Computers and Concrete, Vol. 12, No. 5 (2013) 717-737
DOI: http://dx.doi.org/10.12989/cac.2013.12.5.717 717

A study on the fire performance and heat transfer of the HPC
column with fiber-cocktail in ISO fire under loading condition

Hyung-Jun Kim'3, Heung-Youl Kim*®, In Kyu Kwon*?, Ki-Hyuk Kwon®¢,
Byung-Yeol Min'® and Bum-Yean Cho®

'Fire Saftey Research Center, Korea Institute of Construction Technology, Korea
’Department of Fire Protection Engineering, Kangwon National University, Korea
®Department of Architectural Engineering, University of Seoul, Korea

(Received April 25, 2012, Revised August 6, 2013, Accepted August 31, 2013)

Abstract. In this study, experiment and numerical analysis were conducted to identify the heat transfer
characteristics and behavior of high-strength concrete upon a fire. The numerical analysis was employed to
forecast the characteristics and properties of the high-strength concrete upon a fire, which can not be
accomplished through a fire test due to the specific conditions and restrictions associated with the test. The
result of the numerical analysis was compared with that of the test to verify the reliability of the analysis. In
the numerical analysis of the heat transfer characteristics and behavior of 80 and 100 MPa high-strength
concrete upon a fire, the commercial software of ABAQUS(V.6.8) was used. It was observed from the
experiment that the contraction of the concrete with fiber-cocktail was mitigated by 25~55 % compared with
that without fiber-cocktail because the fiber controlled the heat transfer of the concrete and thus improved
the fire-resistance performance of the column.
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1. Introduction

As supertall buildings have been built, concrete has gotten stronger. Along with the
development of the technology for high-strength concrete, the requirement for functionally reliable
fire-resistance design has increased to secure the fire performance of the high-strength concrete
applied to supertall building upon a large-scale fire. High-strength concrete is vulnerable to
spalling when exposed to high temperatures since the temperature difference between outside and
inside the concrete causes thermal stress and the pore pressure inside the concrete rises rapidly due
to its lower water permeability and higher density compared to generic concrete. (Lee 2009)

*Corresponding author, Professor, E-mail: kwonik@kangwon.ac.kr
®Researcher, E-mail: kimfestival@kict.re.kr

bFellow Researcher, E-mail: hykim @Kkict.re.kr

¢ Professor, E-mail: kwonik@kangwon.ac.kr

YFellow Researcher, E-mail: bymin@kict.re.kr

*Researcher, E-mail: choby277@kict.re.kr

Copyright © 2013 Techno-Press, Ltd.
http://www.techno-press.org/?journal=cac&subpage=8 ISSN: 1598-8198 (Print), 1598-818X (Online)


mailto:kwonik@kangwon.ac.kr

718 Hyung-Jun Kim et al.

Therefore, the studies on functional fire-resistance design technology should be conducted to
secure the structural safety of supertall buildings employing high-strength concrete upon a fire
(Park 2010).

While fire tests and the studies on analysis methods have been made in the countries advanced
in fire-resistance for the last 30 years in an attempt to develop the technology for fire-resistance
design, the achievement made in Korea is not noticeable. The high costs, in particular, inherent in
full-scale fire tests make it practically infeasible to conduct the tests repeatedly, so the analyses of
temperature distribution and thermal stress distribution associated with different cross-sections
have not been made enough to provide fire-resistance design based on structural performance (Lee
2008). Therefore, the development of fire-resistance design technology to mitigate spalling upon a
fire is required to employ high-strength concrete members. (Eurocode 3 1995, Eurocode 4 1994)
Thus, the case study (Kim 2007) of the experimental studies on spalling conducted in advanced
countries and the influential factors on spalling and controlling methods preceded in order to
analyze the influence of high-strength concrete on its spalling and decide the way to mitigate it
(Anderberg 1997, Franssen 2000, Jumpannen 1989, Kodur 1998, Lie 1994).

In this study, the improvement in the thermal characteristics and behavior of structure at high
temperatures achieved by the fiber-cocktail used to improve the fire-resistance performance of
high-strength concrete columns was examined and the numerical analysis of the temperature
changes and axial deformation of steel bars in the high-strength concrete columns was conducted
to analyze the heat transfer characteristics and fire behavior of the high-strength concrete columns
upon a fire. The information from existing data and the results of the material test conducted in
this study were used as the input data for the numerical analysis and the result of the numerical
analysis of the high-strength concrete was compared with the test result. (Purkiss 1996, Morris
1998).

2. Test variables & input data

Fire test and analysis of the specimens made of 40~60 MPa concrete were conducted
simultaneously in order to analyze the fire behavior of the high-strength concrete columns and the
results were compared to verify the reliability of the analysis method. The analysis method verified
through the comparison with the test result was applied to the prediction of the fire behavior of
80~100 MPa high-strength concrete columns.

2.1 Selection of test variables & mixture design

When exposed to high temperatures, the structural members made of high-strength concrete
experience the damage to cross-sections due to concrete spalling and falling, the steel bars of the
members are exposed to the fire and the fire-resistance performance of the concrete members
deteriorates seriously enough to lose their structural function (Hertz 2003, Harada 1972, Ashkan et
al. 2011).

Though the most economically-efficient way of using polypropylene (more than 1.5 kg/m?,
10~20 mm in length, 50~200 um in diameter) was considered, the material test showed strength
deterioration in high-strength concrete(Phan 2002, Kim 2010). Then, the material test of the fiber-
cocktail where the polypropylene controls spalling and steel fiber prevents cracking and falling
was conducted(Yousef 2011). Specimens for the test and numerical analysis of the high-strength
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Table 1 Mixture proportions of HSC

—
Specimen  WIC(%)  S/a(%) fiber  Steel fiber e AD
kgmy VO w o c FA L SF g0

' (Fﬁ‘(‘%‘? 350 470 0.0 0.0 163 466 - .14
“(Ffi‘é%g’ 350  47.0 05 05 163 466 - - 14
'”(Fﬁ%%?’ 300 450 0.0 0.0 163 544 - .14
'\2522%3 300 450 05 05 163 544 - - 14
V(Fﬁ%%?’ 275 450 0.0 0.0 163 593 - .15
V|(F,2,2880 )23 275 450 05 05 163 593 - .15
V('::fgfg(;f)?’ 249 415 0.0 0.0 162 533 65 52 19
VE”F'/ZAO:‘ng'/OZ)?’ 249 415 05 05 162 533 65 52 19
'X(;g\llgg/f 180 330 00 00 145 604 81 121 29
X(Figllc(’)&)? 180 330 1.0 0.5 145 604 81 121 29

Table 2 Scope of fire test and analysis

Test Load ratio

. Design Test strength Load by test Fiber- Research scope
Specimen  strength strength —— =~ KN h il ———————
MP2)  (28day, MP2) (s6day, MPa) ) copn ol o Test Analysi
( , (56day, MPa) (28day, %) est Analysis
Specimen - |
(1254003 40 40.20 45.05 X o o
Specimen - || 1,219 040
(11254023 0 40.20 45.05 o o o
Specimen I- 11|
(l-25-5023)  C 48.25 52.03 s x o o
Specimen -1V '
(IV-25-50-23) 50 48.25 52.03 ) o o
Specimen -V
(V-20-6023)  ©C 56.25 62.01 Leon x o o
Specimen I-VI '
(VI-20-60-23) 60 56.25 62.01 o o o
Specimen |-Vl g, 72.25 81.03 1,997 x x o

(VII-20-80-23)




720 Hyung-Jun Kim et al.

Table 2 Continued

Specimen -Vlli

(W-20-80-23) O 72.25 81.03 0 .
Specimen -1X
(1X-20-100-23) 190 88.30 98.09 x N .
Specimen - X 2,386

pecimen - 100 88,30 06.00 ] ) O

(X -20-100-23)

concrete columns were planned using the mixture proportions shown in Table 1. The load ratios
shown in Table 2 were calculated by Eq. (1).

L.R.(%) = y(AsFy + 0.85Af) Q)
where, ¥ = 0.4
As = Cross sectional areas of Main rebar, mm?
Fy = Yield Strength of Main rebar, MPa
Ac = Cross sectional areas of concrete, mm?
fck = Compression Strength of concrete, 28day, MPa)

2.2 Material test to obtain input data

Test sample was heated under loading condition in the material test conducted to identify the
material properties of the specimen at high temperatures. Table 1 is the mixture proportions and
Fig. 1 shows the shape of the test sample and furnace used in the test. Cylindrical test sample was
used in the material test at high temperatures.

Table 3 shows thermal expansion properties of the 40~100 MPa high-strength concrete
associated with different internal temperatures obtained from the test. Tables 4, 5 and 6 are
specific heat property, elastic coefficient and concrete conductivity, respectively. (Kim 2010) The
results shown in the tables were used as input data and the data which was not measured at each
temperature level was converted to linearly-calculated values for the analysis.

2.3 High-strength concrete column details

The specimens used in the full-scale high-strength concrete column fire test were 270 x 270 x
3000 mm (B x D x L) in dimension. D22 main bars and D10 stirrups made of SD400 steel were
placed as shown in Figs. 2 and 5 thermo couples were installed.

3. Fire test of high-strength concrete columns

In order to evaluate the safety of the structural members of high-strength concrete upon a fire,
the members should be heated under loading condition in accordance with the ISO 834 fire curve
(1SO 834-11999) and the internal temperature, contraction and spalling depth should be measured
for the evaluation of fire-resistance performance. This chapter analyzes the thermal characteristics
and behavior of the high-strength concrete columns at high temperatures under loading condition
shown in Table 2. Under the calculated loading condition, concrete spalling, temperatures
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(a) Shape of test sample (b) Furnace of test
Fig. 1 Material test of HSC at high temperatures
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(a) Shape of test sample (b) Furnace of test
Fig. 2 Details of HSC column specimen

at different distances from column surface and column contraction were measured to analyze the

fire-resistance performance of the concrete columns. The depth of the most severe spalling was

measured. The temperatures of the steel bars and concrete were measured by the thermocouples

shown in Fig. 2. The fire resistance requirement applied in Korea is KS F 2257-1 which is in

compliance with ISO 834-1. The core of the requirement is as follows: Failure to support the load

is deemed to have occurred when both of the following criteria (Eq. (2)) have been exceeded.
Limiting axial contraction, C = h/100 mm

Limiting rate of axial contraction, dC/dt = 3h/2000 mm/min 2
where, h = initial height of column, mm
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3.1 40 MPa concrete columns

Hyung-Jun Kim et al.

In the 40 MPa column without fiber-cocktail, moisture was generated at 5 minute point of
heating and it continued to evaporate until 25 minutes (Temperature of main rebar: 114°C).
Vertical cracks were observed on the column’s surface after 43 minute heating (Temperature of
main rebar: 180°C) and partial falling was noticed at 67 minute point (Temperature of main rebar:
240°C). Fig. 3 shows the cracks on the surface observed at 75 minute point (Temperature of main
rebar: 288°C). However, the deepest spalling was 15 mm and average spalling depth was 6 mm.
The average temperature of main rebar were 516°C and highest temperature of main rebar were
633°C at 180 minute point of the test termination, respectively, both of which satisfied fire-
resistance requirement.

Before test
Fig. 3 HSC column specimen (40 MPa, Non Fiber -Cocktail)

Table 3 Thermal expansion property of HSC

After test

40MPa

50MPa

60MPa

80MPa

100MPa

Tem(ﬂ‘g‘;‘t“fe (mmx 10%/°C) (mmx 10%/°C) (mmx 10%/°C) (mmx 10%/°C) (mmx 10®/°C)
| Il [ Y V Vi i VI IX X
20 1102 871 942 972 987 1054 1028 999 1148 992
100 1537 1754 1245 1736 1859 1777 1435 1388 1370 1387
200 2511 2844 1937 2991 3168 2898 2169 2242 1935 2228
300 3552 4099 2755 4490 4761 4257 3084 3275 2667 3547
400 4802 5340 3623 6304 6846 5962 4254 4644 3436 4960
500 9154 8029 6497 11443 12365 10540 8688 9096 7111 10572
600 9377 8951 6663 12146 13134 11665 9365 9392 7068 11280
800 9721 9851 7420 12443 13926 11837 10085 9452 6944 14188
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Table 4 Specific heat property of HSC

40MPa 50MPa 60MPa 80MPa 100MPa

Temﬂefature (I/kg°C) (J/kg°C) (J/kg°C) (J/kg°C) (J/kg°C)
(°C) I il I \Y \Y VI VI VI X X
100 497 546 646 609 676 754 - - - -
200 625 551 634 631 683 743 - 738 716 -
300 687 - 713 749 759 - 713 742 - 701
400 721 677 779 - 789 - 729 - 739 725
500 756 789 789 - 832 812 833 825 870 858
600 823 797 - 805 - - 853 846 - -
800 843 855 849 831 842 819 0 - - -

Table 5 Elastic modulus of HSC

40MPa 50MPa 60MPa  (N/mm? 80MPa 100MPa
Temperature  (N/mm?x 10%)  (N/mm?x 10°) x 10°%) (N/mm?x 10%)  (N/mm?x 10%)
(*C) | Il I \Y Vv VI Vil Vil IX X
20 110.0 1041 1100 110.0 110.0 110.0 110.0 110.0 1100 110.0
100 106.9 1051 100.8 103.1 1009 1033 999 1014 967 101.4
200 108.4 1080 1050 106.0 102.6 108.4 102.6 106.0 100.3 106.4
300 108.0 108.6 1054 107.4 1065 109.1 1055 106.8 102.8 107.0
400 1071 107.1 1042 1054 1052 107.3 1046 1059 103.0 105.8
500 101.4 1030 996 1025 99.7 1038 969 995 981 1003
600 954 975 942 979 93 970 902 951 935 959
800 894 912 85 914 889 906 858 898 880  90.2

Table 6 Concrete conductivity of HSC

40MPa 50MPa 60MPa 80MPa 100MPa
TemFlerature (W/M-K) (W/M-K) (W/M-K) (W/IM-K) (W/M-K)
C) I jif 1 Y \% VI VI VI X X
20 228 233 218 209 200 194 227 195 181 173
100 1.86  1.82 - 2.00 - 1.75 203 183 176 170
200 165 181 181 17 157 169 19 143 158 146
300 - - - - - - - - - -
400 1.5 155 - 162 156 135 155 125 1.68 1.36
500 - - - - - - - - - -
600 - 1.33 - - 1.09 125 144 115 131 -

800 1.46 1.24 177  1.247 - - 1.37 - 1.2 -
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Table 7 Material property of reinforcing-bar at high temperatures (Kim 2002)

Temperature Elastic modulus (N/mm? Conductivity (I:E(;(e%aflincsiieonr][ Specific Heat
(°C) x10%) (W/M-K) (mmx10° /°C) (J/kg°C)
20 214.784 45.563 1220 4404
119 208.680 42.305 - 456.1
205 189.343 42.634 1270 500.2
306 186.153 40.527 1310 542.1
411 192.510 39.758 1350 611
514 134.255 37.806 1400 682.8
617 111.282 34.849 1440 786.7
718 45.244 48.657 1490 -
817 56.930 43.305 - 1015.3
913 38.572 53.448 - 1089.7
Table 8 Material property of steel fiber (Kim 2002)
Elastic moczjulas Specific gravity Fiber length Tensile strength Ultimate elongation
(N/mm?) (mm) (MPa) (%)
200,000 7.85 30 1,100 35
Table 9 Material property of pp fiber (Kim 2002)
e swe Sl Mg oo T e
PM Type Homopolymer 0.91 162 3.5 350~770

Before test After test
Fig. 4 HSC column specimen (50 MPa, Non fiber -cocktail)
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Before test After test
Fig. 5 HSC column specimen (50 MPa, fiber-cocktail)

3.2 50 MPa concrete column

3.2.1 Column without fiber-cocktail

In the column, the rupture of the aggregate which began after 5 minute heating was
immediately followed by spalling and moisture evaporation and falling progressed simultaneously.
The thermal expansion of the heated concrete and the increase in load caused the falling of the
concrete surface at the upper part of the column and exposed steel bars were severely deformed
due to the heat and load as shown in Fig. 4. The deepest spalling was 92 mm and the average depth
of the spalling was 40~50 mm.

3.2.2 Column with fiber-cocktail

In both of the columns with and without fiber-cocktail, the rupture of the aggregate which
began after 5 minute heating was immediately followed by spalling and water evaporation and
surface falling progressed simultaneously. In the column with fiber-cocktail, however, spalling was
concentrated in the center and concrete falling was severe than spalling. Due to thermal expansion
and the increase in load, concrete surface at the center of the column fell off. The deepest spalling
was 60 mm and the average spalling depth was 20~30 mm. Both the maximum and average depths
were less than those of the columns without fiber-cocktail by approximately 30 mm. The average
spalling depth, in particular, was less than 50 mm, the distance between column surface and
reinforcing-bars as shown in Fig. 6

3.3 60MPa concrete column

3.3.1 Column without fiber-cocktail

In the 60 MPa column without fiber-cocktail, the rupture of the aggregate which began after 5
minute heating was immediately followed by spalling. Concrete falling and spalling were
generated together at 18 minute point (Temperature of main rebar: 124°C) and water was drawn to
the column surface and trickled down due to the rapid spout of moisture. Concrete spalling
accompanying concrete falling and aggregate rupture was observed on all of the 4 planes of the
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Before test After test
Fig. 6 HSC Column specimen (60 MPa, NON Fiber-Cocktail)

Before test After test
Fig. 7 HSC Column specimen (60 MPa, Fiber-Cocktail)

column after 12 minutes (Temperature of main rebar: 86.6°C) and continued to progress until 25
minute point (Temperature of main rebar: 220.9°C) to make the steel bars exposed in all of the
planes. The deepest spalling was 73.47 mm and the average spalling depth was 59.95 mm as
shown in Fig. 6.

3.3.2 Colum with fiber-cocktall

In the column with fiber-cocktail, concrete falling began at the central part after 5 minute
heating. Water-trickling caused by rapid spout of moisture was observed at 20 minute point
(Temperature of main rebar: 107°C) and continued to progress until 30 minutes (Temperature of
main rebar: 158.7°C) to result in severe concrete falling at the centers of all of the 4 surfaces as
shown in Fig. 7.

Concrete spalling was observed only at the central part of the column. The deepest spalling was
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9 e Max. 85m
8 L Max.78.6m
7 o Max. 60mm Avd.60m Max.60
6 Cover Depth 5mm
5// .46m
4 K
3 2 Avg. 25mm
8m
2 /Vlax./Avg
1 o (Omm)
0

40MPa(Non) 50Mna(NonY  50MPa(Fiber)) 60MPa(Non) 60MPa(Fiber)

Fig. 8 Spalling effect compare mixing-fiber cocktail with non mixing fiber - cocktail of HSC

(a) Mesh of concrete part (b) Mesh of reinforcement.
Fig. 9 Analysis model geometry

Table 10 Evaluation of fire resistance performance by 1SO 834-1

Maximum . . Temperature
. . Maximum Fire o
Strength Fib er rate of a>_<|al axial contraction resistance (*C)
cocktail contraction (mm) (Minute)
(mm/mln) Ava. Max.
8.6 155 180 516 633
40MPa
o 7.3 10.1 180 382 390
19.2 45.2 130 436 759
50MPa
o 62.5 56.0 168 472 740
65.0 78.0 103 435 887
60MPa

o 29.0 39.7 138 362 566
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60 mm and the average spalling depth was 20 mm which was significantly less than 50 mm, the
distance between the column surface and steel bars and less than that measured in the column
without fiber-cocktail by approximately 40 mm. It is deduced that micro pores generated by the
dissolution of the fiber enabled the pore pressure and vapor to spout effectively and thus controlled
spalling and temperature rise.

3.4 Analysis of spalling & fire-resistance associated with fiber-cocktail

While spalling was observed in the columns of 40 MPa concrete which is classified as high-
strength concrete in Korean specification, it was not severe enough to threaten the structural safety
of the members upon a fire.

The rupture of the aggregate observed after 5 minute heating accompanied spalling in 50 and
60 MPa concrete columns with fiber-cocktail as in those without fiber-cocktail, but the spalling in
the former was less severe than in the latter by 20~40 mm. The mitigation of spalling enabled by
the fiber-cocktail was more effective in 60 MPa concrete than in 50 MPa concrete. Fig. 8 shows
the comparison of the spalling in the high-strength concrete columns with and without fiber-
cocktail.

40 MPa concrete column without fiber-cocktail was not deformed severely enough to cause
structural collapse, which determines that it satisfies the fire-resistance for 180 minutes required
by ISO 834-1. However, in 50 and 60MPa columns, heat-generated concrete expansion and load
pressure at the beginning of heating caused concrete spalling at upper parts and deformed the steel
bars rapidly. They resisted fire for 130 and 103 minutes, respectively, which were shorter than the
requirement by 50 and 77 minutes, respectively. Table 10 summarizes evaluation of the fire
resistance by ISO.

4. FE input data
4.1 Analysis condition

The fire scenario used in the test and analysis in this study was the standard building fire of the
ISO 834, a heating curve based on the “cellulose fire”. Eq. (3) shows its typical temperature rise
pattern. In the analysis based on the fire-resistance requirement of 3 hours, the commercial
program of ABAQUS was used..

Temperature (°C) = 20 + 345 x LOG (8 x time+1) 3

Eq. (4) is the heat transfer equation for the analysis where the element model of DC3D8 was
used.

g=ac (eg'em)m +V, (amgfem4'8fem4) (4)

where a.: Thermal convection coefficient (Fire exposure condition of 7 W/m’Km)
m: Thermal convection generation coefficient (1.0, Surface exposed to a fire)
0,: Furnace temperature (K)
Om: Model temperature (K)
V: Radiant angle coefficient (1.0)
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Er. Flame (furnace) heat emission rate (= 0.7)

En: Model heat emission rate (= 0.8)

An: Surface absorption rate

o: Stefan-Boltzmann constant (=5.67 x 10 W/m°K?*)

The analysis in this study was conducted to see if the concrete columns being used in Korea
satisfy the fire-resistance performance requirement and covered the prediction of steel bar
temperatures inside the concrete columns and their axial deformation only. Table 11 shows the
fire-resistance standard for the concrete columns and Table 12 shows the plan of fire analysis.

The result of material test associated with each temperature level was used as the input data for
the analysis of the high-strength concrete (80~90 MPa). In order to predict the temperature and
column contraction in accordance with the 1SO 834 fire, specific heat, heat convection rate and
heat expansion rate derived from the test of the materials having the identical mixture proportions
with the specimens were used in the analysis.

The assumption in the analysis is as follows. Fig. 9 is the analysis model geometry with the
meshes 30 mm? in dimension.

= The longitudinal planes of the high-strength concrete columns are equally exposed to the
standard fire and heat transfer along z-axis does not occur. The concrete surfaces which are
directly exposed to the fire are perfectly plane. Therefore, heat transfers only along the planes (X
and Y axes).

= The connection between the steel bars and concrete is complete connection, so heat transfer or
the change in heat flux does not exist in the connection.

Table 11 KS F 2257-1 standard for concrete column

Temperature of reinforcing bar Deformation of column

Average : 538°C,

Max : 649°C H/30

Table 12 Plan of fire analysis

Comparion plan

Model S(tlr\zgggh Cgéif;“ Research scope Compa_r_ision
Fire test Analysis condition
| 40 X o o Test & Analysis
[l 40 o o o Test & Analysis
[ 50 X o o Test & Analysis
v 50 o o o Test & Analysis
V 60 X o o Test & Analysis
VI 60 o o o Test & Analysis
VI 80 X X o prediction
VI 80 o X o prediction
IX 100 X X o prediction

X 100 o X o prediction




730

Hyung-Jun Kim et al.

4.2 Comparison between numerical analysis and fire test

4.2.1 Comparison of temperature changes (Model- | ~ VI)

The results for mo

thermo couples install

of time with the test.
results.

1

1

Temp.(C)

Temp.(T)

del | ~ VI obtained from the test and analysis were compared to verify the
reliability of the analysis method for the prediction of the heat transfer and behavior characteristics
of the high-strength concrete. Analysis result was compared with the result measured by the
ed at a distance of 30, 40 and 50 mm from the concrete column surface. The
test of model | was conducted for 180 minutes, while those of model Il and model V were
terminated after 130 and 105 minutes, respectively and the analysis was made for the same period
As shown in Figs. 10~12, the analysis and test provided relatively similar
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. 10 Comparison between test and analysis (Model- 1)
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e TEST(50mm)

A Analysis(50mm)
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400 g2
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-
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Fig. 11 Comparison between test and analysis (Model-IIT)
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Fig 12 Comparison between test and analysis (Model- V')
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Fig 13 Comparison between test and analysis (Model- I ,1IIT, V')

Table 13 Result of heat transfer analysis

Temperature (180 Minute)

Strength Fiber p
Model (Mpg) cocktail Concrete (*C) Reinforced bar (°C)
0 mm 30 mm 40 mm 50 mm
| 40 X 612 501 484 467 428
[l 40 o 516 387 376 364 384
[ 50 X 638 529 514 501 484
W% 50 o 488 418 407 398 355
\ 60 X 669 519 498 492 459
VI 60 o 482 368 357 334 326
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In order to compare the heat transfer characteristics associated with concrete strength and fiber-
cocktail, the temperatures at 30 mm from the surface were compared. It was observed that the
increase in concrete strength accelerated temperature rise but the influence was not material.
However, since the use of fiber-cocktail had an influence on the heat convection rate and specific
heat of the column, it controlled heat transfer by approximately 100°C. Fig. 12 shows the result.

Since the melting point of the polypropylene fiber is low, micro cracks are generated when
exposed to high temperatures through which heat and vapor spout out of the column. In addition,
the proper use of steel fiber offsets the rupture stress caused by micro cracks and explosive
spalling and prevents the damage to the planes.

Tablel13 shows the results of heat transfer analysis. The maximum temperatures in model | and
Il were 428 and 384°C, respectively seemingly because the dissolution of the fiber generated
micro pores in the concrete and the heat spouted out of the concrete through the pores effectively.

4.2.2 Comparison of column deformation (Model- / ~ V)

The properties of the members at high temperatures such as thermal expansion rate and
modulus of elasticity obtained from the material test were applied to thermal stress analysis to
predict column deformation. As shown in Fig. 14, the analysis and test provided similar results in
terms of column deformation.  Since the regulation for fire tests (KS F1157-1) prescribes that the
test should be terminated when the displacement reaches H/100, the numerical analysis was
conducted for the maximum of 180 minutes to predict the deformation characteristics of the
columns exposed to high temperatures, which can not be accomplished by a test.

The analysis of column contraction associated with concrete strength in the columns without
fiber-cocktail showed that deflection was generated earlier in the columns with higher strength. It
was because the higher axial load leads to acceleration of deterioration rate of high strength
concrete columns associated with spalling and higher temperature distributions.

The fire-resistance performance of the columns with fiber-cocktail was superior to that of those
without fiber-cocktail thanks to less severe column contraction. Fig. 14 shows the displacement of
the models associated with concrete strength and fiber-cocktail. It is because the specific heat of
the concrete with fiber-cocktail below 400°C was higher than that without fiber-cocktail and the
thermal expansion rate and heat conductivity of the former were lower than those of the latter
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Fig. 14 Comparison between test and analysis under loading condition (Model- T ~VI)
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in the material test. Therefore, temperatures were lower and deformation was less severe in the
concrete columns with fiber-cocktail when compared with those without fiber-cocktail.

The comparison between the analysis result and test result decided that the analysis method
used to predict the heat transfer characteristics of the concrete columns and axial deformation of
the columns without fiber-cocktail is reliable. In less than 50 MPa concrete columns with fiber-
cocktail, the two results were also similar to each other. However, as shown in Table 14, there was
a difference of approximately 42 minutes between the analysis and test results in terms of the fire-
resistance of model VI with fiber-cocktail. It was seemingly because the thermal expansion rate of
the sample specimen with fiber-cocktail in the material test was less than that of actual column
structure.

4.3 Prediction of heat transfer & behavior of high-strength concrete columns upon a
fire

4.3.1 Prediction of heat transfer (Model- /// ~ X)

It was found in the analysis that the temperature under the ISO 834 fire condition for 180 minutes
was lower by approximately 120°C when fiber-cocktail was employed in the concrete columns,
which showed that the fiber-cocktail controlled heat transfer. No significant difference in
temperature was predicted in association with concrete strength as shown in Fig. 15.

4.3.2 Prediction of the behavior upon a fire (Model- I/ ~ X)

The numerical analysis conducted to predict the deformation of high-strength concrete upon a
fire showed that the deflection of the models without fiber-cocktail was greater than those with
fiber-cocktail by approximately 70 mm as shown in Fig. 16. It is because of the thermal stress and
thermal expansion caused by the temperature difference of about 120°C in the heat transfer
analysis conducted in 4.2.1. However, since the deterioration in stiffness can be possibly
experienced in the high-strength concrete with fiber-cocktail, it is required to develop the mixture
proportion to solve this problem in order to secure the fire-resistance for 180 minutes.
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Fig 15 Prediction to heat transfer (Model-VI~ X)
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Fig. 16 Prediction to column behaviour (VI~ X)

Table 14 Result of fire behavior analysis

Maximum rate Maximum Fire resistance
Model Strength Flber_ of ax"’?' axial contraction (Minute)
cocktail contraction .
(mm/min) (mm) Test Analysis
I X 1.306 16.5 180 180
40MPa
il O 0.49 9 180 180
m X 1.133 41 130 131
50MPa
v O 0.67 21 168 180
\% X 1.16 83 103 102
60MPa
VI O 0.32 22 138 180

5. Conclusions

In this study, tests were conducted to investigate the spalling of high-strength concrete columns
with and without fiber-cocktail. In addition, numerical analysis was made to predict the fire-
resistance of the concrete columns based on Korean standards and the result was compared with
the test result. The conclusion is as follows.

1. The use of fiber-cocktail (PP - 0.5 kg/m®, steel fiber 0.5 %/VOL) can control the spalling of
50 and 60MPa high-strength concrete columns by 20~40 mm, on average.

2. The deformation of the columns with fiber-cocktail under standard fire condition was less
than that of the columns without fiber-cocktail by approximately 25~55 %, which constitutes the
improvement in fire-resistance performance.

3. The fire-resistance performance of the columns with fiber-cocktail is improved because the
lower melting point of polypropylene fiber enables micro cracks through which heat and vapor can
spout out of the column when exposed to high temperatures and the steel fiber in the columns
simultaneously controls the micro cracks and offsets the rupture stress caused by explosive
spalling and thus prevents the damage to the planes.

4. In predicting the fire-resistance under unloaded condition, the temperature inside members
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should not exceed the limit (649°C). The fire-resistance analysis of the analysis models based on
the standard showed that the temperatures of model V, VII and IX exceeded the limit under the
standard fire condition for 180 minutes.

5. In the analysis, models V and VI and models VII and VIII showed similar behaviors until
140 minute point. Then, the column displacement of model VII increased to reach axial
deformation of 96.8 mm.
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