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Abstract.

This study investigates the fire resistance characteristics of reactive powder concrete according to changes in the

cement content per unit area, mixing ratio of metakaolin (MK), and content of polypropylene fiber. A fire test was conducted,
and the resulting residual strength characteristics were investigated through flexural and compressive strength measurements, as
well as condition rating classification based on visual evaluation. MK effectively reduced the initial high content of calcium
hydroxide, thereby reducing the water vapor pressure generated during pyrolysis and slowing spalling. Furthermore, the pore
structure and loose tissue were effective for relieving the water vapor pressure in the event of a fire.
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1. Introduction

Compared with many other structural materials,
concrete has a lower thermal conductivity and better energy
dissipation capacity until complete collapse (Asadi et al.
2018). It is well-known as a material with excellent fire
resistance, maintaining performance for long periods in fire
without emitting harmful gases or smoke (Rix 2009).
However, prolonged exposure of concrete structural
members to high temperatures can severely affect part of or
the entire structural system (Yang et al. 2019, Bingdl and
Gul 2009, El-Hawary and Hamoush 1996, Felicetti et al.
2009, Haddad and Shannis 2004, Lin et al. 1996, Poon et al.
2001, Yang et al. 2016, Seitllari and maser 2019). In recent
years, the spalling phenomenon in high-strength concrete
has emerged as a source of concern because the damage is
more severe than in ordinary concrete, and high strength
concrete is becoming the material of choice for the
construction of high-rise buildings and large-scale

structures (Georgali and Tsakiridis 2005, Zhang et al. 2020).

Hence, as concrete is enhanced to high-strength and ultra-
high strength, fire safety can be anticipated as a potential
social problem (Tang 2017, Tang 2018). Since ultra-high-
strength concrete is particularly used in high-rise
apartments, hotels, and office skyscrapers, fire-safe
concrete design is needed to prevent the possibility of very
serious injury as a result of these trends.

While no common standard exists for ultra-high strength
concrete, it is generally classified on the basis of being
lower or higher than 100 MPa. A compressive strength of
40-100 MPa is classified as high strength, while a
compressive strength greater than 100 MPa is classified as
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ultra-high strength concrete (Serelis et al. 2016). The
production of ultra-high strength concrete is largely
classified into two types. The first is primarily for in-situ
casting using pozzolans and special admixtures, and coarse
aggregates are generally used (Bastos et al. 2016). The
second type is reactive powder concrete (RPC), which
incorporates metal fibers to increase toughness; this method
uses reactive powders such as silica fume (SF), a fine
aggregate, and pozzolan for concrete without coarse
aggregates (Sarika and John 2015).

RPC is based on filling the micropores of cement
hydrates with ultrafine fillers using SF and pozzolans such
as micro quartz and precipitated silica, thereby minimizing
the pores and creating a tight structure (Banerji ef al. 2020,
Hiremath and Yaragal 2018, Peng et al. 2015), and resulting
in extremely low permeability (two orders of magnitude
lower than the conventional normal strength concrete) as
reported by Li et al. (2018) and Shi et al. (2015). To achieve
this, a large amount of SF is used, and a high temperature,
high pressure physical curing method is applied to activate
the pozzolanic reaction (Dashti Rahmatabadi 2015,
Kushartomo et al. 2015), and the unit cement quantity
reaches 950 kg m?, utilizing sub mixtures containing a high
proportion of cement (Bakis 2017).

It has been reported that adding SF increases the density
of concrete (So ef al. 2014). The reason for the decreasing
porosity is that SF produces more calcium silicate hydrate
(C-S-H), which is produced when SF reacts with calcium
hydroxide (a basic cement hydrate) in the material. The
volume of C-S-H is larger than that of SiO, and Ca(OH),
(CH) because C-S-H also contains water (Lagerblad 2001).
While producing high-strength RPC, the unit cement
quantity is inevitably increased and unreacted CH remains.

When exposed to high temperatures, CH dehydrates,
decomposing into water and lime (at approximately 450—
500°C) (KISC 2010). It is known that the large amount of
water generated at this stage is converted to high water
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Table 1 Chemical and physical properties of raw materials.

Oxide composition (%)

Blain fineness

Type SiO2 CaO ALO3 Fe203 MgO TiO2 Specific gravity (em’g™)

OPC 20.57 63.03 5.48 3.18 2.23 3.41 - 3.15 3,267
SF 91.92 0.32 0.20 0.10 0.18 0.3 - 2.12 200,000
MK 83.82 0.22 8.89 0.30 - 0.09 2.50 10,500

vapor pressure, thereby accelerating spalling and leading to
explosive spalling. Hence, the fire resistance of RPC
remains a concern, particularly with regards to explosive
spalling (Liu et al. 2010).

As a pozzolan used in concrete, metakaolin (MK) has
properties similar to SF. MK (active kaolin) is formed by
calcining kaolin minerals at approximately 600-800°C
(Joshaghani et al. 2017) and then pulverizing to activate the
kaolin. MK is a highly reactive material with a higher
fineness than conventional blast furnace slag (BFS) or fly
ash (FA), making it possible to manufacture dense concrete
by filling the pores of the concrete (Lee 2008). Research
has shown that MK with a high fineness can be used as a
substitute for SF because it has very similar physical
properties (Tafraoui et al. 2009). Most importantly, at the
similar performance, MK is more competitive than SF in
terms of price owing to its abundant reserves globally.

MK, as a dehydrated clay mineral, is inherently fire
resistant and has a faster reaction rate than SF. Thus,
through the initial rehydration process, it is known that CH
is effectively reduced by the conversion of a large
proportion into C-S-H or calcium aluminate hydrate (C-A-
H). Moreover, since MK (10,500 cm? g') has a lower
fineness than SF, the cement matrix becomes less dense and
the pores increase in size and quantity to a higher degree
relative to using only SF. Consequently, the large pores and
a more open matrix as a result of using MK are expected to
be more effective at relieving steam pressure in the event of
a fire.

If the raw materials and quality are stabilized, the
pozzolan MK can replace SF. Numerous studies have used
MK as an admixture for concrete; however, most studies
applied it to general concrete such as FA or BFS, thereby
intermixing the materials. Research on the fire performance
and thermal explosion of RPC using MK exposed to high
temperatures is still lacking.

This study assessed the pozzolanic reactivity of MK and
compared it with the conventional RPC manufactured using
only SF. The physical properties including the strength and
explosive spalling behavior of the MK-incorporated RPC
were also analyzed, as well changes in the internal pores
and CH before and after fire testing.

2. Materials and methods
2.1 Materials

MK was prepared by calcining domestic low-grade

halloysite kaolin. Unrefined SF was used as received.
Ordinary Portland cement (OPC) was used as specified in
the Korean standard L 5201. Table 1 lists the chemical
composition and physical properties of these materials.

Two types of domestic silica sand (particle sizes of 0.3—
0.5 mm and 0.15-0.3 mm) with a density of 2.65 g cm™ and
Si0O; content of > 82% were used. Quartz fine powder with
an average particle size of approximately 45 um was used
as a filler. The grade of steel fiber used consisted of a highly
elastic steel fiber with a diameter, length, specific gravity,
and tensile strength of 0.5 mm, 15 mm, 7.8, and 1,195 MPa,
respectively. Polypropylene (PP) fiber with a length,
diameter, specific gravity, and melting temperature of 13
mm, 20 um, 0.91, and 165 °C, respectively was used to
reduce the build-up of internal vapor pressure in the
concrete, and to control explosive spalling. A high-
performance superplasticizer was used in accordance with
the ASTM C494 standard (Erdogdu ef al. 2019). A 1.05 g
cm? density polycarboxylic acid system developed by the
Korean Company S was incorporated for ultra-high
strength. The flow table rate of the mixture was set in the
range of 120—140 mm and the mixing water was adjusted.

2.2 Mixing ratio and curing method

Prior to this study, an investigation was conducted on
spalling in RPC produced using SF (So et al. 2014). All
RPC specimens exhibited explosive spalling when the
SF/cement ratio exceeded 30%. Therefore, the reactive
powder in this study was set to 30% relative to the cement
weight. A combination of steel fibers and PP fibers in RPC
is effective for preventing explosive spalling. A suitable PP
content was determined to be at least 0.5 vol.% of the
cement weight, hence, the mixing ratio of PP fibers was set
to 0.1-1 vol.% of the cement weight as the basic mix. The
steel fiber/cement ratio was fixed at 20%. In this study, the
mixing ratios listed in Table 2 were employed to investigate
the basic properties and spalling of RPC as a function of the
unit cement content (700 kg m=, 800 kg m=, 950 kg m™), as
well as the SF/MK mixing ratio and the applicability of MK
as an RPC material.

All specimens were mixed using a forced mixer capable
of stirring up to 10 L. The binder (OPC, SF, and MK),
quartz fine powder, and silica sand were dry mixed for 5
min; water and admixture were added, and the mixture was
kneaded for 5 min. Steel fibers and PP fibers were then
added and stirred for approximately 5 min, after which the
flow table value was measured. For each mixing ratio, one
100 x 200 mm size specimen and two 40 x 40 x 160 mm
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Table 2 RPC mixing ratios and flow table value
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Mix Type Unit weight (kg m™) Flow table
OPC SF MK Qs Qp PP S W (mm)
70C-30SF-00MK-10PP 210 - 924 238 134
70C-15SF-15MK-10PP 700 105 105 945 210 7 160 238 120
70C-00SF-30MK-10PP - 210 907 266 125
80C-30SF-00MK-10PP 240 - 728 219 138
80C-15SF-15MK-10PP 800 120 120 752 240 8 160 219 128
80C-00SF-30MK-10PP - 240 668 266 143
95C-30SF-00MK-10PP 285 - 501 285 122
95C-15SF-15MK-10PP 950 143 143 527 285 10 160 285 115
95C-00SF-30MK-10PP - 285 478 319 122
80C-15SF-15MK-0PP - 140
80C-15SF-15MK-1PP 1 138
80C-15SF-15MK-3PP 800 120 120 752 240 2 160 219 140
80C-15SF-15MK-5PP 4 135
80C-15SF-15MK-10PP 8 128

*OPC: ordinary Portland cement, SF: silica fume, MK: metakaolin, Q: quartz sand (silica sand), Q,: quartz powder, S: steel fiber, PP: polypropylene

fiber, W: water

size specimens were tested. A total of 42 samples were used
for the fire test, and the experimental value was expressed
as the average value of the 40 x 40 x 160 mm size
specimens. The specimens were steam cured, excluding
paste specimens for constituent structural analysis by age.
Ultra-high strength concrete is generally applied using
precast or prestressed methods. Therefore, steam curing was
applied to mold the test piece specimens, after which they
were subject to a constant temperature and humidity room
for 1 h, demolded, placed in a steam curing machine, and
cured at 90°C for 72 h.

2.3 Evaluation of pozzolanic activity

The assessed pozzolanic-activity index (API) test
proposed by Yamamoto et al. (2006) is based on the
pozzolanic reaction mechanism that produces C-S-H gels
by the reaction of CH in Portland cement with the ions of
pozzolans Si and Al. The API test refers to the amount of
Ca?" consumed by the pozzolanic reaction between cement
and the sample, and it was conducted using the following
procedure.

We added 1.5 g of the sample, 1.5 g of OPC, and 50 ml of
distilled water to the reaction bottle and stirred for 1 h to
prevent settling at the bottom of the container. The sealed
container was placed in an 80 °C reactor for 18 h. The sample
and liquid were separated by filtering through a 0.2 um glass
fiber filter, after which the Ca’" ion concentration of the
liquid was measured and calculated using Eq. (1).
Cacement - Ca(cement+sample)

API =

Q)

CaC ement

2.4 Fire test

To determine the spalling behavior of the test
specimens, fire test was conducted in accordance with the
standard heating time-temperature curve with reference to
the KS F 2257-1 (2005) and FILK Standard FS 019-1990
(1990). The heating rate was set to 10 °C /min. When the
temperature inside the furnace reached 1,100°C, this
temperature was maintained for 2 h to render the specimens
temperature homogenous (Zheng et al. 2012). After the fire
test, the specimens were visually inspected for spalling and
judged as presented in Table 3. For the specimens in which
spalling did not occur, or only partial damage occurred but
the overall shape was still intact, the mass reduction rate
was measured by comparing the mass before and after the
fire test. The residual strength (compression, flexure) was
measured to obtain the residual strength ratio using a
specimen in sound condition.

2.5 RPC hydrate analysis

The crystallinity of the hydrates was analyzed using X-
ray diffraction, and the pore structure was analyzed using
the mercury intrusion technique. In explosive spalling of
RPC, vaporization of free and chemically bonded water at
increasing temperature is a crucial factor in determining the
water vapor pressure in the capillary pores. It is generally
known that four degradation mechanisms and the
corresponding temperature ranges are observed for
hardening cement pastes (El-Jazairi and lllston 1980).

Accordingly, thermal (TG-DTA) analysis measurements
were performed on the specimens for each temperature
range using the existing SF-RPC thermal analysis method
by So et al. (2014).
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Table 3 Rating according to damage and spalling after fire test

Condition Rating Exterior shape and sample condition Recovery
Sound A Souqd state: Appearance of a gour'ld state, shape maintained, fine Partial recovery possible
seeping and cracking, strength maintained
. Damage from seeping put: Seeplpg out of molten steel fiber and PP Partial recovery possible after
Seeping out B fiber, balloon-like swelling due to internal vapor pressure, overall shape repair
maintained, strength maintained P
. Partial failure: Seeping out of molten solution and partial peeling, . .
Partial ¢ peeling failure, overall shape maintained, strength partially maintained Dismantling
Cutting D Cutting spalling: Strength lost, shear failure, partial shape remaining Unrecoverable
—— - -
Full width E Full spalling: 50% or more spalling failure, shattered state, shape Unrecoverable

cannot be confirmed

CH, which is most closely associated with concrete
spalling, undergoes pyrolysis at 450-500°C and
decomposes into calcium oxide (CaO) and water (H>O), in a
1:1 mole ratio (El-Jazairi and Illston 1980). The weight loss
observed in the TG-DTA analysis at 450-500°C was due to
dehydration of CH; thus, the CH content was quantified
using the weight loss value. The molecular weights of CH
and H,O are 74.09 g mol! and 18.02 g mol™!, respectively,
hence, the conversion factor of 74.09/18.02 = 4.11 was
multiplied by the weight loss due to dehydration of the
quantified CH content. This is described in Eq. (2).

CH content

2
= weight loss at 450-500 °C x 4.11 @

3. Result and discussion
3.1 Pozzolanic reactivity evaluation of raw materials

MK was produced by calcining domestic low-grade
halloysite kaolin at 650-800°C, which contains active
amorphous silica and alumina (Parveen ef al. 2019). This
reacts rapidly with the cement hydrates to produce C-A-H
and C-S-H, producing a dense, hydrated cement matrix
material (Lee 2008).

MK is known to be a highly reactive material with a
relatively high fineness compared with the conventional
BFS or FA. It has been reported that if the fineness is high
(100,000-200,000 cm? g™"), MK can be used as a substitute
for SF or cement as their properties are very similar
(Tafraoui et al. 2009, Mustafa et al. 2017). Larbi et al
(1990) also found that the pozzolanic activity of SF and MK
was apparent after 2 h, whereas FA exhibited low
pozzolanic activity before 28 days. The similar test results
were obtained in this study.

Fig. 1 shows the results of the pozzolanic reactivity
evaluation of MK using the API test. This test compared SF,
FA, and BFS, which are all well-known pozzolans. The API
of MK was found to be 89%, slightly below that of SF, and
approximately 20% higher than that of FA.

The production of MK is performed at a moderate
temperature range of 650-800°C, unlike OPC, which is
calcined at high temperatures of approximately 1,450°C, as
the interlayer water of the halloysite mineral is dehydrated

even by weak heating (Wikipedia 2019). Kaolinite
transforms into MK with a two-dimensional glass structure
at these intermediate dehydration temperatures (Sperinck et
al. 2011).

When kaolin is activated by heat treatment at 650—
800°C, it transforms to a high energy state with enhanced
reactivity. Subsequently, when the powder is exposed to
moisture, the hydration reaction is hardly progressed,
instead converting to MK, which exhibits hydraulicity
under alkaline conditions (Lee 2009).

3.2 RPC strength improvement using MK

The MK constituents, amorphous alumina and silica,
react with cement hydrates to produce additional C-A-H
and C-S-H, thereby forming a dense hydrated matrix. As a
result, in the short term, the formation of ettringite and the
activation of tricalcium silicate in cement increase the early
strength. In the medium and long term, the compressive
strength and durability are improved by the reaction of CH
and pozzolanic reaction of cement (El-Diadamony et al.
2015, Wild et al. 1996).

MK was used alone as the reactive powder, yielding a
compressive strength of 80-100 MPa, which is below the
100 MPa standard for ultra-high strength concrete. In
addition, it has a very high initial hydration reactivity,
which is attributed to its Al,O3 phases, and generates heat

100

90 b

so fp -

APL (%)

0 b ]

50

BFS FA SF MK

Fig. 1 Pozzolanic activity index measured by API Test


https://pubs.rsc.org/en/results?searchtext=Author%3AShani%20Sperinck

Fire resistance and residual strength of reactive powder concrete Using metakaolin 661

(Curcio et al. 1998, Ambroise et al. 1994). To ensure
workability, a relatively large unit quantity of water is
required compared with a mixture using only SF. In fact, the
water to cement ratio increased from 3% up to 5% when
MK was used, as presented in Table 2. The extra water
addition reduced the final strength of the MK-only concrete.

The compressive strength increased by approximately 6%
when 15% MK and 15% SF (15SF-15MK) are mixed at a unit
cement content of 800 kg m> compared with the test specimen
with only 30% SF. Moreover, the flexural strength was higher
for all three-unit cement contents. These results demonstrate
that SF and MK can be mixed at a ratio of approximately 1:1
and still be effective in terms of retaining or improving the
flexural and compressive strengths when the powder content is
30% (Fig. 2).

Analysis of the hydrated 80C-15SF-15MK paste
containing MK showed that at the beginning of hydration, the
Type 1 C-S-H phase was produced together with the C-A-H
and ettringite; after 7 days of age, calcium aluminum silicate
hydrate (C-A-S-H) was produced, and after 28 days of age,
hydrated phases expressing strength, such as the Type 4 C-S-
H phase and AFt (Al,Os3-Fe,Os-tri) phase, were observed. In
particular, before 7 days of age, the CH peak gradually
decreased primarily due to the reaction of CH with Al,O3,
resulting in ettringite and C-A-H.
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2 110 f
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=
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30SF-00MK 15SF-15MK 00SF-30MK
(b) Flexural strength

Fig. 2 RPC strength according to unit cement content
and composition ratio of SF and MK (a) Compressive
strength, (b) Flexural strength
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Fig. 3 Hydrated tissue by age of 80C-15SF-15MK RPC
specimen

These hydrates exhibited high compressive and flexural
strength at early ages due to their fast hydration rate (Fig. 3).

3.3 Fire resistance evaluation

3.3.1 Visual inspection after fire test

The 95C-30SF-00MK-10PP specimen consisting of
30% SF with 950 kg m™ cement exhibited spalling in which
shear failure occurred at the top after the fire test. Molten
steel fibers and synthetic fibers swelled outwards, and
corrosion and seeping out of the steel fibers occurred.
However, both 95C-15SF-15MK-10PP and 95C-00SF-
30MK-10PP maintained sound condition (Fig. 4).
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Composition ratio of SF and MK

Cement
contents
(kg m?) 30SF-00MK-10PP 15SF-15MK-10PP 00SF-30MK-10PP

700

A B B
(Sound) (seeping out of molten steel and PP (seeping out of molten steel and PP
fibers) fibers)
800
A (Sound) A (Sound) A (Sound)
950

C (Partial spalling)

Under the condition of 800 kg m> cement, the
specimens remained sound at all composition ratios. Under
the condition of 700 kg m™ cement, 70C-30SF-00MK-10PP
exhibited cracking and thermal corrosion but remained
sound. In contrast, in both composition ratios, molten
material seeped to the outside in 70C-15SF-15MK-10PP
and 70C-00SF-30MK-10PP. This is because the lower the
cement content per unit area, the less loose is the tissue.

A (Sound)

A (Sound)
Fig. 4 Explosive spalling properties and rating of RPC specimens according to SF and MK composition.

This is advantageous for spalling but may lead to
seeping out of the molten liquid. Spalling intensively
occurred in the range of approximately 400-500°C at a
cement content of 950 kg m, whereas the specimen with SF
exhibited only partial spalling accompanied by noise and
debris collision. The more the unit binder content was
lowered, the more spalling was alleviated. This is because
the larger the SF mixing rate, the denser the internal
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Cement contents
(kg m™)

30SF-00MK-10PP

800

Composition ratio of SF and MK

15SF-15MK-10PP 00SF-30MK-10PP

Fig. 5 Internal structure of RPC specimens after fire test according to SF and MK composition.

Cement
contents

(ke m*) 0 1 (0.1 vol.%?)

800
(80C-15SF-
15MK)

(Explosive Spalling)

(Explosive Spalling)  Partial spalling (seeping

PP fiber content (kg m3)
2 (0.3 vol.%)

4 (0.5 vol.%) 8 (1.0 vol.%)

D A

(None)

(None)

out of molten steel and

PP fibers)

Fig. 6 Spalling properties of 80C-15SF-15MK RPC according to PP fiber content.

structure and the greater the resulting compressive strength.
Spalling was exacerbated by the amplification of the
internal steam pressure due to the small size of the unit
pores.

As shown in Fig. 5, as the mixing rate of MK increased,
the more yellow and brown spotted the molten steel fibers
and PP fibers in the inner tissue became. This is attributed
to the MK structure loosening at high temperatures and
absorbing the molten materials and water vapor pressure
through the sponge effect. Thus, RPC with MK partially
replacing SF exhibited better strength and alleviation of
spalling.

Fig. 6 shows the damage and spalling state after the fire
test on RPC containing PP fiber content according to the
80C-15SF-15MK ratio. After the fire test, the specimens
with 0 or 0.1 vol.% PP fiber were completely shattered via
explosive spalling, and the 0.3 vol.% PP specimens were
cut and exhibited spilling out of the dissolved steel and PP
fibers with the water vapor and gas of the matrix. The
results indicate that the combination of >0.3 vol.% PP fibers
in RPC mixed steel fibers is effective for preventing the
occurrence of explosive spalling. According to results
previously reported by So et al. (2014), the minimum
content of PP fibers required to prevent spalling was 0.5
vol.%, similar to that of SF alone.

3.3.2 Strength change before and after fire resistance

The samples that did not exhibit complete spalling were
selected and tested for residual strength, focusing on
compressive strength. In the residual strength test according
to the PP fiber content of the 80C-15SF-15MK specimens,
all the 9 specimens with PP fibers of 0 kg m?3, 1.0 kg m™,
and 2.0 kg m3 exhibited complete explosive spalling. In
addition, the 95C-30SF-00MK-10PP specimens exhibited
partial spalling after the fire test, but it was not possible to
measure their residual strength. On the other hand, it was
possible to measure the residual strength of the other
mixing ratio specimens after the fire resistance test.

The strength of the demolded specimen and the strength
after the fire resistance test were measured to obtain the
residual strength ratio. The ability to perform a residual
strength measurement indicates that the specimens did not
exhibit spalling and maintained their shape before the fire
test at high temperatures of >1000°C. Moreover, a high
residual strength ratio suggests that the change in the
internal structure of the RPC was small, and that it
maintained its resistance to stress even after exposure to
high temperatures; therefore, it exhibits fire resistance.

The residual compressive strength ratio and flexural
strength ratio were 15-25% and 20-30%, respectively,
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Table 4 Residual strength of RPC according to mixing rate of SF and MK after fire testing

Compressive strength

Flexural strength

Relative to the

Relative to the

Mix Type Before fire test  After fire test residual strength Before fire test After fire test residual strength
Cb (MPa) Ca(MPa) ' (Ca/Ch) (%) Fb» (MPa) Fa(MPa) Fy* (Fo/Fo) (%)

70C-30SF-00MK-10PP 121 30 25 21 5 24
70C-15SF-15MK-10PP 118 26 22 28 6 21
70C-00SF-30MK-10PP 81 15 19 25 5 20
80C-30SF-00MK-10PP 124 26 21 24 5 21
80C-15SF-15MK-10PP 128 31 24 27 8 30
80C-00SF-30MK-10PP 88 13 15 26 6 26
95C-30SF-00MK-10PP 141 - - 23 - -

95C-15SF-15MK-10PP 134 33 25 26 7 27
95C-00SF-30MK-10PP 94 14 15 24 6 25

Table 5 Residual strength of RPC according to mixing rate of PP fiber in 80C-15SF-15MK specimen after fire test

Compressive strength

Flexural strength

Relative to the

Relative to the

Mix Type Before fire test  After fire test residual strength Before fire test ~ After fire test residual strength

Cv (MPa) Ca (MPa) ' (Ca/Ch) (%) Fo(MPa) Fa(MPa) F* (Fu/Fs) (%)
80C-15SF-15MK-0PP 118 Spalling - 20 Spalling -
80C-15SF-15MK-1PP 121 Spalling - 21 Spalling -
80C-15SF-15MK-3PP 125 Spalling - 23 Spalling -
80C-15SF-15MK-5PP 121 35 29 25 6 29
80C-15SF-15MK-10PP 128 31 24 27 8 30

demonstrating a substantial difference according to the
cement content and the mixing ratio of SF/MK (Table 4).
The MK-incorporated specimens exhibited higher flexural
strength both before and after the fire test compared with
the specimens incorporating only SF. Most notably, the
15SF-15MK specimen had the highest residual compressive
strength and residual flexural strength after the fire test at
unit cement contents of 950 kg m3 and 800 kg m?3. In
contrast, the residual strength of the 95C-30SF-00MK-10PP
specimen could not be measured due to partial spalling after
the fire test.

Table 5 shows that the residual strength of RPC exposed
to high temperatures increased as the PP fiber content
increased. All the RPC specimens with PP fiber of 0 kg m™,
1.0 kg m3, and 2.0 kg m™ were shattered. However, the
RPC specimens with PP fiber of 4 kg m™ and 8 kg m™ were
sound, with residual compressive strengths of 24-29% and
residual flexural strengths of 29-30%. Thus, incorporating
PP fibers was effective for preventing explosive spalling,
with a minimum incorporation content of 4.0 kg m3 (0.5
vol.%) (Atkinson 2004, Nishida and Yamazaki 1995).

PP fiber melts at 165-170°C and forms a pathway for
gas. Therefore, it contributes to create a more permeable
network than the matrix, which allows the outward
migration of gas and results in the reduction of pore
pressure (Kalifa et al. 2001). Furthermore, with respect to
the amount of fiber needed to prevent spalling, it has been
reported that 1-3 kg m™ of PP fiber is required to mitigate
the occurrence of spalling (Bilodeau et. al. 2004). Fig. 7
shows the SEM micrographs of the RPC specimen with PP
fiber before and after the fire test. It can be confirmed that
the PP fiber melted after the fire test and created a fine
pathway (Fig. 7(b)).

3.3.3 Mass loss and CH content by temperature range

Table 6 presents the mass loss and CH content according
to the temperature range of each specimen. The
experimental results show that the unit cement content and
CH content are proportional to each other. The CH contents
were reduced in all MK-incorporated mixtures, consistent
with MK having rapidly reacted with CH and becoming
stabilized with calcium silicate hydrate at the early stage.
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Table 6 TG-DTA analysis of RPC specimens according to SF and MK content

Weight loss ratio (%)

Predicted contents of

Mix Type Wa Wiz Wis Ca(OH)2 (%)
25-200°C 200-450°C 450-500°C
70C-30SF-00MK-10PP 6.460 2537 02717 1117
70C-15SF-15MK-10PP 6.137 2.363 02458 1,010
70C-00SF-30MK-10PP 5.799 2.190 02119 0871
80C-30SF-00MK-10PP 6.137 3419 0.2064 1218
80C-15SF-15MK-10PP 6.566 2.843 02700 1110
80C-00SF-30MK-10PP 6.371 2573 02723 1119
95C-30SF-00MK-10PP 4,830 4,845 03571 1.468
95C-15SF-15MK-10PP 5.002 4718 03363 1.382
95C-00SF-30MK-10PP 5.876 3.042 03070 1.262

CBNU CURF
EM Lab.

(;1) Before fire test

CURF
EM Lab.

] (B)ther fire test

Fig. 7 SEM micrographs of RPC specimen with PP fiber before and after the fire test

Poon et al. (2001) reported that at early ages, the rates of
CH consumption in MK-blended cement pastes were higher
than in SF- or FA-blended cement pastes. Janotk et al.
(2020) explained that the efficiency of MK as a pozzolan in
cement and concrete is mainly determined by the high
content of Si0; and Al,Os. Curcio ef al. (1998) reported that
the higher initial reactivity of MK can be attributed to its
ALO; phases, which are known to contain 4- and 5-
coordinated Al and Al,Oj; involved in the fast formation of
C,ASH; (gehlenite), and a small amount of the crystalline
C4AH 3 phase.

In our study also, it can be inferred that MK exhibited
higher reactivity than SF since the SF only mixtures had the
highest CH contents. Thus, through the initial rehydration
process, the CH content was effectively reduced by
conversion into C-S-H or C-A-H. The CH remaining in the
cement matrix dehydrates above 450-500°C (Gamal et al.
2019), generating steam pressure in the concrete, thereby
accelerating spalling. Hence, the incorporation of MK
reduces the CH content and mitigates spalling.

3.3.4 Analysis of pore structure of RPC before and
after fire test
This study used mercury intrusion porosimetry (MIP) to

measure the porosity and pore size distributions of various
RPC specimens with different SF and MK contents before
and after the fire test. The effect of the MK content on
spalling of RPC was also investigated.

Fig. 8(a) shows the pore distribution of specimens with
different SF/MK mixing ratios with a cement content of 800
kg m. The pore distribution was largely divided into 1-10
nm, 10-10,000 nm, and >10,000 nm. The 80C-30SF
specimen exhibited the lowest pore volume in all ranges. At
1-10 nm, there were no significant trends according to the
mixing ratio. However, at pore distributions of 10-10,000
nm and >10,000 nm, the pore volume clearly increased as
the mixing rate of MK increased.

Fig. 8(b) shows the composition ratio for the 100-
100,000 nm size pores. In a study that compared the
spalling results and pore structural analysis results, So et al.
(2014) found that the factors affecting spalling were related
to the composition ratio of the micropores rather than the
overall porosity. They reported that if the porosity ratio
increases above the standard pore of approximately 100 nm
for the release of water vapor pressure, it becomes a
relatively open matrix and steam pressure is released
smoothly, which is advantageous for mitigating spalling.
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The results of this study have also demonstrated that as
the pore size increased above 100 nm, the effect on spalling
was more advantageous. In the MK-incorporated 80C-15SF-
15MK-10PP and 80C-00SF-30MK-10PP specimens, the pore
volumes were 0.037 ml g and 0.049 ml g”! in the pore range
of 100 nm or more, and spalling did not occur after the fire
test. However, the 80C-30SF-00MK-10PP specimen
incorporating only SF exhibited a pore volume of 0.019
ml g, that is, less than half that of the corresponding MK
specimens, and it exhibited partial spalling after the fire test.

Fig. 9(a) shows the pore distribution of 15SF-15MK
RPC with varying cement content. Micropores with a pore
size of >100 nm proportionately decreased as the cement
content per unit area increased. For the RPC with a cement
content of 950 kg m, pores >100 nm comprised 51.6% of
the total pore volume, whereas the RPC with 800 kg m™
comprised 58.5%. However, the 700 kg m RPC showed a
high total pore volume, and pores >100 nm also comprised
a high ratio (62.1%). RPCs with the 15SF-15MK
composition ratio did not exhibit spalling, though the 700
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Fig. 10 Pore distribution according to unit cement
content of 15SF-15MK RPC after fire test
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kg m> RPC with the highest number of pores exhibited
partial molten steel and PP fiber seeping through the loose
matrix.

Fig. 10 shows changes in the porosity and pore size
distribution of the RPC specimens according to the mixing
ratio of OPC, SF, and MK after the fire test. The porosity of
the RPC specimens increased by a factor of 2 (27.7-30.5%)
compared with the RPC specimens before the fire test. In
particular, the pore volume of 100-10,000 nm significantly
increased in all RPC specimens, contributing to the release
of water vapor accumulated in the RPC matrix.

4. Conclusions

Results of the evaluation of the pozzolanic reactivity of
MK indicate that the API was 89%, almost equivalent to
that of SF, and approximately 20% higher than that of FA
and BFS. Furthermore, MK reacts rapidly with the cement
hydrates to produce C-A-H and C-S-H, yielding a dense
hydrated matrix and enabling the production of high-
strength concrete. Since MK rapidly reacted with CH and
was stabilized with C-S-H, CH was actively consumed,
hence the generation of water vapor was reduced during fire
conditions. The pore volume of 100-100,000 nm is
relatively high compared with the conventional RPC using
only SF, which is advantageous for spalling, as the water
vapor pressure is released smoothly through the loose
structure. However, concrete incorporating only MK as a
reactive powder was unable to yield a strength of over 100
MPa. When the powder content was 30%, RPC with a 1:1
ratio of SF and MK exhibited a compressive strength of
over 100 MPa regardless of the unit cement content, and
exhibited the highest residual flexural and compressive
strength. It was observed that incorporating PP fibers was
very effective for preventing explosive spalling. In the RPC
specimens incorporating MK, the minimum PP fiber
content required to prevent spalling was 0.5 vol.% of the
cement weight.
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