 oasiigs
D5 1R G eyl cov iy e (S

WloSiiw £53 am b i )0 3,55 E9d50 yidan (o) 2 S
o 50 oad )l sgaze Lol Jas 4y a2 g5 b oy 990
)90 B9 oy ¢ (s ankad Cuals Il Ghals S1F-F
G Sod Lo Gl ST ooz ool 485 )15 (o) 2
i o oad @) gols (gladaseis b iy asks , 1S0834
calid) Slite nin daie b b ol Jy ¥
A5 S5 oen A o Ltales @ 1, (o il Fo ¥ Yol
2 o > ) Sy Cunl aseidis (F) Jguz 50
P oo S50 Elgl Koo 5l 6lsS slealbSiw b
Wl 00l 000 jidey dadnd Cals ralS L Sl ul aS ooy
P GoF &S S9doe e skl Culs Il &S nl Ged
o akd i golul Sl g 095 518 pme vl o
ol peas el £5550 ol 55 e ISOB34 5 > o
Gl G ple o i g)lal Gl o Dlidad calks
il oo L)

;  Tension Stress Disfribution in 10cm Depth

7: 10
.—.6_
o
o Basalt
0 X
2 a Limestone_ AN
= N
w "
C 3 Quartz s
0 ~ h
0
c2 .
L 3 \
+ A, .
1
A
0 20 40 60 80 100 120 40 160 1m0
Time(min)
<18 vension Stress Distribution in 20cm Depth

N

o

Quartz
Limestone

Basalt-..

Tension Stress[Pa]
o

0 20 40 60 120 140 160 180

80 100
Time(min)

Sralo Yo g1 Glosl 5o (GiudS i @595 -V SO

O Eg dw yd adgl §y98 -Y Jou

el Joe 5Ll Jae
& 5o8 Bes

‘L g0 e I
Slacss &g O%) oy Q0¥ O QP G°F
Sec) adsl Sec) adyl mm) a gl

(mm)
SFS vl ) Yo \YioY
Sal N/f AR AV YAIVO

SIhb VoA YY/o q4/A Y-/VF




7+—F0 (1YVa9Q ul.u».o)) ¥ o)w OHe Wl o M ) Qb.a: (W0 eb).m.a / sw‘ 3.9 ‘sil.ﬁ.bé A OA
wyldio Gcwlins b oy £45 duw 55 G55 -F Jouzr
Sl T Sl Yo Sl Ve Sl Ve aslad Cuoles aloSs g8
£4/700 FAIAOYD FLIFAVD ARATN min) ol &5 oo s
Yl VAVI 1¥D VEID M) g 5y e e
VAIVEVO FVIFOVD BVFIYD VANYO min) ol &5 ol :
Ve V50 VE- Yo mm) Ll 5,55 Bes o
SEIFEYD FAUFIYO SEIVA FYASYO min) ol &5 oo N
V)10 Y " Y mm) Ll 5ys Ges i
O @F 2 Ok s (G098 510 Jeua
St S SHlsS | loSin g5
BoF Gos &5 ole; BoF Gos &F ol BoF Bos ¥ ol o
H 3 . . . . . . . PP 6_\35)31 Ql)':"’
mm) ol min) ol mm) ol min) ol mm) ol min) ol
AYIO Ya/OVY \YVIO FY/FYO Vo FANAA xSayin 43 o SeleS -
YVIO LARYS ¥ YISFY VIO YIA¥A R AT AR 9L
Vo YIYao YV YIYAD Y10 YIAVY o yie 5 p,SelS VYO
vio < IV VY10 o VF VA aSayie 5 p,SelS ¥
w . L . . . Spalling Depth in cocrete with Quartz Aggregate
4.7.]43)4‘5“4&‘ e dLQW J.:‘ (Yf)JS.ngL‘b)‘«bﬁ-u - - T T
200+
o o..hfadﬁb‘ &b slaazino L ((0) sz: 4 d>g3 L) e g
c e T
Cowl 9090 (pl (SLsS gl 0,105 o ioles 1) F-F iz E 150 e
= .
e . . e e A e & e 4 ,.""’
U S Gyl o (b olalad (85 18 oS 8 100- T
o e
sl g el oals axlad 3,05 38l cely o a5 glaos 5l 3 H #;‘,‘;,.,‘.
s I . . e ez @ 50 180 834
g A Ay )L.Z" LQ‘L’W LJ"‘ )& ﬁ‘ﬁ 00 = Slalad ,/ —HydreCarbon fire
. 4 -+ RABT(train)
aS alswo oyl i L aS el 5SS oyl sl s ‘ . ‘
N S Ok o ol 55 ailse % 10 20 oW 50 60 70
58 ey ) oo Gial3dl &5 1S0834 5y, mie o memn
6)-’[“5 7o _ w)s < 7 / Spalling Depth in cocrete with Limestone Aggregate
s (Faigledl o] s (0) JSb 3illas) a2l oo 3,55 2o T
5\39) ‘5»..4 dalad k}o& B 6‘0).0} )LmS w‘)s‘ 9 ;.1' )L’>u )‘ 150
Gy SNSy Cpr (1alS @ jzeie Jole ol 4 anils (g 5asS £
=
s g oz . - ) e - 2 100
K% i
@ 50 150 834
‘ —HydroCarben fire
-—RABT(train)
= o | L | i i
Az — 0 10 20 30 40 50 60 70 80
‘S)J t 6 Time[min]
Sao )3 Bpasy odle S lyie 4 G &Sl 4 az gl Spalling Depth in cocrete with Basalt Aggregate
‘5,43.’2:0 VLQ‘}C ).l‘).l )0 odlo L)"‘ )L'Jé) | )L».I ML!GA uLo.a}L.u 120 I I I ‘ i
o 0 a8 (Ll 51 (SO 09l alils 5> ply joales 5l £ 100
- E
Bwgdimg d0d 7, b ¢lp cwl (Sao ol 51 G b 3 > £ 80 1
(]
K w ae - B o “ w e . B a 4
T s ew ool a T T T 40 #
@ ol 5B s sl o 0 e ol waxg b &> & 7 150 834
. - _— 20t —HydroCarbon fire _
o gl gleay LSis g of [ (be ol ada 5 ol [ -~ RABT(train)
%10 20 30 50 60 70 80

cle 4y oglodl glaay JSCas 51 gy 20,08 o0 S5 0 Ol o
‘Q] 5! QS“L‘&S“"‘SLSL”U’“‘“ aalol ;o g (glo o ,lid .8 IS
398 Dy yo aslsl jo aS eal g LSl Ges o o

OlFsr O Seond 2 )3 (LIS Canglie I (88 lo i

40
Time[min]

(S axkad )5 &)88 p G2y S FI-TE JSS



FomFO (AR (ylins)) F oylods e Al et ) bammo § o)l ot sockitpo 4y pidd | goedl . g oSS | 84

Anon, “ASTM E119: standard methods of fire test of
building construction and materials”, American
Society for Testing and Materials, West
Conshohocken, US, 2001.

Breugel K, Van,Veen C, Van, Walraven ]JC, Braam CR,
“Betonconstructies onder temperatuur- en
krimpvervormingen  (in  Dutch)”,  Stichting
BetonPrisma, Netherlands, 1998.

Chung JH, Consolazio GR, “Numerical modeling of
transport phenomena in reinforced concrete
exposed to elevated temperatures”, Cement and
Concrete Research, 2005, 35 (3), 597-608.

Gales ], Bisby LA, MacDougall CC, NMacLean K],
“Transient High Temperature Stress, Relaxation of
prestressing tendons in unbonded construction”,
Fire Safety Journal, 2009, 44 (4), 570-579.

Groner N, “A decision model for recommending which
building occupants should move where during fire
emergencies”, Fire Safety Journal, 2016, 80, 20-29.

Harmathy T, “Concrete Design and Construction Series”,
Fire Safety Design and Concrete, Ottawa, Canada,
1993.

Ichikawa Y, England GL, “Prediction of moisture
migrationand pore pressure build-up in concrete at
high temperatures”, Nuclear Engineering and
Design, 2004, 228 (1-3), 245-259.

Kalifa P, Che'ne” G, Galle” C, “High-temperature
behaviour of HPC with polypropylene fibres From
spalling to microstructure”, Cement and Concrete
Research, 2001, 31 (10), 1487-1499.

Khaliq W, Taimur, “Mechanical and physical response of
recycled aggregates high-strength concrete at
elevated temperatures”, Fire Safety Journal, 2018,
96, 203-214.

Khoury GA, “Effect of fire on concrete and concrete
structures”, Progress in Structural Engineering and
Materials, 2001, 2 (4), 429-447.

Lukkunaprasit P, “Unbonded post-tensioned concrete
flat plates under 5-hours of fire”, The 11th FIP
Congress, Hamburg, Germany, 5-7 June, 1990.

Mindeguia ]JC, Pimienta P, Noumowé A, Kanema M,
“Temperature, pore pressure and mass variation of
concrete subjected to high temperature-
Experimental and numerical discussion on spalling
risk”, Cement and Concrete Research, 2010, 40 (3),
477-487.

Mohd Ali AZ, Sanjayan ], Guerrieri M, “Performance of
geopolymer high strength concrete wall panels and
cylinders when exposed to a hydrocarbon fire”,
Construction and Building Materials, 2017, 137,
195-207.

Post N, Korman R, “Implosion spares foundations”,
Engineering News Record, 2000, 12, 12-13.

Qian C, Wang H, Sun W, Guo Z, Stroeven P, “Numerical
calculations of vapour pressure in concrete
exposed to fire”, magazine of Concrete Research,
2005,57(3),179-184.

Torrent R, Frenzer G, “Management und Beratung
Materialtechnische =~ Abteilung  Studie {iber
Methoden zur Messung und Beurteilung der
Kennwerte des Ueberdeckungsbetons auf der
Baustelle (in German)”, Bundesamt fiir
Strassenbau, 1995, 106.

Wagner W, Kruse A, “Properties of water and steam: The

Gt ol oals &l)l gone Jow cblo 1y o 0 5,9 Ul
WS (oo (oyp ) GRSy Sjpots mheend 0 )3 §)95 &S
S Alr o o IS, el C80 L Wi e
50 Al gg5 aw JBlas lpl jenS o wled o
=Sl wilo le leailo K ol a8 05, 00,5 4 0 sl
Sl e (a1 Sl i L 5 Sl w5l el
oz gt g kS B Jlesl Oj90 j0 a5 Sl
° 50 9 08d Sy 6515 Glaalb S b (i )3 oy A
O dald 3 8,58 (59 ISl 5 3)le5 slaailsSan b o
ol a5 oIy gy axhed Cwlbrs I o BB ws UG o
Sl (Logasan) 5 Sl laalsSan b 5% 0 6,5 ©958m
slo,ed 175 Kg/m3 Jslas 5l eolaiwl Ll ailb oo 5aS

PS5 aly 885 Olme ol Wl oo (s bolie jo lagn
30 3y98 oduay aScpl 4 dz gl ke Culrs sy Ve )
O, les uals dely canlad Coolies uals e ay o o Dlalad
@ 6l sleals S b oy (nlplo 0gd oo ankad Jioglis
axgi b ol pogdle il aiejld Bo > plp 50 (6 s Cudl e
G2l g B9 Bl (S skl cwls AL aScnl @

Siojls cnlple adon 55 B> S8 55 de askad 5 )l
b ablie r o Slab sl Sl Jio o5 ool Gl
i Slakd agzlse Gl 4y axgly gl 485 515 0 5>
OB 55 )18 aS cenl g9o90 cnl SLsS @l (B gl plp 5o
oo g8 51 (LU (n)Sgyen B> laoe o (o Slalad
Olaad g oad o askad o 550 Sy SRl el (i
i el SIS Sole) 45l By 3l el lp 50 S

&=l -#

Abaeian R, Pesaran Behbahani H, Jalali Moslem S,
“Effects of high temperatures on mechanical
behavior of high strength concrete reinforced with
high performance synthetic macro polypropylene
(HPP) fibres”, Construction and Building Materials,
2018, 165 (1), 631-638.

Ali MH, Dinkha YZ, Haido JH, “Mechanical properties and
spalling at elevated temperature of high
performance concrete made with reactive and
waste inert powders”, Engineering Science and
Technology, an International Journal, 2016, 20 (2),
536-541.

Anon, “Civiel technisch Centrum Uitvoering Research en
Regelgeving (CUR)”, Proceedings of the first
International Symposium, Safe and Reliable
Tunnels, Innovative European Achievement,
Prague, Czech, 4-6 February, 2004.

Anon, “BS 1881: Methods of Testing Concrete, Part 5;
Methods of Testing Hardened Concrete for Other
than Strength”, British Standards Institution,
London, UK, 1970.



FomFO (AR ylinn)) F oylos e ol et j bummn § ] pos smckitpo 4y | oedl .y g o SLinS $e

industrial ~standard IAPWS-IF97 for the
thermodynamic properties and supplementary
equations for other properties”, Springer,
Germany, 1998.

Yi Na-H, Choi SJ, Lee SW, Kim, JH]J, “Failure behavior of
unbonded bi-directional prestressed concrete
panels under RABT fire loading”, Fire Safety
Journal, 2015, 71, 123-133.

Zeiml M, Leithner D, Lackner R, Manh HA, “How do
polypropylene fibers improve the spalling behavior
of in-sit uconcrete”, Cementand Concrete Research,
2006, 36 (5), 929-942.



S
Q Journal of Civil and Environmental Engineering
Volume 50 (2021), Issue 4 (Winter), 45-60

University of Tabriz

EXTENDED ABSTRACT

Numerical Evaluation of Concrete Behavior under Fire Condition

Ehsan Dehghani”, Vahid Reza Afkhami

Faculty of Technology and Engineering, University of Qom, Qom, Iran

Received: 23 August 2017; Accepted: 25 April 2019

Keywords:
The concrete segment, Heat conduction, Pore pressure, Spalling, Polypropylene fiber.

1. Introduction

In the present paper, a numerical investigation aimed at determining the significance of temperature
distribution, pore pressures, and thermally induced stresses for spalling of concrete under fire conditions is
performed. In this paper three types of concrete are evaluated: concrete with quartz aggregate, concrete with
limestone aggregate, concrete with basalt aggregate. All of these aggregates are abundant in our country and
are used in concrete admixtures. Results show that spalling in Quartz-based concrete is higher than others and
this concrete exposes to decreasing in strength under fire in comparison to others, and increasing concrete
segment depth or adding the specified amount of polypropylene fiber in concrete mix can improve the fire
performance of concrete pieces.

2.FE modeling

Matlab software is using for FEM of the concrete segment under fire conditions. According to Fig. 1 (FEM
flowchart), after importing physical properties of concrete such as thickness, thermal conductivity, density,
modulus of elasticity,..., of three cases of concrete (Quartz, Basalt, Limestone), first applying fire curve in the
bottom of the concrete segment and getting element temperature at every step. Then due to the initial moisture
content of elements, get pores specific volume and vapor content amount. In the following Matlab code
calculate pore pressure and tension stress of every element and by comparing tension stress and tensile
strength, spalling possibility and spalling depth and time are evaluated. In the end, the analysis continues with
new depth and new moisture content of every element.

Fire curve

1- Get element —— o :
temperature »2- Ini. moisture content’—ro - Gatapatiic vilumeso

at every step POESS

[
s !

s 4- Get vapor content
8- New moisture cont. amount in pores
. 6- compaison tension A 5- Get element
7- Concrete spalling =] .
stress and tensile strength pore pressure

Fig. 1. FEM flowchart
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3. Results and discussion
3.1. Temperature distribution

In order to investigate three cases of concrete (Quartz, Basalt, Limestone), it was found that heat transfer
due to fire in Quartz-based concrete easier than others and based on Fig. 2, 100°C Temperature (evaporation
temperature of water) penetration in the depth of this type of concrete is faster than two other cases in ISO834
fire curve.

0.35 T T
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o 02F
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Fig. 2. 100°C Temperature penetration

3.2. Spalling Data

Another process that is done in this research is the Abaqus design of the concrete segment under fire
condition equations. By using this mechanical software pore pressure and tension stress of concrete are
derived and spalling time and depth conclude with joining some subroutines. Spalling results according to the
FEM and Abaqus model are presented in Table 1. According to this table Spalling speed in Quartzian concrete
is faster than others under I1SO 834 fire curve.

Table 1. Results of Spalling

FE Model Abaqus Model

Concrete type Spalling Depth Spalling

Spalling time (s) Spalling Depth (mm)

(mm) time (s)
Quartz 75.6 15 72.5 13.53
Limestone 91.4 20.5 87.5 18.75
Basalt 108 225 99.8 20.74

In the continuation of the discussion, the effect of concrete segment thickness is evaluated and specified
that the stability of concrete under fire is improved. At the end of this study, the effect of adding polypropylene
fiber in the concrete mix is checked, and adding 1.75Kg of this fiber in every cubic meter of the concrete mix to
improve concrete fire behavior is suggested.

4. Conclusions

When concrete elements are exposed to elevated temperatures (under fire), numerous phenomena will
occur, such as heat conduction, transport of water and gases, evaporation of liquid water in pores, dehydration
of cement paste, thermal expansion of the solid skeleton, and fracturing and loss of material from the surface
of the concrete elements, i.e. spalling. Most of the study on the concrete segment under fire condition is
experimental research (Groner, 2016, Post, 2000) and numerical or analytical analysis in this issue is novel.
This paper presents a numerical model for evaluating concrete segment behavior under fire. This model can
derive the temperature distribution of the concrete segment under fire and show pore pressure and tension
stress in elements and at the end display spalling time and depth. Results show that the concrete segments that
based on Quartz aggregates have weak performance comparing with Limestone and Basalt-based concrete
segments. Furthermore results pointing to the increased thickness of the concrete segment to improve stability
conditions under fire. Moreover, in this study, it was found adding 1.75Kg polypropylene fiber in every cubic
meter of the concrete mix can decreasing spalling depth less than one-tenth of concrete thickness under ISO
834 fire curve.
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