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Abstract.

In this study, the effect of cellulose nanocrystals (CNCs) on the fire resistance properties of fiber-reinforced cement

composites was investigated. The main variables were CNCs content (0.4, 0.8 and 1.2vol.% compared with cement), steel fiber
ratio, and exposure temperature (100, 200, 400, 600 and 800°C). The fire resistance properties, i.e., residual compressive
strength, flexural strength, and porosity, were evaluated in relation with the exposure temperature of the specimens. The CNCs
suspensions were prepared to composited dispersion method of magnetic stirring and ultra-sonication. CNCs are effective for
increasing the compressive strength at high temperatures but CNCs do not seem to have a significant effect on flexural
reinforcement. Porosity test result showed CNCs reduce the non-hydration area inside the cement and promote hydration.

Keywords:

Cellulose Nanocrystals (CNCs); fire resistance; porosity; residual strength; microstructure

1. Introduction

Recently, research on the development of various
composites using the excellent physical properties of
nanomaterials has been conducted. Polymer composite
applications of these nanomaterials are already being used
in the construction industry. However, the use of
nanomaterials as construction materials is still in its
infancy; hence, various nanomaterials are currently under
development. The best-known nanomaterials applied to
cement composites are carbon nanotubes (CNT). Although
CNT have several vulnerabilities and economic problems,
its use on cement composites has demonstrated significant
improvement in the material’s properties (Oh et al. 2018,
Oh et al. 2017). Research conducted at home and abroad
has identified that the addition of various nanomaterials to
cement composites is effective for applications in the
construction field (Norhasri et al. 2017). One of these
nanomaterials is cellulose nanocrystals (CNCs), as
described in this study. CNCs is kind of nanocellulose,
which has a classified extraction method. CNCs are formed
by chemical processes and cellulose nanofibers (CNFs) are
formed by mechanical processes (Sofla et al. 2016).
Although the research on cement composites using
nanocellulose is currently in its early stages, many previous
studies have shown that the performance of cement
composites can be improved. Mazlan et al. (2016) studied
that CNCs improved C-S-H (Calcium-Silicate-Hydrate) gel

*Corresponding author, Professor
E-mail: kimw@kumoh.ac.kr

Copyright © 2019 Techno-Press, Ltd.
http://lwww.techno-press.org/?journal=acc&subpage=7

formation and the strength of cement composites by up to
45% (Mazlan et al. 2016). Cao et al. (2015) identified the
mechanism by which hydration is improved the strength of
a part.

The purpose of this study is to evaluate the fire
resistance of various CNCs cement composites by
analyzing their physical and chemical properties. To this
end, residual compressive strength, flexural strength, and
porosity experiments were conducted through Mercury
Intrusion Porosimetry (MIP).

2. Review of existing research

Previous studies on cement composites using CNCs
have been conducted mainly on the evaluation of physical
properties. Their related contents are listed in Table 1.

Various studies on the properties of cement composites
using CNCs have been conducted at home and abroad.
However, most researches have studied the strength
properties and formation mechanisms of CNCs and cement
composites, and no study on fire resistance has been found.

Due to the lack of studies on fire resistance regarding the
cement composites containing CNCs, the studies on fire
resistance evaluation of cement composites have been
compiled. These studies are listed in Table 2.

Various studies on fire resistance evaluation of cement
mortar have been actively conducted at home and abroad.
The evaluation methods include residual strength, SEM,
XRD, MIP and TG analyses. In this study, the residual
strength and MIP analysis were selected for the fire
resistance evaluation of cement composites containing
CNCs.
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Table 1 Review of existing literature on CNCs cement composite

Author

Contents

Cao et al. (2016)

This research studied the influence of raw and sonicated cellulose nanocrystals (CNCs) on the microstructure of cement
paste.

As a result of water desorption tests, the porosity of the plain cement paste was 16%. Conversely, porosity of cement paste
containing raw and ultrasonic treated CNCs decreased to 14.8% and 14.4%, respectively. The reduction in porosity was
the result of an increase in hydration. In addition, the use of CNC ultrasonic treatment was found to avoid aggregates that
could lead to pore and air trapping.

Fuetal (2017)

In this study, a total of 9 CNCs samples were used in Type I/ II and Type V cement. The samples were analyzed by
isothermal calorimetry (IC), thermogravimetric analysis (TGA), and ball-on-three-ball (B3B) flexural strength test. The
performance of the CNCs cement composite was evaluated.

IC and TGA showed that CNCs increased hydration in all specimens, and increased heat release in Type V cement,
compared to Type I/ 1I cement. The B3B flexural test showed a 20% increase in flexural strength in all cements.

Cao et al. (2015)

This study evaluated the effect of CNCs in cement paste through flexural strength, isothermal calorimetry (IC),
thermogravimetric analysis (TGA), and degree of hydration (DOH). The increase of DOH was observed when CNCs were
used. Two mechanisms of increased hydration were suggested when using CNCs. The results indicate that short circuit
diffusion was more dominant than steric stabilization.

Mazlan et al.
(2016)

Flowability, compressive strength, and SEM analyses were conducted to evaluate the effect of CNCs in cement mortar.
Cement mortar strength improved 40~45% when CNCs were used. The existing shapes of CNCs looked similar to nano-
needle fiber. It assisted the mortar structure to sustain more load by performing as bridging agents, thus holding the mortar
matrix together.

Table 2 Review of existing literature about fire resistance on cement composites

Author

Contents

Kim et al. (2014)

This study conducted investigation on fire resistance and explosive properties of high strength concrete through residual
strength, elastic modulus, and SEM analyses. The residual compressive strength of high-strength concrete was 20~40% at
700 °C in preliminary studies. In this study, a range of 38% was proven again. The experiment results indicated similar
results to preliminary studies regarding fire resistance.

Lee et al. (2013)

The performance of the cement composite containing polypropylene fiber was evaluated. Flowability, density,
compressive strength, and tension strength experiments were conducted. A mix of polypropylene beads and an antifoamer
showed high performance regarding strength and ductility.

Kim et al. (2008)

The porosity and pore size distribution of cement paste and concrete were measured and analyzed by MIP analysis. As the
water-cement ratio increased, the porosity increased. Conversely, the porosity decreased with hydration. In plain concrete,
the porosity decreased as the amount of binder increased.

Kang et al.
(2015)

The microstructure and pore structure of cement mortar exposed to high temperature were investigated. MIP, TG, and
under-water weighing analyses were conducted to investigate the relationship between decomposition of hydration and
changes in pore structure.

Mendes et al.

The difference between the dehydration and rehydration processes of cement paste and concrete exposed to high

(2012) temperature was analyzed. Moisture adsorption tests and pore tests were conducted.
Cavdar Ahmet The effect of fiber on the mechanical properties of cement mortar at high temperature was evaluated. Four fibers,
2012) polypropylene (PP), carbon (CF), glass (GF), and polyvinyl alcohol (PVA), and their fiber ratios were the main

parameters.

Seleem et al.

The effect of pozzolana on the fire resistance of concrete was analyzed. Four types of pozzolana were used as the concrete

(2011) mixture. The residual compressive strength and XRD analyses were conducted to evaluate the effect of the pozzolana.
Chen and Wu  The changes of pore structure of cement mortar relative to water-cement ratio and hydration period were analyzed and the
(2013) experimental results were compared and examined with the existing models.
. This study evaluated the mechanical properties of limestone, quartzite and granite concrete on high temperature. The
Tufail et al. . . . - o . ) .
(2017) compressive and split tensile strength, and modulus of elasticity decreased with increasing temperature, while the ultimate

strain in compression increased.

Han et al. (2008)

This study investigated the spalling properties of high strength concrete designed with various types of mineral admixture
and diverse content ratios of polypropylene fiber.

Tomasz et al.

This study focus the investigation of mechanical properties of self-compacting concrete with steel fiber after being

(2018) exposed to fire. Flexural strength, equivalent flexural strength and micro-cracking after fire tests were tested.
This study investigated the effects of temperatures of 400 °C and 800 °C on the residual compressive strength and failure
Shaikh and behavior of fiber reinforced and unreinforced concrete. Steel fibers and basalt fiber are used in this study. The residual
Taweel (2015) compressive strength of steel fiber reinforced concrete is higher than unreinforced concrete. But basalt fiber reinforced

concrete showed lower strength than un reinforced concrete.

3. Experiments

3.1 Preparation of CNCs suspension

The CNCs were dispersed prior to their mixing with the
cement. Two methods were used for the dispersion of

CNCs: magnetic
dispersion process

operating at 1300 RPM for 30 minutes, and the second one

T W

stir and ultrasonication. The first
consisted of using a magnetic stirrer

consisted in applying 2000 J of energy per 1 g of the CNCs Fig. 1 Magnetic stirrer
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T

Fig. 2 Ultrasonication

Table 3 Mix proportion

W C FA S CNC SP (C- Fiber

(Cvol%)  wt%)  (vol.%)
Co4 0.4 0.75
Cco8 03 08 02 037 08 1.25 1
c12 1.2 2.25

C-vol.%: Volume fraction for cement, C-wt.%: Weight fraction for
cement

through an ultrasonic dispersing machine. The magnetic
stirrer and the ultrasonic dispersing machine used in the
experiments are shown in Figs. 1 and 2, respectively. The
CNCs suspension prepared by this method was used in
various cement composite mixes.

3.2 Cement composite mix

The mixing ratios of the cement composites used in the
experiment are listed in Table 3 below, with reference to the
mixture of ECC (Engineered Cementitious Composite).

CNCs were mixed with cement in volume ratios of 0.4,
0.8, and 1.2%. When the CNCs were added, the viscosity of
the compounding water increased and the flowability
decreased. Therefore, the amount of the high performance
water reducing agent was increased relative to the amount
of CNCs. Steel fiber was used as the mixed fiber, and the
mixing ratio was fixed to 1% of the total volume.

The mixing procedure was conducted as follows: The
CNCs suspension was added in three times during mixing.
This is to ensure that the mixed materials in the dry mixing
state are evenly mixed to prevent material separation. In
addition, in order to reduce the fiber ball phenomenon
generated when the fiber is added, the compounding was
carried out by adding a predetermined amount of fibers and
dividing the CNCs suspension.. Two cubic specimens of
50x50%50 mm were produced for the compression strength
tests and two specimens of 40x40x160 mm were produced
for the bending strength tests. After the mixing process, the
specimens were placed in a curing room for 24 hours at
20°C. Thereafter, the cured product was demolded and
subjected to high temperature steam curing for 48 hours.
Test method was conducted referring to KS L ISO 679, KS
L 5105. As shown in the regulations, the loading speed was
tested according to the compressive strength of 2,400
N/s+200 N/s and the flexural strength of 50 N/s£10 N/s.

),

Fig. 3 Electric furnace

Fig. 6 Flexural strength test set-up

3.3 Fire resistance experiment

Fire resistance experiments were conducted to
determine the fire resistance performance of the cement
composites containing CNCs.

In order to examine the material properties according to
at low and high temperatures of the fabricated specimens,
the specimens were heated to 20 (room temperature), 100,
200, 400, 600, and 800°C. The temperature increase rate
was set at 2°C/min. After reaching the target temperature
referring to KS F 2257-1, heating was finished after
maintaining for 2 hours to satisfy the general fire resistance
performance time. After heating, the electric furnace was
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Fig. 7 Maximum of residual compressive strength relative to temperature

Table 4 Maximum strength of compression test (Unit: MPa)

Temp. (°C) Plain C04 C04S1 C08 C08S1 Cl12 Cl2S1
20 498 465 73.6 580 79.1 548 723
100 709 643 781 733 809 71.1 83.0
200 573 623 76.6 67.0 858 624 732
600 51.8 495 664 50.0 712 478 534
800 313 320 17.6 321 244 332 168

opened in order to cool it. After the heated specimen was
sufficiently cool, the residual compressive strength and
residual bending strength were measured. Figs. 3 to 6 below
show the fire resistance and experimental view used in the
experiment.

3.4 Porosity analysis

After the fire test, the porosity of the specimens was
evaluated. MIP analysis was performed at a maximum
pressure of 30,000 psi, a contact angle of 130 degrees, and a
surface tension of 485 dines/cm.

4. Experiment results

4.1 Residual compressive strength

The residual compressive strength of the specimens
subjected to the fire test was measured. The experimental
results are shown in Fig. 7 and listed in Table 4. The
residual compressive strengths were different relative to the
ratios of fiber and CNC:s. In case of the plain specimens, the
strength improved 50% at 100°C, and 15% at 200°C
compared with those at room temperature. The residual
strength at 600°C was similar to that room temperature, and
decreased sharply at 800°C. Comparing the results of C04,
C08, and C12 without incorporation of fibers, the highest
compressive strength was obtained when 0.8% CNCs were
incorporated. These results were similar in terms of residual
compressive strength. The strength changes with increasing
temperature were all similar, except for 800°C. The CO08
specimen showed the highest compressive strength. It can
be seen that the incorporation of CNCs affects the
compressive strength, but not the residual compressive
strength.

Comparing the results of C04S1, C08S1, and C12S1
with steel fiber, the CO8S1 showed the highest compressive
strength at room temperature, and 0.8% of CNCs was the
most suitable mixing ratio. In case of C04S1 and C12S1,
the strength decreased after 200°C. In case of C08SI, the
strength increased steadily up to 400°C and then decreased.
Except for CO08S1, all specimens showed similar
compressive strength patterns.
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Fig. 8 Maximum residual flexural strength relative to temperature
Table 5 Maximum strength of flexural test (Unit: MPa)
" Tlflfe rf“?“‘;‘l ‘iofl};Pres?‘Ve Strf“gttllll tesélrfsupas\?gw "t[l:llilt Temp. (°C) Plain C04 C04S1 C08 CO8SI Cl2 CI2S1
© etiect of steet TBers 1S greater than that of & 7A-S. 1 20 382 322 947 358 1085 262 10.08
compressive strength at room temperature was 58%, 36%, 100 573 278 1044 374 1141 492 11.02
and 32% higher than that of CNCs mixed with 0.4, 0.8, and ’ ’ ’ : ) ) )
1.2%, respectively. The lower the mixing ratio of CNCs, the 200 540 677 917 473 12796 521 1547
stronger the strength enhancement was. 400 401 327 9.57 378 1266 4.69 15.00
600 093 0.60 8.18 1.58 856 352 938
4.2 Residual flexural strength and flexural toughness 800 222 166 2.05 134 226 234 2381

The residual bending strength test was carried out after
the fire test. The experimental results are shown in Figs. 8
and 9, and listed in Table 5. In the case of the plain
specimen, it showed 2.73 MPa at 100°C, which is slightly
lower than 3.82 MPa at room temperature. However, it
increased to 5.4 MPa at 200°C, which is similar to the
strength at room temperature, and then decreased when
increasing the temperature to 600°C. The strength showed a
rapid decrease due to the decomposition of the internal
compound after 600°C. Comparing the results of C04, CO08,
and C12, CO8 showed the highest bending strength with
3.58 MPa at room temperature. Bending strength of C04
decreased slightly but CO8 and C12 increased compared to
room temperature at 100°C. After 600°C, bending strength
of the C04, C08, and C12 specimens decreased drastically.

C04S1 showed a slight increase and decrease in
temperature after a slight increase in strength at 100°C and

a sharp decrease in strength at 800°C. C08S1 and C12S1
exhibited higher flexural strength than that at room
temperature up to 400°C, but decreased to a lower strength
after 600°C and decreased rapidly at 800°C. As the mixing
ratio of CNCs increased, the strength increased at 200°C
and 400°C.

Fig. 9 shows the load-displacement curves of the plain,
C04, C08, and C12 specimens without fiber. These showed
typical brittle failure in which rupture occurred with sudden
strength reduction after maximum load. There was no trend
of load-displacement at 800°C, except for the Cl12
specimens without steel fibers and the C04, C12 specimens
with steel fibers. This result is due to the fact that the test
specimen is destroyed while applying a load.

In the case of the plain specimen, the behavior of the
load-displacement curve with temperature did not show any
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Fig. 9 Load-displacement curve of flexural strength specimens

significant change and the slope of the curve decreased at
600°C. In the case of CO04, the slope of the load -
displacement curve changed above 400°C. In C08, the slope
gradually decreased as the temperature increased. C12
showed a large change in slope with temperature, but no
linear trend is observed. The specimens with steel fiber
showed ductile behavior in which the load gradually
increased with increasing displacement after maximum load
at all temperatures except 800°C. In addition, in all three
test specimens, the slope of the curve gradually decreased
as the temperature increased.

The maximum loads of the plain, C04, COS8, and C12
specimens with no ductility behavior were obtained by
calculating the area of zero point to maximum load (4p).
The C04S1, C08S1, and C12S1 specimens with ductility
behavior were evaluated in terms of the flexural toughness
index, which is calculated by the area of zero point of the
maximum load (4p) divided by the area (4p so). Thus, it can
be seen that the load was reduced by 80% of the maximum
load.

The results of the flexural toughness evaluation of the
test specimens are shown in Figs. 10 and 11. As shown in
Fig. 10, the flexural toughness of the specimens without
fiber showed no significant difference, and C12 showed the
highest value. The strength and fracture displacement of
specimens incorporating steel fiber greatly increased,
indicating that the flexural toughness was also increased

—&— Plain
49| —a cos
—&— C08
—¥y— C12
—&— C0481
—O— C08S1
—7— C1281

Flexural toughness(kN - mm)
[N}

20 100 200 400 600

Temperature (C)

Fig. 10 Graph of flexural toughness (4p)

when compared with the specimens not containing fibers.
Up to 600°C, the trend of flexural toughness was similar on
temperature, but the CO8S1 showed a large difference only
at 400°C.

The flexural toughness index of Fig. 11 shows that
C04S1 slightly increased at 100°C and then decreased with
the increasing temperature. However, it showed a rapid
increase at 400°C, which is considered to be related to the
decrease of the Ap value when the temperature changed
from 200°C to 400°C. C08S1 exhibited a flexural toughness
index value 1.5 times higher than that of other specimens at
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Fig. 12 The result of MIP analysis on plain specimen

room temperature. However, the index decreased with the
increasing temperature. The flexural toughness index of
C12S1 increased slightly at 200°C, but then decreased. It is
considered that the ductility was almost lost regardless of
the mixing ratio of CNCs above temperatures of 600°C.

4.3 Porosity analysis

MIP analysis was carried out to analyze the
microstructure of the cement composites subjected to the
fire test. The experimental results are shown in Figs. 12 to
15 below. Fig. 12 shows the MIP results of the plain
specimen. Fig. 12(a) shows the volume relative to the pore
diameter, and Fig. 12(b) shows the integral value relative to
the pore diameter. It can be seen that the pore diameter is
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(a) Differential intruded volume-pore diameter curve

e
©

Cumulative Probability
o =)
ES o

o
[

0.01 0.1 1 10 100 1000
Pore diameter(zm)

(b) Cumulative probability-pore diameter curve
Fig. 13 The result of MIP analysis on CNCs 0.4% specimen

concentrated at about 0.1 um at 100°C, and the slope of the
integral curve also increased sharply at approximately 0.1
pm. At 200°C, the pore diameter was widely distributed
between 0.1 um and 1 um, and the pore diameter was
increased compared to 100°C. It can be confirmed that the
distribution of the voids was shifted to 1 gm at 400°C,
rather than at 200°C. However, most of the pores were
distributed at a value lower than 1 um. Most of the pores
were distributed at 1 ym at 600°C and the pores were
distributed widely at about 1 um at 800°C while increasing
the deviation of the pores from 600°C. In Fig. 12(b), the
curve shifted to the right as the exposure temperature
increased, and the region where the slope rapidly increased
also shifted to the right. As a result, the pore diameter
increased as the exposure temperature increased.

The C04 specimen showed the highest peak between
0.06 and 0.1 um at 100°C. At 200°C, the peak diameter was
similar to 100°C, but the volume of diameters over 0.1 um
increased. At 400°C, the peak near 0.1 yum decreased and
the peak at 1 um rapidly increased. At 600°C, the peak at 1
um slightly increased and the peak at 0.1 um slightly
decreased, but the overall pattern was similar to that at
400°C. At 800°C, the peak position was similar to 400°C,
but the volume below 1 pm decreased and the volume
above 1 um increased.

The CO8 specimen showed the highest peak at 0.1 um,
similar to the plain specimen at 100°C, and the peak was
broadly distributed between 0.1 and 0.5 um at 200°C.
Thereafter, the peak shifted to about 1 um at 400°C, and the
peak of 0.1 um decreased to less than 200°C. At 600°C, the
peak of 1 um increased, while at 400 °C the peak of 0.1 um
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Fig. 14 The result of MIP analysis on CNCs 0.8% specimen
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Fig. 16 The result of MIP analysis relative to exposed
temperature

decreased and the peak of 1-1.5 um significantly increased.
At 800°C, the curve shows a similar pattern to that at
600°C.

The C12 specimen showed a peak around 0.1 um at
100°C, and the highest peak at 0.06 um. This is similar to
the results of the C04 and CO08 test specimens. At 200°C,
the 0.1 um peak slightly decreased and the peak value was
broadly distributed in the range of 0.1 to 1 xm at about 0.05
mL/g. At 400°C, the peak around 1 um greatly increased.
At 600°C, the 1 um peak slightly increased. Overall, the
pore shapes and diameters at 400°C were increased. At
800°C, the peak position and graph shape did not show any
significant difference from those at 600°C. The average
diameter was up to about 20% higher at 800°C than in the
other specimens.

As a result of MIP analysis, there was no significant
difference relative to the mixing ratio of CNCs. However, it
can be seen that the pore diameters of the CNCs-
incorporated specimens were slightly smaller than those of
the plain specimen. The same peak was observed at 0.1 um
at 100°C, but a higher peak was observed at about 0.06 um
when CNCs were mixed. At 200°C, the overall curve shape
was located to the left of the plain one, indicating that the
pore diameter was relatively smaller. The shape and peak of
the graph were similar in all the graphs from 400 to 800°C,
but they were shifted to the left of the plain one. Through
this, it was confirmed that the incorporation of CNCs can
reduce the internal porosity of the cementitious composite
exposed to high temperatures.

The results of MIP analyses relative to temperature are
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shown in Fig. 16 below. The graph shapes of the plain and
CNCs were similar. The CNCs-incorporated specimens at
100°C showed a peak at 0.06 um, but the plain specimen
showed no significant difference except for a peak at 0.06
um. From 200°C onward, the CNCs-incorporated
specimens are located on the left of the plot, which means
that the pore diameter is relatively small.

5. Conclusions

The refractory performance and the microstructure
analysis of the CNCs-incorporated cement composites were
carried out. The experimental results are summarized as
follows.

* CNCs were effective for increasing the compressive
strength at room temperature, but did not affect the
residual compressive strength. The CO08 and Cl12
specimens showed higher compressive strength at room
temperature than the plain, which was similar in residual
compressive strength. The effect of mixing the cement
composite with steel fiber was better than that of mixing
it with CNCs.
* CNCs do not seem to have a significant effect on
flexural reinforcement. The bending strength at room
temperature was relatively reduced or similar depending
on the mixing ratio of CNCs, but the aspect relative to
the exposure temperature was different. However, the
plain specimen, as well as the CNCs mixed specimens,
exhibited similar or higher strength from room
temperature up to 400°C, but the decreasing pattern
after 600°C was the same. Also, deviation of flexural
strength value was not greater than the compressive
strength, except that the specimens were reinforced with
steel fiber at each temperature. This result seems to be
due to the brittle fracture pattern. In the future, the
internal structure at high temperature should be analyzed
by conducting precise analysis such as SEM and XRF.
* The flexural toughness through CNCs incorporation
was evaluated. The plain specimen, as well as the CNCs
mixed specimens, showed brittle fracture behavior at
maximum load. It was considered that it is difficult to
impart ductility to the cement composites only by the
incorporation of CNCs, and it was confirmed that the
reinforcing performance was improved when it was used
together with steel fiber. The flexural toughness index
gradually decreased with the increasing temperature,
which means that toughness decreases gradually.

* Microstructure analysis showed that the pore diameters

of the CNCs were smaller than those of the plain

specimens, regardless of the exposure temperature. This
result is related to the characteristics of CNCs, which
reduce the non-hydration area inside the cement and
promote hydration, as reported in the existing studies.

However, due to the incorporation of CNCs, the pore

size was reduced but it did not affect the strength

increase at high temperatures.

* The strength improvement mechanism of CNCs

promotes hydration in un-hydrated areas, thereby

increasing the amount of hydration produced. The

increased hydration product is decomposed at a constant
temperature. Decomposed hydration product is thought
to show the appearance of voids and the resulting
strength value decreases. Therefore, further research is
needed to compare the amount of hydration products
through Thermogravimetric analysis (TGA).
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