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Abstract

Receatly. freezing accidents Bave increased in winter as the remperasture of sub—zero has
ropidly decrsassz. Lots of otidies are being conducted to prevent freszing secidents in the
winter: Thic study was conduted the heating and elsetrical performance of nano sifewalk Biociks
mixed with muiti~walled corbon amotobes (MWCNT). The porameters was curing  day,
MWCNT concentration. 'md supply voltage. The mize of the specimen waz 200%100%60mm?
of the imtarjociking block Az @ reoult. the Desting performance of specimens increszad
12.3tim=s 35 the MWUNT coacentration and supply voltage ncrsased
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Abstract: Comerete curing under sub-zern temperatunes causes variows problems, such as initial
cracking and a decrease in mecharical sength. This study investigated the effect of sub-zero
ambient femperature and multi-walled carbon ranotube (MWCNT] conts the heat and sinength
ch o heat-cured MWCNT it posilis, The experimental f were
the application of heat curing, MWENT conbent, use of an insulation box to achieve o clomed system,
and ambient temy “The results showed that the internal temp change of the MWCNT
cementitions composit increased with the ambient temperature and MWCNT content. When
an insulation box was installed, the maximum temperaton: change of the MWCNT cementitious
composite during curing increased. Furthermore, heat curing increased the compressive strength
af th iti posi a analysis using, scanning
electnm microscupy verified the formation of 8 MWCNT network among the cement hydrates.

Beld

Keywords: mulbi-walled carbon be; cement composi ic curing; comg
strength; sub-zero temperature

1. Intreduction

Concrete is widely used in the construction of infrastructures such as mads, dams,
and retaining walls. When designing and constructing concrele structures, their safely and
ility are significant factors ko be idered. In particular, a safe work environment is
indisg ble to minimi. i during the of concrete structures, and
thus, thess should be mal d | age material sep and cracksin the
early stage of construction. However, it is difficult for concrete to maintain durability when
cured under sub-zero conditions, because moisture freezes within the concrete, resulting in
initial cracks and strength reduction due to the nonuniform hydralion reaction in cemenl.
This phenomenon causes 2 reduced safety of structures, because the optimum strength
of the resulting concrete is not ully achieved. Heal curing and heat generation curing
methods are generally used for concrete pouring at sub-zero temperatures. The former
i d by supplying heat 1o a hieat ion structure over cured comerete during
pouring, but this method cannot efficiently transfer heat bo large structures. Furthermore,
heat i an be easily d. d by wind and snow, resulting in heat loss.
Inaddition, it may be impossible o install a heat protection structure over a concrele Boor
slab that has been cured in one piece depending on the size. The existing heat genaration
curing method directly supplies heat through wires buried inside the concrete, which is
easker o use than heat curing, which requires external devices such a5 heat protection
and heat suppliers. Hi heal g ion curing using buried wires can

cause problens, such as partial cutting or peeling of the wires during construction.

Crystals 2021, 11, 1162 hitpse/ /dotorg 10,5350/ cryse1 1101162
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Tntsoduelng mall amusets of muikd-wnlled carbon nanotubes (MWENTS) ato cement-hied nuatertals chacges
the thermal snd elecrrical eharscieristics of the compoalies, The beat genenalon of cement materisls can be
enbanced by lioeporutiag MWONTS The thenmnal reipome of coment camposiies ncorparaalig. WWENTS
amder Ary euring cenditions wa experimentally imvestigmed by varying the curirg, tme and MWCNT wacen.
arales of (e te. The g the elextrod

10 the power supply and sapplying A comstant voltage. The hear peneraion of the MWONT cemeiritions coa-
omitn inceessed with the mber of curiig days. In sirin, the heat generarian of the sompotite incrsased in
& guadeatic foren with lncreastng MWONT tuacontration. The electrical prststance af the pomposite depended
an the progress of (e hydrario ceaction. B the ciee of cemenicious composies centainisg eelutlvely high

enicentmtions uf MWCNT, the elerrieal nedvinee decressed  the mumber of euring days inereaed

1. Introduction

Glohal climats change has l=d i frequent oecurrences of imegelar
climate: evenss, such as local snowfall and continuous cold waves
These irregular climate events paralyze traffic and couse traffie aec-
denss through black ke, Black b i 2 major cnse of traffic accidents
in winber because it is difficul for drivers to identify pwing 1o is sim
ilar enlor as the road. Such problems stesmming from iregalar climase
cvents should be prevented thmugh periodic mad surface ingpeszians,
snow melting and de.icing. Researchers are actively investigating
materials capalsle of self heating o addres thess e,
Nano-engineesed cemenditions composites are capable of sl
heating becaise of the incorporation of nanomatesials that are condoe
tive in cement. Cement incorporating tamomaterials sach @5 cibon
black and carban fiber have a markedly lowes sectrical resistance
than ordinary cement. Whes an electrical curmens passes through this

nano enginesred cementitios composites do not mquire any chemi.
cals, thias minimizing strscnsral damage and envirmamenal polision.
The sirengih of narocomposite materiak has been anabyzed in the
liveramre: Tysom &t al. {1 studied the mechanical praperties of cemen
titims composites incarporating carbon nanotubes (CNTs) and carbon
ramofihess {CNFs}. Varying the fype, cancentration, and cunng time of
the: carban nanomatenal, the reseanchers selected CNT and CNF con.
centrations of (.1 wr% and 0.2 wibk and curing times of 7, 14, and
4 days. Ar 7 and 14 days of caring, the femral . elastic mod
uium, and fracmre toughness of the CNT and CNE cemeniitinns com.
posites were wesker than those of the siandard cementitious
campsiie; bawevers, dhese physicl properties improved afier 28 days
of curing, owing to the bond strengthening berween the sunamaterial
and cement matrix. In addition, A% Bub et al. {2} incorparnted multi.
walled carbon nanotubes (MWCNTs) intn cementitiows composites
and imvestigted their mechanical properties. The MWENT length,

rano enginesred . beat ix gener.
ated. Nano engineered i melt snewe and ice
through self bearing, Snow melting and deicing stcnres am cur
renily applied using chlorinied soow meliing maierial and sow
removal vehickss, among ather approaches. However, these operatios
case damonge to structures and esvimnomental paliution. 8y contast,

and fime were varied 2 the paramefers, and
the MWECNT lengihs wese dassified 25 loag anel short, based on their
aspect matia. MWENT cancentrations of A4 with, (.1 with, and
02 with relative w the cement ind curing imes of 7, 14, and 28 days
were employed. The MWONT cementivios composiies - showeid
improved fleweral sirength and ductlisy after 28 doys of curing in
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Heating Performance of MWCNT Module according to Size Effect

HIABY QT OEY  YSH  FUL
Park, Sohyeon®, An, Sungju®, Lee, Heeyoung®™, Kim, Donghwi

oo Koo

. and Chung, Wonseol

Abstract

Black ice is a road-freering phenomenon that occurs on the surfaces of raads and is caused by sub-zéro temperntures. Black ice
is dangerous 1o vehicalar traffic because it is difficult for a driver to detect its presence on roads. Further, it causes vehicles 10 lose
traction on roads, thus causing accidents. Therefore, this study aims 10 solve this problem by uilizing a heating module with multi-walled
carbon nanotubes (MWCNTS) and analyzing the heating efficiency according to the size cfiect of the heating module: The heating
modules were divided into cubes (50 x 50 = 50 mm’) and cuboids (100 x 300 * 60 mm’). The parmeters considered were the
size of the heating module, number of curing days. and supply voltage. The maximum temperature change of the cubes was 75.7
. and the maximum tempetature change of the cuboids was 78% of the cube. The thermal images demonsirated that the cuboids
exhibited better thermal dispersibility than that exhibited by the cubes. Thercfore, the heating eficicncy of the cuboids was inferred
to be excellent. Thus, the cuboid heating module can be used to reduce the risk of accidents occurring caused by black ice.

Key wonds : Multi-Walled Carbon Nanotube, Black Iee, Heating Module, Heating Performance, Module Size
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i U AEE 24T U BEEYHY FIATF
Heating Performance of Nano Sidewalk Block Incorporating Carbon
Nanomaterial

dEE - KATT - ASHT HANT . oz
Kim, Younghwan® - YU, Wonjun™ - Kim, Donghwi®™ - Chung, Wonseok™" - Lee,

Heeyoung

Abstract

Recently, freezing accidents have increased in winter as the temperature of sub—zero has
rapidly decreases. Lots of studies are being conducted to prevent freezing accidents in the
winter. This study was conduted the heating and electrical performance of nano sidewalk blocks
mixed with multi—walled carbon nanotubes (MWCNT). The parameters was curing day,
MWCNT concentration, and supply voltage. The size of the specimen was 200X100X60mm?
of the interlocking block. As a result, the heating performance of specimens increased
12.3times as the MWCNT concentration and supply voltage increased.

Key Words : Carbon nano material MWCNT, Sidewalk block, Heating performance
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Fig. 1. Specimen of Nano Sidewalk Block

Table 1. Parameter of Nano Sidewalk Block

22 AR AR

Ui B A3AE g As, AYE,
R E AREste] AT 2 Aol A vhekel
Bag-Am FoA AVE-dd Hs
MWCNTS  Z9ste] 33t =
MWCNTE= 1= 9%2 7153 | 789 JH=
ARIE Agelld B8-S gwsted freld A
© =2 el tH(Sobolkina et al, 2012; Al-Dahawi
et al., 2016). MWCNT 892 22kHz %2295
&g-8-3lo] Eg|olAH K Polyacrylic acid)ol| 4] 2A]3F
BoF BAME A THLee et al., 2020).

Table 2= & A7l 4 AREE MWCNTS] 540]
T}. MWCNT®] 3t 272 Inm~10nm®] il Zo|&=
100nm~1cm®] T}, MWCNTS] L%+ 1.33g/em= &
7] AEE7F0.17-2x10°S/em ©]al FAELEE
3,000W/m-Ko|th. MWCNTE 2o nla) #7]A
T 9k 1008 oA, dAEEE 758 95}
U BHEEEd ARSE AMEE dubEl ¥ &
A= AwlEolH, AME¥ F#E= KSL ISO 679 F
Aol BFo] 26267, 75 ATE 1.0~1.93
Ao tH(Korean Standards

o

o] 4
Agel A8

L

o FN

Association, 2011).
2.3 23A Az

B 3= v REEge) A
st MWCNTZF =€ A A ol

S|

=

Stainless
steel mesh= 100mm A2 X3}t F HA)
2 7o AHAAE MeshE HzE] Hd

20x40x30mm® =7]9] 8-S A8k}

Specimen C;lrmg MWENT o) Voltage(V) Thermalcouple> &5 el sl A=
name ays concentration (% - CH@o ZAH OoTZ Z=z]= o] =)
B-7D-0.0 0.0 o HEEE] TAH EEE 5 43}7]  9)8}e]
B-7D-0.5 | 7D 0.5 MWCNT7F 2949 3 |A ol AFdskalar, v
B-7D-1.0 1.0 10V/30V EJ‘EE_IJ‘/] Oé:ﬁ—’]f}x\l'll:‘% ;?_6‘]'7] ‘?’]6]'0:] El:‘ Eﬂaﬂ

B-28D-0.0 0.0 - -
s S A
B-28D-0.5 | 28D 0.5 ©
B-28D-1.0 1.0
Table 2. Properties of MWCNT
. Modulus of Electrical Thermal .
Material structure . .. . Purity
Elasticity conductivity conductivity
Diameter : 1nm~10nm 0.17~ 2x105
MWCNT 0.27~0.95 TPa 3,000 W/m'K 99%
length : 100nm~1cm S/em




Table 3. Mixing Ratio of Nano-Sidewalk Block

MWCNT
W/C (%) . Cement (g) Sand (g)
Solution(g)
50 384 768 1920
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(b) MWCNT Solution

(a) Measuring materials o .
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(d) Installing Stainless
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(c) First Compaction

(e) Inserting

(f) Second Compaction
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Fig. 2. Specimen Fabrication Progress
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Fig. 3. Thermal conductivity Test Set-up
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Specimen ) ) Temperature (C)
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B-7D-1.0 1.0 6.6 45.1
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B-28D-0.5 28D 0.5 2.2 20.0
B-28D-1.0 1.0 2.6 32.2
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Abstract: Concrete curing under sub-zero temperatures causes various problems, such as initial
cracking and a decrease in mechanical strength. This study investigated the effect of sub-zero
ambient temperature and multi-walled carbon nanotube (MWCNT) content on the heat and strength
characteristics of heat-cured MWCNT cementitious composites. The experimental parameters were
the application of heat curing, MWCNT content, use of an insulation box to achieve a closed system,
and ambient temperature. The results showed that the internal temperature change of the MWCNT
cementitious composite increased with the ambient temperature and MWCNT content. When
an insulation box was installed, the maximum temperature change of the MWCNT cementitious
composite during curing increased. Furthermore, heat curing increased the compressive strength
of the cementitious composite. Moreover, a microstructure analysis using field-emission scanning

electron microscopy verified the formation of a MWCNT network among the cement hydrates.

Keywords: multi-walled carbon nanotube; cement composite; exothermic curing; compressive

strength; sub-zero temperature

1. Introduction

Concrete is widely used in the construction of infrastructures such as roads, dams,
and retaining walls. When designing and constructing concrete structures, their safety and
durability are significant factors to be considered. In particular, a safe work environment is
indispensable to minimize accidents during the construction of concrete structures, and
thus, these structures should be maintained to manage material separation and cracks in the
early stage of construction. However, it is difficult for concrete to maintain durability when
cured under sub-zero conditions, because moisture freezes within the concrete, resulting in
initial cracks and strength reduction due to the nonuniform hydration reaction in cement.
This phenomenon causes a reduced safety of structures, because the optimum strength
of the resulting concrete is not fully achieved. Heat curing and heat generation curing
methods are generally used for concrete pouring at sub-zero temperatures. The former
is performed by supplying heat to a heat protection structure over cured concrete during
pouring, but this method cannot efficiently transfer heat to large structures. Furthermore,
heat protection structures can be easily damaged by wind and snow, resulting in heat loss.
In addition, it may be impossible to install a heat protection structure over a concrete floor
slab that has been cured in one piece depending on the size. The existing heat generation
curing method directly supplies heat through wires buried inside the concrete, which is
easier to use than heat curing, which requires external devices such as heat protection
structures and heat suppliers. However, heat generation curing using buried wires can
cause problems, such as partial cutting or peeling of the wires during construction.
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Heat-generating concrete that can overcome the limitations of the hot wire bury-
ing method has been actively researched. Zhang et al. [1] investigated the deicing of
cementitious composites mixed with multi-walled carbon nanotubes (MWCNTs). The
experiments were conducted in a refrigerator at ambient temperatures of —30 °C, —20 °C,
and —10 °C. The experimental results showed that the time required to melt ice increased
with decreasing ambient temperature, and a heat conductive layer was generated when
3 wt% of MWCNTs was mixed into the composite. Won et al. [2] investigated the thermal
characteristics of a conductive heated packaging system, composed of a base concrete
layer, including a copper plate, a conductive cementitious composite layer, and a protective
concrete layer, with deicing features. Graphite (5 wt%) was added to the conductive ce-
mentitious composite relative to the cement weight. The experimental parameter was the
distance between the copper plates. The experimental results showed that the temperature
distribution was uniform when the distance between the copper plates was 1000-1250 mm.
Kim et al. [3] studied the electric and thermal properties of cementitious composites mixed
with CNTs. The specimens were fabricated with CNT contents of 0.1 wt%, 0.3 wt%, 0.6 wt%,
1.0 wt%, and 2.0 wt% relative to the cement weight. The supply voltage was 3-10 V, and
the experiment was conducted for 1 h. The experimental results showed that the exother-
mic performance of the cementitious composite mixed with CNTs improved as the CNT
content increased. The temperature of the specimen with a 2.0 wt% CNT content was
67.8 °C. Lee et al. [4] investigated the electric and thermal properties of cementitious
composites mixed with MWCNTs. The experimental parameters were the mixing method
and MWCNT content. The mixing method involved coating fine aggregates with MWC-
NTs and adding cement to an aqueous solution in which MWCNTs were dispersed. The
composites were mixed with 0.125 wt% and 0.25% wt% MWCNTs relative to the cement
weight. The experiment was conducted for 6000 s, and the supply voltages were 50 V
and 100 V. The experimental results showed that coating fine aggregates with MWCNTs
yielded a much better exothermic performance than that achieved by adding cement to the
aqueous solution.

In a study on the early age compressive strength of concrete, Al-Khaiat et al. [5]
investigated the initial compressive strength and durability of lightweight concrete. The
experimental parameters included the underwater curing period and exposure to the
salt damage environment. The authors conducted compressive and tensile strength ex-
periments, measured the modulus of rupture and the moisture penetration depth, and
monitored the drying shrinkage. Sukumar et al. [6] examined the initial compressive
strength of self-compacting concrete (SCC) composites mixed with fly ash. The specimens
were fabricated using a mix of cement, fly ash, and a high-performance water-reducing
agent. The compressive strength was examined in terms of the SCC age. The experimental
results showed that the compressive strength of SCC at the age of 12 h exceeded 10% of
that at the age of 28 d. The compressive strength at the age of 1 d was approximately
18-20% that at the age of 28 d. Furthermore, the rate of increase in the compressive strength
according to age was higher for SCC than that of general concrete. Assi et al. [7] investi-
gated the initial compressive strength of fly ash-based geopolymer concrete according to
the active solvent type and curing conditions. A sodium hydroxide solution mixed with
silica fume and a sodium hydroxide solution mixed with sodium silicate were used as the
active solvents. The experimental results showed that the initial compressive strength of
the geopolymer concrete using sodium hydroxide solution mixed with silica fume was
the highest at 105.1 MPa. In contrast, the curing condition had an insignificant effect on
the compressive strength of the geopolymer concrete. Li and Zhao [8] studied the effect
of a combination of fly ash and ground granulated blast furnace slag on the compressive
strength of high-strength concrete. The experimental results showed that the specimen
mixed with fly ash had a high long-term compressive strength but a low initial compressive
strength. The specimen mixed with both fly ash and blast furnace slag showed improved
initial compressive strength because of the increase in the initial hydration reaction rate
of cement.
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Curing is the most influential factor for the concrete strength. Many researchers have
studied the physical and chemical properties of concrete cured under various temperatures.
Kim et al. [9] modeled the compressive strength of concrete according to the curing period
and temperature and found that concrete exposed to a high temperature exhibits a high
initial compressive strength but low long-term compressive strength. Lura et al. [10] studied
the autogenous deformation and self-induced stress of early age concrete according to the
curing temperature and cement type. The selected curing temperatures were 10, 20, 30, and
40 °C, and the cement types were ordinary Portland cement and blast furnace slag cement.
They tested the autogenous deformation, measured the self-induced stress, conducted a
compressive strength test, and measured the modulus of elasticity. The curing temperature
did not significantly affect the autogenous deformation, but the faster contraction and
self-induced stress resulting from higher curing temperatures increased the cracking risk.
Arioz [11] investigated the physical and mechanical properties of concrete exposed to high
temperatures based on the relative compressive strength, which is a comparison of the
compressive strengths of concrete that was exposed or not to a high temperature. The
relative compressive strength was estimated by testing the compressive strength after
measuring the weight loss rate, which was determined by comparing the weights of the
concrete before and after exposure to a high temperature. The experimental results showed
that the weight loss rate of the concrete increased, and the relative compressive strength of
the concrete decreased with the exposure temperature. Husem et al. [12] experimentally
investigated the changes in the compressive strength of concrete cured at low temperatures
of 10 °C,5°C, 0 °C, and —5 °C. A compressive strength test was performed 7 and 28 d after
specimen fabrication. The compressive strength of concrete cured for 7 d at temperatures
below 10 °C was lower than that of concrete fabricated under standard curing conditions.
Furthermore, an analysis performed at 28 d showed that the compressive strength loss of
concrete was larger for a curing temperature lower than that of standard curing conditions.

In a study on the strength characteristics of a cementitious composite mixed with
a carbon-based nanomaterial, Chaipanich et al. [13] mixed a fly ash-based cementitious
composite with CNTs and tested its compressive strength. CNTs were mixed at 0.5 wt%
and 1.0 wt% relative to the weight of the fly ash—cement composite. The specimens were
fabricated using a cement paste and mortar. The compressive strength test results showed
that the fly ash-cement mortar mixed with 1.0 wt% CNT had the highest compressive
strength (51.8 MPa), and the addition of CNTs improved the compressive strength of the
fly ash—cement mortar. Manzur et al. [14] studied the compressive strength of MWCNT
cementitious composites according to the size of the MWCNTs. The smaller the MWCNT,
the greater was the compressive strength of the MWCNT cementitious composite, be-
cause the microstructures were formed more efficiently in the specimen. Li et al. [15]
examined the mechanical properties of an MWCNT cementitious composite fabricated
by adding MWCNTs to a cementitious composite. The MWCNTs used in this experiment
were surface-treated with a solution of sulfuric acid and nitric acid before being mixed
with the specimen. Then, the flexural strength and compressive strength of the MWCNT
cementitious composite were measured experimentally. The scanning electron microscopy
analysis results showed that the MWCNTs dispersed in the MWCNT cementitious com-
posite interconnected the cement matrices, thus increasing the load transfer efficiency. In
addition, the MWCNTs increased the compressive strength by filling the pores inside the
MWCNT cementitious composite and enhanced the flexural strength by acting as a bridge
interconnecting the internal cracks and pores. AI-Rub et al. [16] and Mohsen et al. [17]
mixed cement with MWCNTs and analyzed the mixing time, dynamic characteristics, and
strength according to the porosity. Tyson et al. [18] studied the mechanical properties of
cementitious composites mixed with CNTs and carbon nanofibers (CNFs). The experimen-
tal parameters were the type, content, and curing period of the carbon nanomaterial. The
CNT and CNF contents were set to 0.1 wt% and 0.2 wt% relative to the cement weight,
respectively, and the curing periods were set to 7, 14, and 28 d. The flexural strength, elastic
modulus, and fracture toughness of the nano-cementitious composite after 7 and 14 d
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of curing were lower than those of the general cementitious composite. By contrast, the
nano-cementitious composite after 28 d of curing showed improved physical properties
due to enhanced bonding between the nanomaterial and cement matrix.

Several studies on the strength and thermal properties of cementitious mortar compos-
ites mixed with carbon-based nanomaterials have been conducted independently; however,
there is a paucity of studies on the heat curing of early age concrete using nano-cementitious
mortar composites. Furthermore, previous studies analyzing the strength and durability
of cementitious composites according to the curing temperature were conducted mostly
at room temperature, and studies analyzing the effects of heat at sub-zero temperatures
are limited. Therefore, the heat curing of cementitious mortar composites mixed with
MWCNTs as heating elements was investigated, and their heat and strength characteristics
were analyzed according to the ambient sub-zero temperature and MWCNT content. For
elucidating the internal structure of the MWCNT cementitious composites, field-emission
scanning electron microscopy (FE-SEM) was used to analyze the network formed between
the MWCNTs and cement hydrates.

2. Experimental Methods

In this study, heat curing experiments on MWCNT cementitious mortar composites
were conducted using the ambient sub-zero temperature and MWCNT content as param-
eters. A test mold composed of a curing part sandwiched between heating parts was
used, as shown in Figure 1. Table 1 lists the parameters for the curing part in the heat
curing experiment. The parameters used in this study were those optimized in previous
studies [4,19,20]. The ambient temperatures were set to —20 °C, —10 °C, and 0 °Cin a
temperature-controllable chamber, and the MWCNT content of the curing part was set to
0.1 wt% and 1.0 wt% relative to the cement weight [19,20]. The heat curing experiment was
conducted separately for the MWCNT cementitious composites used in their heating and
curing parts. For the heating parts, the MWCNT cementitious composite was fabricated
by mixing cement with 1.0 wt% MWCNT relative to the cement weight; after which, the
composite was dry-cured for 91 d [19,21-23]. For the curing part, the MWCNT cemen-
titious composite was mixed with different contents of MWCNTs and poured between
the heating parts. To analyze the initial compressive strength of the curing part of the
MWCNT cementitious composite according to the ambient temperature and MWCNT
content, the compressive strength was tested at 7 and 28 d after the heating experiment
(Figure 2). A microstructure analysis of the CNT cementitious composite was conducted
using field-emission scanning electron microscopy (FE-SEM) to examine the effects of CNTs
on the thermal conductivity [20,24-31].
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Figure 1. Test mold of the cementitious composites specimens.
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Table 1. Test parameters.

Specimen Name M‘l\éiﬁ:gcl(’);:??vtt;:) the Ambient Temperature(°C)
NHT-OPC-0.0-0 0.0
HT-OPC-0.0-0 0.0
HT-MW-0.1-0 0.1 0
HT-MW-1.0-0 1.0
NHT-OPC-0.0-10 0.1
HT-OPC-0.0-10 1.0
HT-MW-0.1-10 0.0 -1
HT-MW-1.0-10 0.1
NHT-OPC-0.0-20 1.0
HT-OPC-0.0-20 0.0 20
HT-MW-0.1-20 0.1
HT-MW-1.0-20 1.0

Figure 2. Setup of the compressive strength test of the specimens.

The specimen notations are based on the application of heat curing, MWCNT mixing,
MWCNT content, and ambient temperature. For simplicity, the following annotations are
used hereafter. First, “HT” indicates a heat-cured specimen, and “NHT” a specimen that
was left at ambient temperature without heat curing. Second, “OPC” indicates ordinary
Portland cement (OPC) without MWCNTs, and “MW” a cementitious composite mixed
with MWCNTs. Third, numbers 0.0, 0.1, and 1.0 indicate the MWCNT content relative
to the cement weight. Finally, numbers 0, 10, and 20 indicate ambient temperatures of
0°C, =10 °C, and —20 °C, respectively. For example, NHT-OPC-0.0-0 denotes OPC not
heat cured but left at an ambient temperature of 0 °C. Similarly, HT-MW-1.0-20 denotes a
1.0 wt% MWCNT cementitious composite heat cured at —20 °C. The MWCNT cementitious
composite was fabricated in accordance with the cement mortar compressive strength test
standard ASTM C 109 with a size of 50 x 50 x 50 mm3, and 60 specimens were fabricated
(five specimens for each parameter set) [32,33]. The curing of the MWCNT cementitious
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composite was performed by dry-curing to minimize the effect of moisture on both the
heating and curing parts.

The specimens were fabricated using grade 1 OPC and typical sand following the ISO
679 standard [33]. The mean diameter of the MWCNTs used in this experiment was 9.5 nm,
and the mean length was 1.5 pm. To ensure dispersibility, the MWCNTs were ultrasonically
dispersed in a polyacrylic acid copolymer using 22-kHz ultrasonic waves for 2 h [33-37].
Figure 3 shows the fabrication process of the test specimens. The mold was divided into
three 50-mm parts; the two parts at both ends were set as heating parts, and the center was
set as the curing part. The water/cement ratio applied for the fabrication of the specimens
was 0.5, and the mixing ratio of water, cement, and sand was set to 1:2:5. As shown in
Figure 3a, the MWCNT solution, cement, and sand were weighed according to the mixing
ratio. The cement and sand were dry-mixed for 2 min to ensure material homogeneity;
then, the MWCNT solution was added to the cement sand and mixed for 3 min (Figure 3b).
After mixing, the MWCNT cementitious composite was poured into the mold in three parts
and compacted 30 times each. A stainless-steel mesh was inserted into the cementitious
composite of the heating parts, and a voltage was supplied to the mesh. A thermocouple
was inserted into both the heating and curing parts, and the internal temperatures were
measured [38]. Two stainless steel meshes were inserted at 20-mm intervals in the MWCNT
cementitious composite, as shown in Figure 3c. The thermocouple was inserted 24-mm
deep at the center of the specimen (Figure 3d). The MWCNT cementitious composite
was demolded after 24 h of curing and then dry-cured for 91 d to minimize the effect of
moisture (Figure 3e). The MWCNT cementitious composites of the heating parts were
installed in the mold, as shown in Figure 3f. The cementitious composite of the curing
part was poured between the MWCNT cementitious composites in the heating parts. In
addition, the cementitious composite of the curing part was compacted in three layers, as
shown in Figure 3g, and the thermocouple was inserted at a depth of 25 mm to measure
the internal temperature during the heat curing experiment (Figure 3h).

The heat curing experiment was performed by adjusting the ambient temperature
in the chamber. The properties of the chambers used are listed in Table 2. To simulate
the actual concrete curing environment, the specimen was covered by an insulation box
built in advance. A voltage was supplied for 4 h by connecting a power supply (EX-200)
to the electrode installed in the MWCNT cementitious composites of the heating parts.
The internal temperatures of the cementitious composites of the heating and curing parts
were measured by connecting the thermocouple inserted at the center of the specimen to a
static data logger (TDS-303). The specimens were placed inside the chamber, as shown in
Figure 4.

(a) (b)

Figure 3. Cont.



Crystals 2021, 11, 1182 7 of 19

(e) ()

(8) (h)

Figure 3. Fabrication process of the test specimens. (a) Measuring. (b) Mixing (3 min). (c) Installing a stainless-steel mesh.

(d) Installing a thermocouple in the heating part. (e) Curing of the heating part (91 d). (f) Installing the heating part.
(g) Tamping of the curing part. (h) Installing a thermocouple in the curing part.
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Table 2. Chamber specifications.

Property Unit Value
Maximum temperature °C -20
Minimum temperature °C 100

Humidity range Y% 30-90
Capacity /volume m?3 0.28
Power requirements v 200-208

NHT-OPC HT-OPC B | HT-MW-0.1 HT-MW-1.0
v ST iR b et W

Figure 4. Setup of the heat curing experiment.

3. Experimental Results
3.1. Results of Heat Curing Experiment

Once the temperature of the chamber was set, it was regulated by the activation
of a cooler when the heating part caused the temperature to increase. Owing to this,
maintaining a constant temperature for this experiment was difficult. When heat curing is
performed in the field, a closed system is created using a cast or heat protection to prevent
temperature differences between the inner and outer portions of the cement due to heat
loss to the ambient environment. Such temperature differences can cause initial cracking,
thus weakening the cement. In this study, to analyze the heat curing of cement composites
at sub-zero temperatures, the gap due to the temperature change inside the chamber was
eliminated by using an insulation box. Figure 5 shows the temperature changes inside and
outside the insulation box during the heat curing experiment. The internal temperature of
the insulation box increased gradually with time. When the ambient temperatures were
—20 °C, =10 °C, and 0 °C, the temperatures inside the box were —10.2 °C, 1.7 °C, and
14.7 °C, respectively. The MWCNT cementitious composites inside the box increased the
internal temperature of the box by generating heat during voltage supply. The temperature
inside the insulation box was higher than the ambient temperature by 10 °C or more, and
the internal temperature increase improved as the ambient temperature increased.
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Figure 5. Temperature versus time at a chamber temperature of (a) 0 °C, (b) —10 °C, and (c) —20 °C
inside and outside the insulation box.

Figure 6 shows the internal temperature graphs of the heating and curing parts of the
MWCNT cementitious composite specimens during heat curing without the insulation
box at ambient temperatures of 0 °C, —10 °C, and —20 °C. The internal temperatures
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of the heating part increased by 53.2 °C, 30.1 °C, and 20.6 °C when curing at ambient
temperatures of 0 °C, —10 °C, and —20 °C, respectively. The internal temperatures of
the curing part of the OPC, a 0.1 wt% MWCNT cementitious composite, and a 1.0 wt%
MWCNT cementitious composite increased as follows: by 29.3 °C, 32.5 °C, and 37.3 °C at
an ambient temperature of 0 °C; by 11 °C, 17 °C, and 19.3 °C at an ambient temperature
of —10 °C; and by 8.7 °C, 10 °C, and 14.3 °C at an ambient temperature of —20 °C. At the
first ambient temperature, the internal temperature increases of the 0.1 wt% and 1.0 wt%
MWCNTs were higher than that of OPC by 10.9% and 27.3%, respectively. At —10 °C, the
corresponding temperatures increased by 54.5% and 75.5%, respectively, in the curing part.
Finally, when the ambient temperature was —20 °C, the internal temperature increases of
the 0.1 wt% and 1.0 wt% MWCNTs were higher than that of OPC by 14.9% and 64.4%,
respectively, in the curing part. The internal temperature change of the cementitious
composite in the curing part was sensitive to the heating temperature of the MWCNT
cementitious composite in the heating part and the ambient temperature. When the same
voltage was supplied to the MWCNT cementitious composite in the heating part, the
internal heating temperature increased with the MWCNT content. As the MWCNT content
increased, the heat transferred from the MWCNT cementitious composite in the heating
part to that in the curing part increased. Thus, the internal temperature of the cementitious
composite in the curing part also increased.
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2 204
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—— Curing part (MW-0.1-0)
& Curing part (MW-1.0-0)
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(a)
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e
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@
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Figure 6. Cont.
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Figure 6. Temperature variation of the specimens with heat curing versus time at a chamber temper-
ature of (a) 0 °C, (b) —10 °C, and (c) —20 °C.

Figure 7 shows the internal temperature graphs of the heating and curing parts of
the MWCNT cementitious composite specimens during heat curing with the insulation
box at ambient temperatures of 0 °C, —10 °C, and —20 °C. The internal temperature
of the heating part increased by 50.2 °C, 40.4 °C, and 32.4 °C when curing at ambient
temperatures of 0 °C, —10 °C, and —20 °C, respectively. The internal temperatures of the
curing part of the OPC, 0.1 wt% MWCNT cementitious composite, and 1.0 wt% MWCNT
cementitious composite increased as follows: by 30.8 °C, 35.0 °C, and 40.8 °C at an ambient
temperature of 0 °C; 20.0 °C, 25.8 °C, and 30.7 °C at an ambient temperature of —10 °C;
and 16.7 °C, 20.4 °C, and 24.1 °C at an ambient temperature of —20 °C. Compared with
the case without the insulation box, the internal temperature changes of the curing part of
the OPC, 0.1 wt% MWCNT cementitious composite, and 1.0 wt% MWCNT cementitious
composite increased by 5.1%, 7.7%, and 9.4% at an ambient temperature of 0 °C; 81.8%,
51.8%, and 59.1%% at an ambient temperature of —10 °C; and 92.0%, 104.0%, and 68.5%%
at an ambient temperature of —20 °C. The installation of the insulation box created an
environment similar to a closed system with no heat loss. The temperature change inside
the insulation box increased, because the insulation box increased the heating effect of the
heat generated in the heating part of the MWCNT cementitious composite (Figure 5). The
increased internal temperature of the specimen increased the surface temperature, which,
in turn, increased the heating temperature of the heating part of the MWCNT cementitious
composite. Consequently, the internal temperature increase of the cementitious composite
in the curing part was enhanced.
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Figure 7. Temperature variation of the specimens with heat curing in the insulation box at a chamber
temperature of (a) 0 °C, (b) —10 °C, and (c) —20 °C.

3.2. Results of Compressive Strength Test

Table 3 summarizes the results of the compressive strength test for the curing speci-

men. The specimen was cured in the chamber for 7 and 28 d. Figure 8 shows a graph of
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Compressive strength (MPa)

50

the compressive strength improvement effect of the heat-cured curing part of the OPC.
Figure 8a,b shows the results of the compressive strengths of the cement mortar 7 and 28 d
after heat curing, respectively. The strengths of the heat-cured specimens were 13.3 MPa,
15.3 MPa, and 16.3 MPa for the 7-d compressive strength test and 16.8 MPa, 19.5 MPa,
and 20.9 MPa for the 28-d compressive strength test at ambient temperatures of —10 °C,
—20 °C, and 0 °C, respectively. As the ambient temperature increased, the compressive
strength also increased. Heat curing resulted in an increase in the compressive strength by
17%, 32%, and 34% for the 7-d test and by 18%, 36%, and 37% for the 28-d test at ambient
temperatures of —10 °C, —20 °C, and 0 °C, respectively. The compressive strength improve-
ment effect of heat curing was the lowest at an ambient temperature of —20 °C. The heating
temperature of the heating part of the MWCNT cementitious composite increased with
the increasing ambient temperature. At sub-zero temperatures, the compressive strength
of the heat-cured specimen was higher than that of the specimen that was not heat-cured.
Hydration does not occur in a specimen exposed to sub-zero temperatures because of the
freezing of internal moisture, which leads to the expansion of the pores inside the specimen.
By contrast, the internal temperature of the heat-cured specimen was maintained at 8 °C or
higher, and the moisture was not frozen, thus improving the compressive strength.

Table 3. Compressive strength of the specimens.

Compressive Strength (MPa)

45

40

354

304

25

204

Specimen Name Uninsulated Insulated
7d 28d 7d 28d
HT-OPC-0.0-0 16.31 20.87 17.83 22.30
HT-MW-0.1-0 16.05 20.38 19.21 24.2
HT-MW-1.0-0 13.24 17.68 21.36 27.35
HT-OPC-0.0-10 15.32 19.46 16.66 20.99
HT-MW-0.1-10 14.86 18.57 17.84 22.65
HT-MW-1.0-10 12.32 16.28 20.97 26.91
HT-OPC-0.0-20 13.25 16.83 13.52 17.17
HT-MW-0.1-20 12.51 15.76 15.72 19.81
HT-MW-1.0-20 10.86 14.57 20.58 26.34
General cured ® [_1General cured
I Heat cured 45 4 I Heat cured
40+
C(‘EE 35 -]
im e 0, +
B o] 36%1 37% 1
34% 1 7]
2% 1 2 204 18% 1
17% 1 g-‘_ 154
g 10 4
(&}
5
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Ambient temperature (°C) Ambient temperature
(a) (b)

Figure 8. Compressive strength of the OPC specimens after (a) 7 days and (b) 28 days.
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Figure 9 shows the results of the 7-d and 28-d compressive strength tests for the
heat-cured part of the specimens without an insulation box at ambient temperatures of
0°C, —10°C, and —20 °C. The initial compressive strengths of the curing part for the
7-d test for the OPC, 0.1 wt% MWCNT cementitious composite, and 1.0 wt% MWCNT
cementitious composite were as follows: 16.3 MPa, 16.1 MPa, and 13.2 MPa at an ambient
temperature of 0 °C; 15.3 MPa, 14.9 MPa, and 12.3 MPa at an ambient temperature of
—10°C; and 13.3 MPa, 12.5 MPa, and 10.9 MPa at an ambient temperature of —20 °C. For
the 28-d test, the initial compressive strengths of the curing part for the OPC and 0.1 wt%
and 1.0 wt% MWCNT cementitious composites were as follows: 20.9 MPa, 20.4 MPa, and
17.7 MPa at an ambient temperature of 0 °C and 19.5 MPa, 18.6 MPa, and 16.3 MPa at an
ambient temperature of —10 °C. For the 28-d test at an ambient temperature of —20 °C,
the initial compressive strengths were 16.8 MPa and 14.6 MPa for the OPC and 1.0 wt%
MWCNT cementitious composite, respectively. Consequently, the compressive strength of
the specimens cured for 7 d decreased as the MWCNT content increased. Thus, as shown
in Figure 9b, when the insulation box was not installed, the compressive strength of the
specimens decreased by up to 16.4% as the MWCNT content increased.

40 40
I CFC I OPC
35 . VIW-0.1 35 I MW-0.1
I MW-1.0 . MW-1.0

® 304 @ 30
o o
s =
£ 254 = 254
=) =)
c c
£ 204 £ 20
w w
2 g
‘% 154 % 154
w W
o g
g 10 g 104
o Q
o Q

54 5

0 0

-20 -10 0
Amblenl lemperalure in chamber (° Ambient temperature in chamber (°C)

(a) (b)
Figure 9. Compressive strength of the specimens without the insulation box after (a) 7 days and (b) 28 days.

Figure 10 shows the results of the compressive strength test for the heat-cured speci-
men with an insulation box. In contrast to the results shown in Figure 9, when the insulation
box was installed, the initial compressive strength of the heat-cured specimens increased
with the increasing MWCNT content. Figure 10a shows the results of the 7-d compressive
strength test for the heat-cured specimen. When the ambient temperature was —20 °C,
the compressive strength of the curing part of the specimen cured for 7 d was 13.5 MPa
and 20.6 MPa for the OPC and 1.0 wt% MWCNT cementitious composite, respectively.
At an ambient temperature of 0 °C, the compressive strengths were 17.8 MPa, 19.2 MPa,
and 21.4 MPa for the OPC and 0.1 wt% and 1.0 wt% MWCNT cementitious composites,
respectively. The results of the heat curing test showed that the temperature inside the
box increased by 10 °C or more with respect to the ambient temperature, and the center
temperature of the MWCNT cementitious composite increased by 10 °C or more, thus
improving the heat curing effect. Figure 10b shows the results of the 28-d compressive
strength test for the heat-cured specimens. The compressive strengths of the part cured
for 28 d for the OPC, 0.1 wt% MWCNT cementitious composite, and 1.0 wt% MWCNT
cementitious composite were as follows: 17.2 MPa, 19.8 MPa, and 26.3 MPa at an ambi-
ent temperature of —20 °C and 22.3 MPa, 24.2 MPa, and 27.3. MPa at 0 °C. As shown
in Figure 10b, the insulation box improved the compressive strength of the specimens
by up to 52.9% as the MWCNT content increased. However, the compressive strength
of the specimens cured for 7 d decreased with the ambient temperature, regardless of
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whether the insulation box was installed. The heating temperature of the heating part of
the MWCNT cementitious composite decreased with the decreasing ambient temperature;
as a result, the heat transferred to the cementitious composite of the curing part decreased.
Consequently, the normal compressive strength was not developed, because the internal
temperature of the cementitious composite of the curing part decreased with the ambient
temperature. The MWCNTs act as connectors between the cement hydrates [39]. However,
a high thermal conductivity can facilitate the leakage of heat from the heating part to the
outside. Therefore, it was determined that, when the insulation box was not used, the
MWCNT cementitious composite interfered with heat curing by leaking heat from the
heating part, thus lowering the compressive strength compared to the OPC.
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Figure 10. Compressive strength of the specimens with the insulation box after (a) 7 days and (b) 28 days.

3.3. Results of Microstructure Analysis

Figure 11 shows the results of the FE-SEM analysis of the MWCNT cementitious
composites, according to the MWCNT content. The yellow crosses indicate C-S5-H (calcium-
silicate-hydrate), and the red crosses indicate MWCNTs. Figure 11a shows the internal
structure of the OPC without MWCNTs, and many pores were generated among the
cement hydrates.

Figure 11b shows the internal structure of the 0.1 wt% MWCNT cementitious compos-
ite, which shows a small number of MWCNTs among the cement hydrates. There were
fewer pores than OPC, but many pores were generated in the part without MWCNT. The
image of the 1.0 wt% MWCNT cementitious composite, which was mixed with a large
amount of MWCNTs, showed many MWCNTs distributed throughout the internal struc-
ture (Figure 11c). In the 1.0 wt% MWCNT cementitious composite, the evenly distributed
MWCNTs acted as bridges for the interconnecting cement hydrates, thus increasing the
heat and load transfer efficiency. The mixing of MWCNTs provided additional nucleation
sites, thus promoting the generation of a larger amount of C-S-H compared to OPC [40-42].
C-S-H, which has a dense structure and high strength, improved the compressive strength
of the MWCNT cementitious composite by filling the micropores inside the cementitious
composite [43,44].
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Figure 11. FE-SEM images of the (a) OPC, (b) MW-0.1, and (c) MW-1.0 specimens.

4. Conclusions

In this study, heat curing experiments were performed on MWCNT cementitious mor-
tar composites under varying ambient temperatures and MWCNT contents. The strength
improvement effect of the cured cementitious mortar composite under low ambient tem-
peratures was verified through a compressive strength test. In addition, the effects of the
MWCNT content on the heat and strength characteristics were analyzed using FE-SEM.
From the results, the following conclusions are drawn.
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1.  The internal temperature change of the MWCNT cementitious mortar composites
increased with the increasing ambient temperature and MWCNT content. At higher
ambient temperatures, the heating temperature of the heating part of the MWCNT
cementitious mortar composite increased, transmitting a large amount of heat to the
curing part. Furthermore, owing to the excellent thermal conductivity of MWCNTs,
the heat generated in the heating part spread more rapidly to the curing part of
the MWCNT cementitious composite compared with the OPC. As the MWCNT
content increased, the amount of MWCNTs dispersed inside the cementitious mortar
composite increased, and the thermal conductivity of the composite improved.

2. The installation of an insulation box increased the maximum temperature change
of the curing part of the MWCNT cementitious mortar composite. The insulation
box created an environment similar to a closed system, in which heat generated
in the heating part circulated, causing the internal temperature to increase. The
temperature on the surface of the cementitious mortar composite also increased,
which further increased the heating temperature of the heating part of the MWCNT
cementitious mortar composite. Consequently, the maximum temperature change in
the cementitious composite of the curing part increased.

3. The results of the compressive strength test under sub-zero temperatures showed that
the heat-cured cementitious mortar composite of the curing part with an insulation
box had a higher compressive strength than the OPC in the curing part. As the
ambient temperature increased, the compressive strength of the cementitious mortar
composite of the curing part improved by up to 47%. Inside the insulation box,
the internal temperature of the cementitious composite of the heat-cured curing
part was maintained at 8 °C or higher, thus preventing the freezing of moisture.
Consequently, as the ambient temperature increased, the heating temperature of
the MWCNT cementitious mortar composite of the heating part increased, which
improved the compressive strength of the cementitious mortar composite of the
curing part.

4. When the insulation box was not installed in the heat curing experiment, the com-
pressive strength of the cementitious composite of the curing part decreased with the
increasing MWCNT content. In contrast, when the insulation box was installed in
the heat curing experiment, the compressive strength of the cementitious composite
of the curing part increased by up to 52.9% with the increasing MWCNT content.
The MWCNTs not only increased the load transfer efficiency by interconnecting the
cement hydrates but also improved the compressive strength of the MWCNT cemen-
titious mortar composites by filling the micropores. The installation of the insulation
box created a closed system, and the increased temperature inside the box improved
the strength of the MWCNTs. Therefore, it is essential to use an insulation box when
using MWCNT cementitious mortar composites for heat curing.

5. The FE-SEM images of the internal microstructure of the MWCNT cementitious
mortar composites confirmed the network connections between the MWCNTs and
cement hydrates inside the cementitious composites. The thermal conductivity of
the cementitious composites improved, because the high thermal conductivity of
the MWCNTs interconnected the cement hydrates. Furthermore, the MWCNTs im-
proved the compressive strength by promoting the formation of C-S-H and filling
the micropores inside the cementitious mortar composites.
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Introducing small amounts of multi-walled carbon nanotubes (MWCNTSs) into cement-based materials changes
the thermal and electrical characteristics of the composites. The heat generation of cement materials can be
enhanced by incorporating MWCNTs. The thermal response of cement composites incorporating MWCNTSs
under dry curing conditions was experimentally investigated by varying the curing time and MWCNT concen-
trations of the composite. The temperature change in each specimen was measured by connecting the electrode
to the power supply and supplying a constant voltage. The heat generation of the MWCNT cementitious com-
posite increased with the number of curing days. In addition, the heat generation of the composite increased in
a quadratic form with increasing MWCNT concentration. The electrical resistance of the composite depended

on the progress of the hydration reaction. In the case of cementitious composites containing relatively high
concentrations of MWCNTs, the electrical resistance decreased as the number of curing days increased.

1. Introduction

Global climate change has led to frequent occurrences of irregular
climate events, such as local snowfall and continuous cold waves.
These irregular climate events paralyze traffic and cause traffic acci-
dents through black ice. Black ice is a major cause of traffic accidents
in winter because it is difficult for drivers to identify owing to its sim-
ilar color as the road. Such problems stemming from irregular climate
events should be prevented through periodic road surface inspections,
snow melting, and de-icing. Researchers are actively investigating
materials capable of self-heating to address these issues.

Nano-engineered cementitious composites are capable of self-
heating because of the incorporation of nanomaterials that are conduc-
tive in cement. Cement incorporating nanomaterials such as carbon
black and carbon fiber have a markedly lower electrical resistance
than ordinary cement. When an electrical current passes through this
low-resistance nano-engineered cementitious composite, heat is gener-
ated. Nano-engineered cementitious composites can melt snow and ice
through self-heating. Snow melting and deicing structures are cur-
rently applied using chlorinated snow melting materials and snow
removal vehicles, among other approaches. However, these operations
cause damage to structures and environmental pollution. By contrast,

nano-engineered cementitious composites do not require any chemi-
cals, thus minimizing structural damage and environmental pollution.

The strength of nanocomposite materials has been analyzed in the
literature. Tyson et al. [1] studied the mechanical properties of cemen-
titious composites incorporating carbon nanotubes (CNTs) and carbon
nanofibers (CNFs). Varying the type, concentration, and curing time of
the carbon nanomaterial, the researchers selected CNT and CNF con-
centrations of 0.1 wt% and 0.2 wt% and curing times of 7, 14, and
28 days. At 7 and 14 days of curing, the flexural strength, elastic mod-
ulus, and fracture toughness of the CNT and CNF cementitious com-
posites were weaker than those of the standard cementitious
composite; however, these physical properties improved after 28 days
of curing, owing to the bond strengthening between the nanomaterial
and cement matrix. In addition, Al-Rub et al. [2] incorporated multi-
walled carbon nanotubes (MWCNTSs) into cementitious composites
and investigated their mechanical properties. The MWCNT length,
concentration, and curing time were varied as the parameters, and
the MWCNT lengths were classified as long and short, based on their
aspect ratio. MWCNT concentrations of 0.04 wt%, 0.1 wt%, and
0.2 wt% relative to the cement and curing times of 7, 14, and 28 days
were employed. The MWCNT cementitious composites showed
improved flexural strength and ductility after 28 days of curing in

Abbreviations: CNT, carbon nanotube; MWCNT, multi-walled CNT; CNF, carbon nano fiber; FE-SEM, field emission; TGA, thermogravimetric analysis; XRD, X-ray diffraction.
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comparison to the standard cementitious composite. The mechanical
performance of long MWCNTs at low concentrations was similar to
that of short MWCNTs at high concentrations. Furthermore, the
cementitious composite containing 0.2 wt% short MWCNTs exhibited
the best physical properties after 28 days of curing. The short
MWCNTs not only dispersed well in the cementitious composite, they
also filled in the nano-sized pores, thus improving the physical proper-
ties of the nano-engineered cementitious composite. Li et al. [3] stud-
ied the effects of improvements in the compressive and flexural
strengths of MWCNT cementitious composites. The researchers con-
cluded that MWCNTs undergo interfacial interactions and form net-
works with cement hydrates between the cracks and pores of the
internal microstructure owing to a bridging effect, thus improving
the strength. The researchers incorporated seven types of MWCNTs,
having various outer diameters and lengths, into cementitious compos-
ites and then measured their compressive strengths after 7 and 28 days
of curing. The MWCNT cementitious composites with outer diameters
of 20 nm or less exhibited the highest compressive strength. The smal-
ler the MWCNTs that were applied, the more efficiently they filled in
the microstructures in the cementitious composite, thereby improving
the compressive strength of the composite.

Many researchers have studied the effect of loads on roads and
bridges when considering the piezoelectric effect of carbon nanomate-
rials and invented a self-diagnosis system that detects cracks and twists
therein. Konsta—Gdoutos et al. [4] investigated the self-sensing charac-
teristics of cementitious composites incorporating CNTs and CNFs.
Using carbon nanomaterial concentrations of 0.1 wt% and 0.3 wt% rel-
ative to cement, the researchers analyzed the piezo resistance through
electrical resistance tests and periodic loading. The results revealed
that adding CNTs and CNFs lowered the electrical resistance of the
nano-engineered cementitious composite, and the cementitious com-
posite containing 0.1 wt% CNTs showed the best electrical perfor-
mance. Yu et al. [5] analyzed the piezo resistance characteristics of
CNT cementitious composites to ascertain the feasibility of using
CNT cementitious composites as embedded stress sensors in roads,
banks, bridges, and other structures. As the experimental parameters,
a CNT surface modification and CNT concentration were used, and the
piezo resistance was measured in each case. The piezo resistances of
the CNT cementitious composites changed with a trend similar to that
of the compressive stress. In addition, the sensitivity of the stress
response of the composite improved as the CNT concentration
increased. Sasmal et al. [6] investigated the electrical conductivity of
CNF and CNT cementitious composites, allowing the monitoring of
structures in real time. For the experimental parameters, the ratio
(S/C) between the carbon nanomaterial and surfactant was set to
0.4, 0.5, 0.6, and 0.7. The experimental results showed that the piezo
resistance of the CNF cementitious composite was more sensitive than
that of the CNT composite. Azhari et al. [7] compared the compressive
load detection performance of a nano-engineered cementitious com-
posite incorporating both CNTs and CNFs with that of a composite con-
taining only CNFs. Under an arbitrary load, the nano-engineered
cementitious composite containing both CNTs and CNFs exhibited a
better signal quality and improved the sensitivity compared to the
CNF composite.

Nano-construction composite materials, which combine carbon
nanomaterials and construction materials, have been studied with
the aim of improving the electrical conductivity and heat-generating
performance. Lee et al. [8] investigated the thermal response of
MWCNT cementitious composites according to the concentration and
mixing method. MWCNT concentrations of 0.1 wt% and 1.0 wt% rel-
ative to cement were used, and both dry and wet mixing methods were
employed. The composite containing 1.0 wt% MWCNTs in an aqueous
solution showed the best heat-generating performance. Undispersed
powder MWCNTs aggregated inside the composite. However, the
MWCNT aqueous solution that had been ultrasonically dispersed
beforehand was evenly distributed within the composite, thus improv-
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ing the performance. Kim et al. [9] developed CNT-incorporated
cementitious composites as self-heating elements and investigated
their heat generation and mechanical properties. The CNTs used in
the experiment were mixed with MWCNTs at concentrations of 0.1,
0.3, 0.6, 1.0, and 2.0 wt% relative to cement, and a DC voltage was
supplied at 3, 5, 8, and 10 V. Accordingly, as the CNT concentration
increased, the heat-generating performance improved, and mixing of
less than 0.6 wt% MWCNTs into the composite was found to be opti-
mal. Lee et al. [10] analyzed the heat generation characteristics of
CNT cement mortar according to the type of CNT used. Using the
experimental parameters of the CNT type, the CNT concentration, cur-
ing days, and supply voltage, 0.0625 wt% and 0.125 wt% CNT concen-
trations were incorporated. The curing required 7 and 28 days, and DC
voltages of 50 and 100 V were applied. The experimental results
showed that single-walled (SW) CNTs are more effective than
MWCNTs in terms of the heat-generating performance of the CNT
cement mortar. In addition, as the CNT concentration increased, the
heat-generating performance of the CNT cement mortar improved.
Although the heat-generating performance decreased as the curing
time increased, the heat-generating performance of the SWCNT
cement mortar was superior to that of the MWCNT cement mortar
after 28 d of curing. Lee et al. [11] fabricated nanocomposites incorpo-
rating MWCNTs into polypropylene and investigated their mechanical,
thermal, and electrical characteristics. The MWCNT nanocomposite
showed substantial changes in its thermal and electrical behaviors
when the MWCNT concentration was 2.0 wt%. These changes were
caused by to the formation of a 3D electrical network structure, when
the MWCNT concentration was between 1.0 wt% and 2.0 wt%. In
addition, Chang et al. [12] investigated the feasibility of self-heating
concrete using NC heat-generating elements. In the experiment, 6 W
of power was applied to the CNF-attached mortar with dimensions
of 100 mm X 50 mm X 50 mm, and the internal and surface temper-
atures of the cementitious composite were measured. The surface tem-
perature of the cementitious composite reached a temperature higher
than the freezing point of water within a 2-h period. By analyzing the
heating performance and power input, this study confirmed the feasi-
bility of a self-heating system of concrete using CNFs. Li et al. [13]
studied a self-melting road system consisting of a high-efficiency heat
source using carbon nanofiber/polymer (CNFP) and MWCNT cementi-
tious composites. CNFP showed excellent electrical and thermal per-
formances at temperatures of < 0 °C. Moreover, the MWCNT
cementitious composites showed a superior thermal conductivity com-
pared to cementitious composites filled with other conductive materi-
als, such as carbon nanomaterials. CNFPs can be used as an efficient
heat source for self-melting road systems, and MWCNT composites
can be used as excellent heat-conductive layers. Zhao et al. [14] stud-
ied self-heating systems embedded in carbon fiber heating wires
(CFHW ) in concrete slabs for roads on which snow melting and deic-
ing can be applied. A heating experiment was conducted in a chamber
at — 25 °C by supplying a current of 1.8 A to a concrete slab with
dimensions of 400 mm X 200 mm X 50 mm in which CFHWs were
installed. The temperature of the concrete slab surface increased at a
rate of approximately 0.17 °C/min and exceeded 0 °C after 2.5 h, rising
to a maximum of 8.6 °C. The study confirmed the deicing effect of a
concrete slab embedded with CFHWs at temperatures of below 0 °C.
Wau et al. [15] analyzed the electrical and thermal performance of elec-
trically conductive concrete incorporating steel fibers, CNFs, and steel
fiber—graphite. Researchers have studied the factors affecting the elec-
trical conductivity. In the experiment, cementitious composites with
dimensions of 150 mm X 150 mm X 150 mm were fabricated, the
resistance was measured, and the electrical and thermal performances
of the composites were compared. The optimal conductive concrete
mixture included 1% steel fiber, 0.4% CNF, and 4% steel fiber-
graphite. In addition, the temperature of the cementitious composite
increased by 8.7 °C at 27 V and 21.8 °C at 44 V. Won et al. [16] inves-
tigated a road pavement system for snow melting by mixing graphite
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with concrete. The authors fabricated heat-generating concrete pave-
ment by adding electrically conductive stainless-steel fibers and CNFs
and analyzed the thermal conductivity of the pavement system by
measuring the surface and internal temperatures. For the experimental
parameters, the spacing between the copper electrodes was set to 1,
1.25, and 1.5 m. As the spacing between the copper electrodes
increased, the internal temperature of the concrete pavement
decreased to 15 °C, 7.4 °C, and 3.8 °C, respectively. The decrease in
the internal temperature was attributed to the increase in the electrical
resistance of the concrete pavement as the electrode spacing increased.
Conversely, the surface temperatures of all concrete pavements ranged
from 4.1 °C to 4.5 °C because the protective concrete layer has a con-
stant thermal conductivity, unlike the internal cementitious composite
of the conductive base. Gomis et al. [17] analyzed the heat generation
of cementitious composites incorporating carbon materials into a
cement paste. During this experiment, the water/cement ratio and sup-
ply voltage were varied, and the corresponding calorific values and
weight reduction rates were measured. The results indicate that the
calorific value of the CNF cementitious composite was superior. More-
over, the surface temperature of the cementitious composite increased
with an increase in the moisture content.

Existing studies on nano-engineered cementitious composites have
primarily involved an analysis of the strength and piezo resistance
according to the curing time; however, there has been insufficient
research on the relationship between the curing time and thermal
response. In addition, owing to a lack of relevant standards and regu-
lations on the curing methods of cementitious composites incorporat-
ing carbon nanomaterials, a water curing method, which is derived
from the mortar compressive strength test, is also used. However,
the water curing method increases the moisture content in cementi-
tious composites, temporarily increasing the electrical conductivity;
thus, it is difficult to analyze the thermal response characteristics of
nano-engineered cementitious composites.

In this study, the thermal responses of MWCNT cementitious com-
posites were investigated according to the curing time, and the rela-
tionship between the MWCNT concentration and heat-generating
performance was then assessed. The thermal response of the cementi-
tious composites was analyzed by examining the internal microstruc-
tures of the cementitious composites. Curing times of 3, 7, 14, 28,
and 91 days and MWCNT concentrations of 0.2, 0.4, 0.6, 0.8, and
1.0 wt% were used. To elucidate the relationship between the curing
time and heat-generating performance, a heat-generating experiment
was conducted at low and high MWCNT concentrations of 0.1% and
1.0%, respectively. In addition, the relationship between the electrical
properties and curing time was analyzed based on the electrical resis-
tance testing. The relationship between the power consumption and
heat-generating performance of the MWCNT cementitious composites
was derived from an electrical resistance test.

To elucidate the internal structure of the MWCNT cementitious
composites, field emission scanning electron microscopy (FE-SEM)
was used to analyze the network formed between the MWCNTs and
the cement hydrates. The degree of dispersion and concentration of
MWCNTs incorporated inside the MWCNT cementitious composite
were quantitatively analyzed using a thermogravimetric analysis
(TGA). In addition, the effect of incorporating MWCNTs on the hydra-
tion reaction of the cementitious composite was examined using X-ray
diffraction (XRD).

2. Experimental program
2.1. Experimental overview
In this study, MWCNT cementitious composites were fabricated

using various curing times and MWCNT concentrations. Table 1 lists
the parameters used in the thermal response characterization test.
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Table 1
Test parameters.

Group Specimen name  MWCNT concentration (wt%)  Curing time (days)
Group1 OPC-0.0-3 0.0 3
MW-0.1-3 0.1
MW-1.0-3 1.0
OPC-0.0-7 0.0 7
MW-0.1-7 0.1
MW-1.0-7 1.0
OPC-0.0-14 0.0 14
MW-0.1-14 0.1
MW-1.0-14 1.0
OPC-0.0-28 0.0 28
MW-0.1-28 0.1
MW-1.0-28 1.0
OPC-0.0-91 0.0 91
MW-0.1-91 0.1
MW-1.0-91 1.0
Group 2  OPC-0.0-91 0.0 91
MW-0.2-91 0.2
MW-0.4-91 0.4
MW-0.6-91 0.6
MW-0.8-91 0.8
MW-1.0-91 1.0

Three experiments were conducted for each parameter. For Group 1,
the heat-generating performance of the MWCNT cementitious compos-
ites was analyzed according to the curing time. The MWCNT concen-
trations were 0, 0.1, and 1.0 wt% relative to the cement weight, and
the cementitious composites were cured for 3, 7, 14, 28, and 91 days.
For Group 2, cementitious composites were produced using the curing
time that yielded the best thermal response (i.e., 91 curing days) with
MWCNT concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 wt%. As the
hydration reaction progressed, the internal structure of the cement
mortar became dense. According to Bentz et al. [17], cement mortar
hydration is completed after 91 days of curing. Thus, the cementitious
composites were dry-cured for 91 days to minimize the effects of mois-
ture [17-19]. A DC voltage of 30 V was applied to all specimens.

FE-SEM was used to elucidate the MWCNT distributions in the
MWCNT cementitious composites and the formation of electrical net-
works between the cement hydrates according to the MWCNT concen-
tration [20-25]. TGA was used to quantitatively examine the
dispersibility of MWCNTs in the MWCNT cementitious composite. Fur-
thermore, an XRD analysis was conducted to determine the effect of
incorporating MWCNTSs on cement hydrate production [26-31].

The nomenclature of the cementitious composites denotes the
MWCNT incorporation, MWCNT concentration, and curing time. First,
OPC refers to ordinary Portland cement mortar without MWCNT incor-
poration, and MW indicates a cementitious composite incorporated
with MWCNTs. Second, the numbers 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0
indicate the MWCNT concentration relative to the cement weight.
Finally, the numbers 3, 7, 14, 28, and 91 refer to the number of curing
days of the cementitious composites. For example, OPC-0.0-28 is an
ordinary cement mortar cured for 28 days, and MW-1.0-91 is an
MWCNT cementitious composite cured for 91 days and incorporated
with 1.0 wt% of MWCNTs relative to the cement weight.

2.2. Cementitious composite fabrication and experimental method

The dimensions of the MWCNT cementitious composites used in
heat-generating performance experiments have not been standardized;
therefore, the composites were fabricated with dimensions of
50 mm x 50 mm X 50 mm?® in accord with ASTM C 109, the standard
for cement mortar compressive strength experiments (Fig. 1) [32].

The cementitious composites were fabricated using Type I ordinary
Portland cement and KS L ISO 679 standard sand [33,34]. Table 2
summarizes the physical properties of the MWCNTs used in the
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Fig. 1. Shape of MWCNT cement composite specimen.
Table 2

Specific characterization of MWCNTs.

Property Unit Value Measurement method
Average diameter 10°° 9.5 Transmission electron microscopy
m (TEM)

Average length pm 1.5 TEM

Carbon purity % 90 TGA

Transition metal % <1% Inductively coupled plasma mass

oxide spectrometry

Surface area m?/g 250-300 Brunauer-Emmett-Teller surface area
analysis

Volume resistivity ~ Q-cm 107* Internal test method (resistivity on
powder)

experiments. The average diameter of the MWCNTs was 9.5 nm and
the average length was 1.5 pm. To ensure the dispersibility, the
MWCNT aqueous solution was dispersed in a polyacrylic acid copoly-
mer for 2 h using 22-kHz ultrasound [35-37].

A water/cement ratio of 0.5 was employed to fabricate the cemen-
titious composites, and the mixing ratio of water, cement, and sand
was set to 1:2:5. Fig. 2 depicts the fabrication process of the MWCNT
cementitious composite. As shown in Fig. 2 (a), for the mixing materi-
als, the MWCNTs, aqueous solution, cement, and sand were weighed
according to the mixing ratio. The cement and sand were dry-mixed
for 2 min to ensure the homogeneity of the material (Fig. 2 (b)). The
MWCNT aqueous solution was added to the dry-mixed cement-sand
and mixed for 3 min (Fig. 2 (c)). The completely mixed MWCNT
cementitious composites were poured into molds in three parts and
compacted 30 times (Fig. 2 (d)). As shown in Fig. 2 (e), two stainless
steel meshes were inserted at 20-mm intervals into each cementitious
composite [38]. A thermocouple was inserted at the center of the spec-
imen at a depth of 25 mm (Fig. 2 (f)). The cementitious composite was
demolded after 24 h of curing (Fig. 2 (g)). To minimize the effects of
moisture, the demolded cementitious composites were dry-cured at an
ambient temperature of 20 + 2 °C and a relative humidity (RH) of
95% for the designated curing time (Fig. 2 (h)) [17,19].

The heat-generating performance was analyzed by supplying a DC
voltage of 30 V for 2 h to each MWCNT cementitious composite, as
shown in Fig. 3 (a). A voltage supply (EX-200) was connected to the
electrode inserted into the MWCNT cementitious composite. To ensure
safety, a heat-generating performance experiment was conducted on
an insulating rubber sheet. To measure the internal temperature of
the cementitious composite, a thermocouple installed at the center
of the cementitious composite was connected to a static data logger
(TDS-303). The surface temperature was analyzed by photographing
the surface of the cementitious composite with a thermal imaging cam-
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era 2 h after the start of the experiment. Fig. 3(b) shows a photograph
of the setup of the electrical resistance experiment of the cementitious
composite. During this experiment, a digital multimeter (KEITHLEY
2701) was used to supply a constant current to both electrodes of
the cementitious composite, and the voltage drop was measured [39].

For the FE-SEM, a thermal field emission-type electron gun (LEO
SUPRA 55) was used to apply a strong electric field around a pointed
tip to enable electrons to pass through and out of the gun. The electron
beam had a uniform energy from the point source, and by forming
bright and small intersections, higher-resolution images can be
obtained compared to those obtained by SEM using thermionic elec-
tron guns. For nonconducting samples such as cement and concrete,
as electrons accumulate in the sample and push the electron beam,
platinum or gold coating should be applied prior to analysis.

A thermogravimetric analyzer (TGA Q5000 IR) was used to mea-
sure the change in weight when a certain amount of heat was applied
to the sample, and a thermobalance was used to measure the relative
change in mass according to temperature compared to a standard sam-
ple when heated. With the TGA, the measured changes in mass are
used to identify various physical aspects of the sample, such as the
thermal properties and strength.

An X-ray diffractometer (D8 Advance) was used to irradiate the
mineral samples with X-rays and analyze the crystal structure. When
certain conditions are satisfied for the lattice plane inside the crystal
structure, the incident X-rays are scattered by the atoms of the lattice
plane, and the scattered X-rays produce constructive or destructive
interference and show unique diffraction patterns (Bragg’s law). In
the XRD analysis, the diffraction angle (6) was examined through a
diffraction experiment using X-rays of specific wavelengths to obtain
information about numerous interplanar spacings inside the sample
lattice. The interplanar spacings were then analyzed to determine
the lattice structure of the sample.

3. Experimental results
3.1. Thermal response characterization according to curing time

Fig. 4 shows the heat-generating performance of the MWCNT
cementitious composites as a function of the curing time. All cementi-
tious composites cured for less than 28 days showed a decreasing
heat-generating performance with an increase in the curing time
(Table 3), which may have occurred because of the generation of addi-
tional heat due to the residual moisture inside the composites. More-
over, the internal hydration reaction was not completed in the
cementitious composites that were cured for less than 28 days, thus
reducing the increase in the maximum temperature. After curing for
28 days or longer, the ordinary cement mortar and 0.1 wt% MWCNT
cementitious composite did not show changes in the maximum tem-
perature increase. However, the maximum temperature increase in
the 1.0 wt% MWCNT cementitious composite increased further
beyond 28 days of curing. For the 1.0 wt% MWCNT cementitious com-
posites, the maximum temperature increases of MW-1.0-28 and MW-
1.0-91 were 27.9 °C and 34.9 °C, respectively. The heat-generating
performance of the MWCNT cementitious composite cured for 91 days
was 25% better than that of the composite cured for 28 days. The
MWCNTs dispersed inside the MWCNT cementitious composite
formed a network between the hydrates by filling in the pores.
MWCNTs have an excellent electrical conductivity; they serve as a
bridge that transfers the current inside the composite when a voltage
is supplied, thereby improving the electrical conductivity of the
MWCNT cementitious composite. An electrical network was formed
inside the 1.0 wt% MWCNT cementitious composite after 14 days of
curing. With the incorporation of 1.0 wt% MWCNTs, the MWCNTs
were evenly dispersed and enhanced the connectivity between the
cement hydrates, thereby improving the heat-generating performance
[40].
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(e) Stainless-steel mesh installation

(g) Form removal (h) Dry curing

Fig. 2. Specimen production process.

Table 3 summarizes the electrical resistance according to the curing were 1.28 x 10°Q for OPC-0.0-3 and 2.02 x 10°Q for OPC-0.0-7,
time of the MWCNT cementitious composites. The electrical resis- whereas those of the 0.1 wt% MWCNT cementitious composites were
tances of the ordinary cement mortars at the beginning of the curing 1.92 x 10°Q for MW-0.1-3 and 2.83 x 10°Q for MW-0.1-7, and the
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Fig. 3. Measurement of temperature variation using the power supply.
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Fig. 4. Maximum temperature change of the specimens according to curing
time.

electrical resistances of the 1.0 wt% MWCNT cementitious composites
were 3.43 x 10°Q for MW-1.0-3 and 3.22 x 102Q for MW-1.0-7. The
electrical resistances of the ordinary cement mortar for MW-1.0-3
and MW-1.0-7 were 4- and 6-times higher than those of the 1.0 wt%
MWCNT cementitious composites, respectively. In addition, the elec-
trical resistances of the 0.1 wt% MWCNT cementitious composites at
the beginning of the curing were 6- and 9-times higher than those of
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Table 3
Thermal performance and electrical resistance for the MWCNT cementitious
composites according to curing time.

Specimen Thermal performance (°C) Electrical resistance(Q)
OPC-0.0-3 3.9 1.28 x 10°
MW-0.1-3 3.3 1.92 x 10°
MW-1.0-3 20.73 0.34 x 10°
OPC-0.0-7 3.1 2.02 x 10°
MW-0.1-7 2.3 2.83 x 10°
MW-1.0-7 20.03 0.32 x 10°
OPC-0.0-14 1.57 8.36 x 10°
MW-0.1-14 1.97 5.24 x 10°
MW-1.0-14 19.27 0.31 x 10°
OPC-0.0-28 1.63 6.74 x 10°
MW-0.1-28 1.77 7.11 x 10°
MW-1.0-28 27.9 0.29 x 10°
OPC-0.0-91 1.57 8.45 x 10°
MW-0.1-91 1.83 5.99 x 10°
MW-1.0-91 34.9 0.27 x 10°
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Fig. 5. Electrical resistance according to curing time.

the 1.0 wt% MWCNT cementitious composites. It is suspected that
the MWCNT cementitious composites with relatively high MWCNT
concentrations decreased the electrical resistance owing to the effects
of the electrical network formed inside the composites.

Fig. 5 shows the electrical resistances of the MWCNT cementitious
composites according to the curing time. The ordinary cement mortar
and 0.1 wt% MWCNT cementitious composites show relatively low
resistances until 7 days of curing. Conversely, the resistance increased
dramatically after 14 days of curing. The electrical resistance at the
beginning of the curing was reduced owing to the effect of residual
moisture inside the composites. After 14 days of curing, as the hydra-
tion reactions progressed, the moisture content decreased, leading to a
relatively high resistance. The 1.0 wt% MWCNT cementitious compos-
ites showed the internal formation of uniform electrical networks
regardless of the progress of the hydration; consequently, as the curing
time increased, the electrical resistance decreased.

3.2. Thermal response characterization according to MWCNT
concentration

For Group 2, the MWCNT cementitious composites with the best
heat-generating performance (91 curing days) in Group 1 were
selected, and their heat-generating performance was analyzed accord-
ing to the MWCNT concentration. To determine the optimal concentra-
tion for improving the heat-generating effect of the MWCNT
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cementitious composites, the MWCNT concentrations were selected at
intervals of 0.2 wt%. The changes in temperature were measured to
examine the heat-generating performance of the cementitious compos-
ites, and a resistance test was conducted to analyze the relationship
between the power and heat-generating performance. In addition, a
thermal imaging camera was used to examine the surface temperatures
of the MWCNT cementitious composites and analyze the heating state.

Fig. 6 presents the heat-generating performance of the MWCNT
cementitious composites according to the MWCNT concentration.
Fig. 6(a) shows the changes in temperature with respect to the voltage
supply time. The temperature changes in the MWCNT cementitious
composites converged to a constant value after 1 h of voltage supply.
Fig. 6(b) presents the heat-generating performance of the MWCNT
cementitious composites according to the MWCNT concentration.
The MWCNT cementitious composites with MWCNT concentrations
of 0.4 wt% or less show negligible maximum temperature increases.
However, for the MWCNT cementitious composites with MWCNT con-
centrations of 0.6 wt% or higher, the maximum temperature increase
sharply rises as the MWCNT concentration increases. The maximum
temperature increase of the OPC-0.0-91 cementitious composite is
extremely low at 0.27 °C (Table 4). Similarly, the maximum tempera-
ture increases of the MW-0.2-91 and MW-0.4-91 cementitious com-
posites are negligible, at 0.27 °C and 2.57 °C, respectively. The
maximum temperature increase of the MW-0.6-91 cementitious com-
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Fig. 6. Temperature variation of the specimens.
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Table 4
Thermal performance of the MWCNT cement composites according to MWCNT
concentration.
Specimen MWCNT concentration Electric current  Thermal
name (wt%) A) performance (C)
OPC-0.0-91 0 0.003 0.27
MW-0.2-91 0.2 0.003 1
MW-0.4-91 0.4 0.012 2.57
MW-0.6-91 0.6 0.044 7.42
MW-0.8-91 0.8 0.085 16.03
MW-1.0-91 1.0 0.163 29.03

posite is 7.42 °C, which is 27-times larger than that of ordinary cement
mortar. MW-1.0-91 exhibited the greatest maximum temperature
increase of 29.03 °C, which is 108-times that of OPC-0.0-91. The
MWCNT cementitious composites showed a clear formation of electri-
cal networks when MWCNTs were incorporated at concentrations
of > 0.6 wt%. MWCNTSs, which have an excellent electrical conductiv-
ity, improved electrical network inside the MWCNT cementitious com-
posites, and an electrical conductivity imparted to the cement mortar,
which is an insulator.

Fig. 7 depicts the weight reduction rates of the MWCNT cementi-
tious composites in the heat-generating performance experiment. To
analyze the weight reduction rates, the weights of the cementitious
composites before the heat-generating performance experiment were
compared with their weights after the experiment. The weight reduc-
tion rates of the OPC-0.0-91 and MW-0.2-91 cementitious composites
were both 0.02%. The MW-0.2-91 cementitious composite with the
lowest MWCNT concentration showed no difference in the weight
reduction rate compared to ordinary cement mortar. By contrast, in
the cementitious composites with MWCNT concentrations of 0.4 wt
% or more, the weight reduction rate increases sharply. The weight
reduction rate of the MW-1.0-91 cementitious composite was 0.12%,
which is 6-times higher than that of OPC-0.0-91. The weight reduction
of the cementitious composite was caused by the decrease in moisture
owing to the cement hydration reaction. The incorporation of
MWCNTs catalyzed the cement hydration reaction, increasing the
weight reduction rate with the increase in the MWCNT concentration.
The increase in the weight reduction rate with increase in the MWCNT
concentration is consistent with the results of Rashad [41].

Fig. 8 shows the correlation between the current flowing through
the MWCNT cementitious composite and the heat-generating perfor-
mance. Here, R? is the coefficient of determination, an indicator of
how similar the equation is to the actual data. The closer the value

Weight loss (%)
| |

T T
0.0 0.2 0.4 0.6 0.8 1.0
Concentration (wt%)

Fig. 7. Weight loss of the specimens.
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of R?is to 1, the closer the actual data is to the equation. The currents
were recorded from the power supply after the heat-generation exper-
iment ended. The current of MW-0.2-91 is 0.003 A, which is the same
as that of OPC-0.0-91 (Table 4). Although the current of MW-0.4-91
increased compared to that of OPC-0.0-91, the difference between
their maximum temperature increases was negligible. The current of
MW-0.6-91, which shows a superior heat-generating performance,
was 0.044 A, which is higher than that of OPC-0.0-91. At 0.163 A,
MW-1.0-91 exhibited the highest current among the cementitious
composites. The heat-generating performance of the MWCNT cementi-
tious composites increased linearly with an increase in the current.
Fig. 9 shows a thermal image showing the absolute value of the sur-
face temperatures of the MWCNT cementitious composites according
to the MWCNT concentration. The thermal image was taken after
2 h of the heat-generating performance experiment, and the surface
temperatures of the cementitious composites were measured as abso-
lute values. The surface temperatures of the cementitious composites
increased with an increase in the MWCNT concentration. The surface
temperature of MW-0.2-91 is 22.4 °C, which does not differ consider-
ably from that of OPC-0.0-91 (Fig. 9 (b)). In the cementitious

200 °C

(b) MW-0.2-91

60.0 °C

200 *C

(d) MW-0.6-91

60.0 °C

200 *C

(f) MW-1.0-91

Fig. 9. Thermal images of the MWCNT specimens.
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composites with MWCNT concentrations of 0.4 wt% or more, the tem-
perature around the electrode increased and heat was diffused
throughout the surface (Fig. 9 (c)-(f)).

Fig. 10 shows the electrical resistances of the MWCNT cementitious
composites according to the MWCNT concentration. The electrical
resistance of OPC-0.0-91 was the highest, at 2.85 x 10°Q, and for
the MWCNT cementitious composites, the electrical resistance
decreased with an increase in the MWCNT concentration (Table 4).
The electrical resistance of MW-0.2-91 (1.70 x 10*Q) is lower than
that of OPC-0.0-91. Meanwhile, the electrical resistance of MW-0.4-
91, 2.20 x 10°Q, is approximately 1,000-times lower than that of
OPC-0.0-91. The electrical resistances of the cementitious composites
with MWCNT concentrations of 0.6 wt% or more are significantly
reduced, falling below 1,000Q. This phenomenon was caused by the
electrical network formed inside the MWCNT cementitious compos-
ites, which increased with an increase in the MWCNT concentration.

Eq. (1) yields the power consumption through the relationship
between the supply voltage and current or the supply voltage and elec-
trical resistance, i.e.,

2

v
P=VxI=— 1
xI= (1)

where P is the power consumption, and V, I, and R are the supply volt-
age, current, and electrical resistance, respectively.
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Fig. 11 depicts the relationship between the power consumption
and heat-generating performance of the MWCNT cementitious com-
posites. The power consumption was calculated through an electrical
resistance experiment, as shown in Eq. (1). The power consumption
of the MWCNT cementitious composites increased with an increase
in the MWCNT concentration. To investigate the heat-generating per-
formance of the MWCNT cementitious composites, their maximum
temperature increases were analyzed. From the experimental results,
the correlation between the heat-generating performance and power
consumption of the MWCNT cementitious composites was derived,
as shown in Eq. (2):

AT, = 7.8393 x P 2)

where AT, is the maximum temperature change inside the cementi-
tious composite, and P is the power consumption calculated from the
experimental values. The heat-generating performance is linearly pro-
portional to the power consumption. The relationship between the
maximum temperature change and power consumption (Eq. (2)) can
be used to determine the optimal heat-generating performance of the
MWCNT cementitious composite through power consumption.

3.3. Internal microstructure analysis results

Fig. 12 shows the FE-SEM images of the MWCNT cementitious
composites according to the MWCNT concentration. The red crosses
indicate MWCNTs, and the yellow crosses and blue dotted lines indi-
cate the cement hydrates (ettringite and calcium silicate hydrate).
The FE-SEM image of the ordinary cement mortar (Fig. 12 (a)) shows
that no MWCNTSs were present.

Fig. 12 (b), (c), (d), (e), and (f) show the microstructures at
MWCNT concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 wt%, respectively.
As the MWCNT concentration increased, the number of MWCNTSs dis-
persed in the MWCNT cementitious composites increased, as did the
connectivity between the MWCNTs and cement hydrates. The electri-
cal conductivity of the MWCNT cementitious composites improved
owing to the bridging effect connecting the MWCNTs and the cement
hydrates. At MWCNT concentrations of 0.2 wt% and 0.4 wt%,
MWCNTs are observable in the FE-SEM results, but there is no obvious
improvement in the heat-generating performance. At MWCNT concen-
trations of 0.6 wt% or more, relatively large amounts of MWCNTs
were dispersed in the MWCNT cementitious composites. The heat-
generating performance improvement of the MWCNT cementitious
composite can be attributed to the increase in MWCNT concentration
from a minimum of 0.6 wt%.

Fig. 13 shows the TGA results of the MWCNT cementitious compos-
ites according to the MWCNT concentration. For the TGA, each
MWCNT cementitious composite was ground into a powder, after
which 30 g of a randomly collected powder sample was heated to
1000 °C at a rate of 10 °C/min. The experimentally obtained TGA
curve decreased sharply at 400-450 °C and 750-850 °C. At
400-450 °C, calcium hydroxide (Ca(OH),) was thermally decomposed
by dehydration, and at 750-850 °C, calcium carbonate (CaCQO3) was
thermally decomposed by decarboxylation. All the curves show similar
trends at temperatures of below 750 °C and different trends at above
750 °C. The ordinary cement mortar shows a gentle decreasing curve,
whereas the MWCNT-incorporated sample shows a dramatic reduction
in thermal weight at a heating temperature of approximately 800 °C.
These findings confirm that the thermal decomposition temperature
of the MWCNTSs was 800 °C.

Fig. 14 shows the XRD analysis results of the MWCNT cementitious
composites according to the MWCNT concentration. An XRD analysis
is a method for assessing the degree of diffraction of irradiated X-
rays. Both the incident and reflection angles were considered. Calcium
hydroxide (Ca(OH),) and silica (SiO,) were observed at 20 = 20-21°.
Graphite and silica are evident at 20 = 26°-27°, and calcium carbonate
(CaCOs3) is apparent at 20 = 39-40°. Calcium hydroxide was also
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Fig. 12. FE-SEM images.

observed at 26 = 49°-50°, and calcium silicate hydrate (C-S-H) is evi-
dent at 260 = 60°-61°. In addition, Ca(OH),, CaCOs, and C-S-H were
detected in both ordinary cement mortar and MWCNT cementitious
composites. The incorporation of MWCNTSs did not affect the hydrates
generated during the hydration reaction of the cement mortar.

4. Conclusions

In this study, thermal response and electrical resistance character-
izations were conducted for MWCNT cementitious composites capable
of heat generation. The effects of the curing time and MWCNT concen-
tration on the electrical and thermal performance of the MWCNT
cementitious composites were analyzed by verifying the internal
microstructures of the composites through FE-SEM, TGA, and XRD.
The following conclusions were derived from the experimental results.
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1. The heat-generating performance of the MWCNT cementitious
composites increased with an increase in the curing time. At curing
times of <14 days, the effect of residual moisture inside the
cementitious composite was dominant. Consequently, the maxi-
mum temperature change of the cementitious composites increased
as the curing time decreased to below 14 days. At curing times
of > 14 days, the effect of the residual moisture decreased as the
cement hydration progressed, and the influence of the MWCNTSs
became dominant. Cement hydration was completed after 91 days
of curing, inducing the formation of electrical and thermal net-
works of MWCNTSs.

2. The maximum temperature increase was examined in the MWCNT
cementitious composites for the best heat-generating performance
(91 curing days), and the cementitious composites with higher
MWCNT concentrations demonstrated a better heat generation.
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Fig. 14. XRD patterns of the specimens.

As the number of MWCNTs dispersed in the MWCNT cementitious
composites increased, the electrical and thermal networks between
the cement hydrates improved. It is expected that the MWCNT
cementitious composites will show the best heat-generating perfor-
mance with MWCNT concentrations of 1.0 wt% or higher and rel-
atively long curing times (91 days).

. The current flowing through the MWCNT cementitious composites
was proportional to the heat-generating performance and increased
as the MWCNT concentration increased; the resistance decreased as
the MWCNT concentration increased. Thus, the current is inversely
proportional to the resistance and is linearly proportional to the
heat-generating performance. The power consumption and heat-
generating performance of the MWCNT cementitious composites
were confirmed to have a linear relationship. Accordingly, the
heat-generating performance of the MWCNT cementitious compos-
ites could be predicted based on the MWCNT concentration.

. FE-SEM images of the internal microstructures of the MWCNT
cementitious composites were captured. The images indicate that
in the MWCNT cementitious composites, electrical and thermal
networks formed between the MWCNTs and cement hydrates in
the internal structure owing to the bridging effect. According to
the TGA results, the differences in the thermal weight reduction
rates according to the MWCNT concentration could not be deter-
mined. The difference in the cement hydrate weights between
the MWCNT cementitious composite and OPC was negligible.
The MWCNT cementitious composites showed a reduced weight
at temperatures of 750 °C or higher, unlike in ordinary cement mor-
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tar. This finding indicates that the thermal decomposition temper-
ature of the MWCNTs dispersed in the MWCNT cementitious
composites was 750 °C or greater.

. The MWCNTs had no effect on the hydrates generated by the

hydration reactions inside the cementitious composites. The XRD
analysis results revealed no differences between the hydrates of
the ordinary cement mortar without MWCNTs and the MWCNT
cementitious composites. Chemical reactions did not occur
between the MWCNTs and cement constituents, and electrical
and thermal networks formed owing to the physical coupling
between the MWCNTs and cement hydrates.
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Heating Performance of MWCNT Module according to Size Effect

b o] =1 o< R A 3= LA < KPS KRl

*Kkkk kkkkk

n*, An, Sungju*™, Lee, Heeyoung™*, Kim, Donghwi****, and Chung, Wonseok

Abstract

Black ice is a road-freezing phenomenon that occurs on the surfaces of roads and is caused by sub-zero temperatures. Black ice
is dangerous to vehicular traffic because it is difficult for a driver to detect its presence on roads. Further, it causes vehicles to lose
traction on roads, thus causing accidents. Therefore, this study aims to solve this problem by utilizing a heating module with multi-walled
carbon nanotubes (MWCNTSs) and analyzing the heating efficiency according to the size effect of the heating module. The heating
modules were divided into cubes (50 x 50 x 50 mm®) and cuboids (100 x 300 x 60 mm®). The parameters considered were the
size of the heating module, number of curing days, and supply voltage. The maximum temperature change of the cubes was 75.7
C, and the maximum temperature change of the cuboids was 78% of the cube. The thermal images demonstrated that the cuboids
exhibited better thermal dispersibility than that exhibited by the cubes. Therefore, the heating efficiency of the cuboids was inferred
to be excellent. Thus, the cuboid heating module can be used to reduce the risk of accidents occurring caused by black ice.

Key words : Multi-Walled Carbon Nanotube, Black Ice, Heating Module, Heating Performance, Module Size
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AR} 28] =319 MWONT 5571 S718RE o)
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A &A1 A9t 3w el tisl Atste] =24
W A 95 I 7Fs AR 7 2ATE S5
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oPH gl MWONTE E98 Lhe ARIE B30
of ) B kel el i A QR YA,
Ve ARIE B3Ale] 2l mE 0 el B A
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gk A o] Fr)o) wE B S AstaAt gtk
A= Z7)9 we} FRE FRo|=g o2 A5
I, w7 Y I Ao s MAeisi AlRkgk
A FALH 2719 met BEA Y FR/E TE5H
Hehs FEdth 39 Aol wE Ao wgRke AX|g
FHAUE 44 dolEZ A0 JAE T3] AST) T3
A o] 2= Al FvlElz st =45,
A3 olu|A] BAE Falste] d Eakde i WAs
ylelslual shH, WE T8 YT BEA F719 ufet
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2. MY uy

HreAEE EUE EAAs o) wE 2 582
TA8l7] flete] FEP Y FHo|EP SR TR T
B 2941E Fg 1)} 2] 2715 50 x 50 x 50 mm’Z
AT A e] 71 AT Seong et al. (2018)3
Park, Park et al. (2018)°14 A3+ ASTM C 10991 2]A3}
FAHA| BAAHSIATHASTM C109/C109M-20b, 2020). F-H.0]
=3 2BIA= Fig 1(0)2F 20 =71 100 x 300 x 60 mm’=
AT TR FrRol=y MIA Y wyfHTE &
A F5 Ado = AU YL 797 28U =
AAstaL 171 o= ettt HS FEE] B
10 V,20V, 30V, 40 V, FRo|=&2] 7430V, 50 V,



100 V, 150 V, 200 VS g3t A 35 AR 594

2 5319t} A3 AT Seong (2020)0] WHEH MWCNTE
TRUBHA] ek AT MWONTS £33 A|3e] 2l A%

Thermocouple

Stainless Steel Mesh

50 mm

12.5 mm
S 25 mm
12.5 mm

(a) Cube

Thermocouple

Stainless Steel Mesh

[mmm

15 mm

(b) Cuboid

Fig. 1. Specimen

Table 1. Test Parameters

2Jo)E B3 Al MWONTES E913H Al Ao 2535
7FEE MWCNTE E438HA] 252 Control Al B}
Ao 1089 =4 Uehgt)h Wb MWCNTE &34
%2 ZIEE Wdo] HAISHA] e A o= sl
A Hagjo] B AlollA= Control Al AlF 2 1k B8
Z18Y31A] ka1 MWONTE &4 Ao 20t AFE 13
St Th wiZd SRl wh2 WA= Table 190 HElstATh

£ A7e SEAE AR Al ZERE ARIES AMS3}
Qo 2ef= KSL ISO 679 (2011) 5 7142 HlZFo]
26267, T%5 AGE 1.0~1.932 EFAE Z-E3IATHKSL
5201, 2016). Aol ARER Ui AEE= A7)F - 4 s
o] g MWCNTE ARS8t MWCNTS] H+t 21732
1 nm~10 nm©]3Z, Z°]= 100 nm~1 cm®]th. MWCNTS]
UTE= 133 gem®Z A7) AEE7}10.17-2 x 10° S/em®] 2L
FHEEE 3,000 Wm - Kotk MWCNT+= T2 Hla|
ANHEEE oF 1008 o), HEEE 7.54] <3tk
Sobolkina et al. (2012)3} Al-Dahawi et al. (2016)°] mW-=H
MWCNTE 5 9% 7531 9 58 e =) AlRIE
Azl A 4RI} fFeletit et MWONT &
oo M (Lee et al., 2017; Lee, Park et al., 2020; Lee,
Yu et al, 2020)5 37 Farste] 22 kHz 2298 €831
Eg]otad4KPolyacrylic acid)A] 2417 &<F #4HAIZ]
3 ARESFATH

B AT Fig. 13 o] ZF ddAle] dehs 353171

Z

el FH T} Frol=g zhzho] 2EQlEz 28 w4

Specimen name Module type Curing days (day) Voltage (V)
Cube-7D-10V 10
Cube-7D-20V 20
Cube-7D-30V ! 30
Cube-7D-40V 40
Cube-28D-10V Cube 10
Cube-28D-20V 20
Cube-28D-30V 2% 30
Cube-28D-40V 40
Cuboid-7D-30V 30
Cuboid-7D-50V 50
Cuboid-7D-100V 7 100
Cuboid-7D-150V 150
Cuboid-7D-200V . 200
Cuboid-28D-30V Cuboid 30
Cuboid-28D-50V 50
Cuboid-28D-100V 28 100
Cuboid-28D-150V 150
Cuboid-28D-200V 200
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£ Adetainh FBES] 79 mesh Ale]] 7FA0] 25 mm7}

E5 FYol X8It FEoI=F ] 79300 mm ¥
& 2O =HE 7} 15 mm Bojzl fix]of AYsith. Sl
= A4S Tl bt Asshs Al 255 SA5H
7] $fsled Xtk A2 e Gl Bt FEY
I Fro|=y WAA ] FFYoE HH3ATHFig. 1).
A o] Az vigh = E/AMERS 50%2 A,
EFZAR= AHE 3 i8] 25812 £t Ao
HigHlE & 05, AMIE 1, 22 25 T128]32 MWCNTE= 0012
ARt

Fig. 2= HgA] Aot} LA = A7 vigh]
o wg} ABE Al 3 287 AnS st o) %
T8 FEI2 E4E MWONTS 5712 Yol 3871 wigst
Atk wigte] $5d Foe FEIFY e =o|7f oF
150~200 mm7} B =5 E=0) 33] rojA] eSS
oA ZF TRE WA oF 403] TS AAIRE & 2 EHIRI]
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AN & ~E0lg s 28 W et ANE 4HAE Tk

Y e FEYY FHo|=Y HIA N Mt T
stod W e RISkt MY FH-2 Fig. 39 AR/
At FF71(DC Power Supply, EX-200)2 o]-&3}H, F123
¥} Frol=y WhA| 24zl Al 2EIRIE 2 228 w4

(1) Installing thermocouple

(e) Installing stainless steel mesh

Fig. 2. Fabrication Process of Specimens
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|
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L ) n

TDS303-Data logger
Ao\

A3
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(b) Cuboid

Fig. 3. Heating Test Set-Up
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Fig. 4. Results of Cube Heating Test
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(a) Curing 7 days

(b) Curing 28 days

Fig. 6. The Thermal Image of the Cube Heating Module
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Fig. 7. The Thermal Image of the Cuboid Heating Module
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2 A4 5 %

. Z2|7HAE 1j'H(6,000X1,600X250) =12 X| HE

. ZE|FHAE of'd EFA| THHE A8

CZEPHAE Ii'g SFA THEHAEY HE

. ER0| SEQALIRE FUH) XxAHE HE

ZZPHAE IE EFAH0ls AHE HE
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1. Z2|FHAE T'2 (6,000X1,600X250) Y¥Z 12| X HE
11545

- ZEPHAE 1 ESA| otF

o5

FEae| flX 8
12 ZEFH2AE DY ¥ e

@ %S (Lifting) JHE =

5.500

@ 3aum)
CEE)-AS)

/ :
£y >
T Eor——— . ,/‘é(
\\‘\J \v/
13 3YY A 24y Sz XK 28
T Al )
wi1® _ wile—2t1)*  Wtl?
2 8 2
iz~ V6= 2t1)"
| :

{ 8
‘ t1 ‘

8t12 = 36 — 24¢1 + 4¢1°

6,000-2 t1 ‘ t1 ‘

412 +24t1— 36 =0

R |
t1=1.24m= 1,240mm
et Al (t2)
wie2? _ w.6— 22 W2’
2 3 5
1600 W2t = W(1+_2t2)2

8122 = 2.56 — 6.4t2 + 412>

4422 + 6.4¢2 — 2.56 = 0

2 75t

t2=10.331m= ¢F350mm



® XX BHE2)

Zurgk 2| (1) : 1,240mm
2lursk 22| (t2) : 350mm

6,000

1,240 3,520 1,240

350

1,600
900

350

ol2F Lifting




ZIFHAE 1fd XFA| ¢
21 5 A
- Z2|7fAE I YFA| HESHEO| ME mfgel THHE A
22 2A5HE M
@ St=H#
5t= Y Ab= Al
ol dXs - 1E di 35S 6.0m x 1.6m x 0.25m x 2.5 ton/m3 = 6.00 ton
@ RE2Y IE5HE
- MIDASTZSIM T2 OWZ 0|85t o &8st= THHE MF
- 2K T Y Mo FBLIMOE MA SHEQ| 50%7HK| HEE St
stsd SHEXE
- SEZ 5oz x&5l0] mido] M2
o4 xt= )
- SEZX&XS : (6.00ton / 6.0m) x 0.5 = 0.50 ton/m
23 HHHE MH
QMAHE
= -0.39 ton'm
MIAS!Civi

o oo

@ At
- Mo max(+) = 0.39 tonm, Mo max(-)

|
SSOR

BEAM DIAGRAM
MOMENT-y

3.868702e-001

3.1938

VIEW-DIRECTION




@ IotE dE

- Mu max(+) = 0.51ton'm, Mu max(-) = -0.50ton'm

MOMENT-y

ATE :
) ~ VIEW-DIRECTION

LT

- Vu max = 1.14ton

55
\
/ \
/ CB: J33}
MRX : 3
MIN - 2
FIIE: 0L & A -
< UNIT: toenf
g =4 DATE:
11 / o8 a8 ~ VIEW-DIRECTION
CHoia
e MBS 55t
BHE 0.39 ton - m, 0.51 ton - m
Her - 1.14 ton




3. ZZFHAE mfd LFA

THHOMHY ZHE
3.1 AEEH
- TR DEIFHAE O YFFA| AT T LHEE X Y AEfO TIHE MY HE
32 CHHY AE
HAN
Z(B) =0| 27t I EFH(AS) | ZE5H(sH)
(mm) (mm) (mm) (mm) (mm)
1,600 250 150 (H16) 20 50
As2HE % al= o ARBZHE Fy Fek
(KN-m) (KN) (KN-m) (MPa) (MPa)
5.1 1.14 78 400 24
X CHHOIMAM AEA HMEE IDI2|I|AE Q| MAHV|ZELEL A7 S7|UYMs
EISIA| OMEl=E ZEE2AN 40MPax 60%= 24MPal| 7S HE
@ HHAE
> AdE XA
fck = 24.0 MPa fy = 400.0 MPa
B1 = 0.850 of = 0.85 @v = 0.80
pmin = max(0.25V (fck)/fy,1.4/fy) = 0.00350
AL BHE Mu = 5100 KN'm Az MEE vu = 11.400 KN
CHHO| Sl H = 250.000 mm CEH OEZ B = 1600.000 mm
2 % Z 0/ D = 200.000 mm o = % 7l Dc = 50.000 mm
> EDHE AE

= H16 @ 150.00 mm (Dc = 50.00 mm)

= 2118.400 mr - P = As/(B:D) = 0.00662
= (Asfy) / (0.85-fck-B) = 25.961 mm
gt = 0.01665 > 0.004 ... .. OK

= 0.003-(H - a/B1 - Dc_min) / (a/B1)

0.005 < et 0|22 QIZX|HICIH, of = 0.855 X EPHC}

= Tod



@Mn = Offy-As:( D - a/2 ) = 134,702,000 N-mm

= 134702 KNm 2> Mu = 5.100 KN-m S 0K (SF = 26.412)

 LRNIY U HIH UE

2Q57+23 70| a = 0921 mm=Z 7P
As = Mu /{ @ffy(D-a/2)} = 75173 mr
g 0K

o

Q

= (Asfy) / (0.85fck-B) = 0.921 mm .. 7F°g1} Hj

preq = [Mu /{ @ffy-(D-a/2)}] / (B-D) = 0.00023 = 4/3 preq = 0.00031

L HHEAZ Asreq = preq x (B-D) = 75.173 mn < AFEEZE.0K

HIHZAHE : pmin < p ... - 0K

> HEE HE

@v-Vc = @v-1/6-Vfck-B-d / 1000 = 209.023 KN

@v-Vc = 209.023 KN > Vu = 11.400 KN ST

> AMEY HE (m€ dE)

Mo = 3.900 KN-m (AI83tE U E)

n Es/Ec = 200000 / {0.077 mc”1.5 * 3V(Fck + Af)} = 7

p = As/(B-D) = 0.00662
k = -np+ Y((np)?+ 2np) = 0262 (j = 0.913)
x = kd = 52320 mm

fc = 22Mo / (B-x<(D - x/3)) = 0.051 MPa

10.084 MPa

fs = Mo / (As «(D - x/3))
fst = fs:(H - Dc_min - x) / (D - x) = 10.084 MPa

g

£|QIEHET AQ5 47
s = Min [ 375:(210/fst)-2.5Cc , 300:(210/fst) ] = 6247.26 mm
071K Cc =

dc_min - FEZ &Z/2 = 42.00 mm
FlehE 2 WHH|2ZHE = 150.00 mm < 6247.26 mm

. 0K



- DZ2|7fAE mfd ZF X|EHEHE {0 AXA| (A2tRE FH) SO|ZEYX|(4POINT)Zt tHEX|

X g, T2AE T DHRIHRY AE

rs
I'

42 2AMHA

@ X0l 2E X MSAl H0|=H AlSES 1))

LEVELING BOLT(HTE) $=NONE
M22x360
5000 —
=
£00 400 400 00 |
[ [ o g J = 1E3Y -
— -
E: spdE
=] 4 g =g
g @ @ | B . oiliE FRe foF3
d 4 .k ~ (013, L=1.000)
U L ]
9 & 2 | T % 4 |
% 1r\i 2K BLOCK
B
S20l ZEH S5 A
3
2

@ 2As5tE
- MIDAST =84 Z23S 0|80t 2o %8ot= HEHY
- 2R 2 Y sHMe R FHYCR TH SHEQ 50%7HA| HEE SIEHE

st=d StEd 2
- SEX 5t52=2 x&sto] midol Me
IS NS _
- SExZx|&35F : (6.00ton / 6.0m) x 0.5 = 0.5 ton/m
ZdstE |- SEX stECZ X &5 mido M
(EEsts) | - &HsEE - 0.16 ton/m(=t2l 2 0[:1,600) x 0.5 = 0.08 ton/m

- Mu max(+) = 1.56 tonm, Mu max(-) = -0.10 ton'm

,,,,,,,

IAGRAM

MOMENT-y

1.56600e+000

e |
! ,‘ ‘ %

DATE :
VIEW-DIRECTICN




@ ZHE SFotots)

- Mu max(+) = 2.03 tonnm, Mu max(-) = -0.14ton'm

L = T i
_____ T
VIEW-DIRECTION
® HEHE (F3H5+E)
- Vu max(+) = 1.80ton
' CIAGEAM
SHEAR-z
1.300E0=+000
8.22545e-001
1.15156e+000
. ] s
T VIEW-DIRECTION
@ tHHE A
= Al 35S 2s5t5t=

H
2
Im

1.56 ton - m,

2.03 ton - m

[

rm

M
|

1.80 ton




44 DEFHAE TG CHEE AE
© 2AHH

Z(B) =0| HZ7H4 o 25 (AR | Ol 2 FH(5HE)
(mm) (mm) (mm) (mm) (mm)
1,600 20 150 (H16) 80 50
HERo E A ek Al2RH E Fy Fck
(KN-m) (KN (KN-m) (MPa) (MPa)
20.3 18.0 15.6 400 40
X T2 AE Tijd HXA| 7|8 dz 1597 LMAF] AKX|SH| 20 +EeHH o
HEA Ijdo] BAV|EZLEE 40MPu B NE
@ CHHZEE
>DAEAEZXZUA
fck = 40.0 MPa fy = 400.0 MPa
B1 = 0.766 of = 0.85 @v = 0.80

pmin = max(0.25V (fck)/fy,1.4/fy) = 0.00370

Az BHE Mu = 20300 KN-m A== Mo vy = 18.000 KN
CtHO| =7 H = 250.000 mm CE ®H O Z B = 1600.000 mm
2 % 210/ D = 200.000 mm o 2 & 7 Dc = 50.000 mm

MEEZE Asuse = H16 @ 150.00 mm  (Dc = 50.00 mm)

= 2118.400 mm’ . P = As/(B-D) = 0.00662

SHUUEA S7HEH U0l a = (Asfy) / (0.85fck-B) = 15576 mm
Z| QT QAIMAEZ HAHE et = 0.02651 > 0.004 ... .. OK
~O7|M et = 0.003<(H - a/B1 - Dc_min) / (a/B1)

0.005 < et 0|22 QAYX|HICIH, of = 0.855 H-E3ILC}

—

OMn = Offy-As:( D - a/2 ) = 138,441,700 N-mm
= 138442 KN'm = Mu = 20.300 KN‘m .. 0K (S.F = 6.820)




A2QE57+23710] a = 2207 mmZ 7HH
As = Mu /{ @ffy(D-a/2)} = 300.186 mn
gk 0K

d)s

Q

= (Asfy) / (0.85-fck-B) = 2.207 mm .. 7}7E1} Hi

preq = [Mu /{ @ffy-(D-a/2)}] / (B-D) = 0.00094 = 4/3 preq = 0.00125

 HHEIAZ Asreq = preq x (B:D) = 300.186 m < AFEEIZZ . .OK

HIHZHE : pmin < p .. - 0K

> HEE HE

—

@vVc = @v-1/6-Vfck-B-d / 1000 = 269.848 KN

@vVc = 269.848 KN > Vu = 18.000 KN ~HEPEZE EHegls.

> AHEY HE (228 dE)

Mo = 15.600 KN'm (AtE23%tE ZHE)

n Es/Ec = 200000 / {0.077 mc”1.5 * 3W(Fck + Af)} = 6

p = As/(B-D) = 0.00662
k = -np+ V((np)*+ 2np) = 0245 (j = 0.918)
x = kd = 48983 mm

fc = 22Mo / (Bx(D - x/3)) = 2.167 MPa

fs = Mo / (As (D - x/3)) 40.093 MPa

fst = fs:(H - Dc_min - x) / (D - x) = 40.093 MPa

iy

HQITHHT ARF M
s = Min [ 375-(210/fst)-2.5Cc , 300-(210/fst) ] = 1571.33 mm
SH7IM.Cc =

dc_min - FEZ 2 ZA/2 = 4200 mm
X|QerE 2 "WAFHZZHA = 150.00 mm < 1571.33 mm . 0K




5. Z2|7H2E g <FF 0| A™E HE

@ Aol=@4’hofl Z22l= T2 Xt&E : 12.75ton

ol

ey A Lk4 UEEZ

- e midstks
=P 6.0m x 1.6m x 0.25m x 2.5 ton/m3
= 6.00 ton

2& A olE(Wire Rope @32mm)

(6xF1(25) IWRC (Z41)-AZ

1,240 1,760
3,000
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2 A4 5 %

. T2|FHAE 1j'd(6,000X3,200X250) Y¥=1E|X| HE

. ZE|FHAE of'd EFA| THHE A8

CZEPHAE Ii'g SFA THEHAEY HE

. ER0| SEQALIRE FUH) XxAHE HE

ZZPHAE IE EFAH0ls AHE HE

[



1. Z2|F|AE 1§'2 (6,000X3,200X250) ¥=12|QX| HE
s A

- ZEIAE TjE YFA| S5 USIEE Y= 02| K| AHY
12 ZE|FAE 1 &¥= U
@ %S (Lifting) JHE =

Aallel Lifting

f~

= AolE{Wire Rope ©32mm}

/(ﬁxFl(ES)Iwm (H4)-A=
S

=a|As By
/(6,000 x 3,200 x 250)

- o
. _h____h_h'“———__! \//
13 e ol 2gtsr dEm Y dX|X 49
S A2l (1t
w1 wie—2t1)*  Witl’
2 8 2
_ 2
{ oo | 2= V6 82t1)
sL i e 8t1% = 36 — 24t1 + 4¢1°
‘ t ‘ 6,000-2 t1 ‘ 1 ‘ 4t12 + 24t1 —36=0
t1& -5k H
t1=1.24m= 1,240mm
@ g A2l (t2)
{ 3,200

250

t2 3,200-2t2 t2




XX EHE2)
Zurgk 2| (1) : 1,240mm
2i8tsk AHE| (t2) : 650mm

6,000

1,240 3,520 1,240

650

Pen Y
\ >4
)

3,200
1,900

650

0]

fF Lifting

ol
!

0.




0.78 ton'm, Mo max(-)

L Z2|FHAE T3 FFA| THHZ L
21 5§ H
- Z2|7fAE I YFA| HESHEO| ME mfgel THHE A
22 BASts M@
@ St=H#
sty ALE A
ol dXs - 1e diE3E  6.0m x 32m x 0.25m x 2.5 ton/m3 = 12.00 ton
@ ZEY EHE
- MIDASTZSIM T2 OWZ 0|85t o &8st= THHE MF
- 2K T Y sfMe R BLIMOE MA SHEQ| 50%7HK| HEE SHEEE
stsd SHEXE
AR - S&8x 6%_%2§ % 2t5tod mjdol M
- SEEZ X &XE : (12.00ton / 6.0m) x 0.5 = 1.00 ton/m
23 HHHE MH
O MEBYEZEE
- Mo max(+) = = -

0.77 ton'm

M




@ 3 4E

- Mu max(+) = 1.02tonnm, Mu max(-) = -1.00ton'm
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> AdE XA
fck = 24.0 MPa fy = 400.0 MPa
B1 = 0.850 of = 0.85 @v = 0.80
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A ZHE Mu = 10.200 KN-m A= MO vu = 22.900 KN
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5 2 4 0/ D = 200.000 mm o 2 % 7 Dc = 50.000 mm
> ERHE ZHE
- 24 HE
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pmin = max(0.25V (fck)/fy,1.4/fy) = 0.00395
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jdqs S FHEAHY | MERI g5 | SRS S Fck Fy
(mm) (mm) (mm) (mm) (mm) (MPa) (MPa)
B 1600 250 150(H16) 80 50 40 400
L : 1000
& Y FE (@=50mm)
>AdEZA
fck = 40.0 MPa fy = 400.0 MPa
B1 = 0.766 of = 0.85 @v = 0.80
pmin = max(0.25V(fck)/fy,1.4/fy) = 0.00395
A% BEHE Mu = 136.1 KN'm Az MEHE vy = 213.600 KN
CHHO| =74 H = 250.000 mm Ck M = B = 1600.000 mm
8 % 2 0| D = 200.000 mm I & % M Dc = 50.000 mm

AF2E 22 As.use = H16 @ 150.00 mm  (Dc = 50.00 mm)
= 2118400 m¢ .. P = As/(B:D) = 0.00662
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- Py U HoH HE
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o

& 0K

preq = [Mu /{@ffy-(D-a/2)}] / (B-D) = 0.00650 = 4/3 preq = 0.00867
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@v-Vc = @v-1/6-Vfck-B-d / 1000 = 269.848 KN
@v-Vc = 269.848 KN > Vu = 213.600 KN ... - HEHEZ Q3.

> MES BAE (w8 EE)

Mo = 58.300 KN'm (AIE3tE ZHE)
n = Es/Ec = 200000 / {0.077 mc”1.5 * 3W(Fck + Af)} = 6
p = As/(B-D) = 0.00662
k = -np+ V((np)?+ 2np) = 0.245 (j = 0.918)
x =kd = 48983 mm
fc = 2:Mo / (Bx:(D - x/3)) = 8.100 MPa
fs = Mo / (As «(D - x/3)) = 149.836 MPa
fst = fs-(H - Dc_min - x) / (D - x) = 149.836 MPa
HoIttEZ 223 M7t
s = Min [ 375:(210/fst)-2.5Cc, 300-(210/fst) ] = 420.46 mm
~O7|M.Cc = de_min - FEZ & Z/2 = 42.00 mm
eIt WU 27t = 150.00 mm < 420.46 mm ..... . O.K

> AEZAL
X X}2F51=(DB-24)2 1%t Z2|I|AE Tjde LEXMOE oM (SF=1.017)
X FHEI(H16) 7t 150mm Of CHS QHX M sl
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& ST HE (I=50mm)
>DHE XA
fck = 40.0 MPa fy = 400.0 MPa
B1 = 0.766 of = 0.85 @v = 0.80
pmin = max(0.25V(fck)/fy,1.4/fy) = 0.00395
A= BHE Mu = 245400 KN'm A% ™MEHE vu = 421.800 KN
CHHO| =74 H = 250.000 mm CF M Z B = 3200.000 mm
8 % 2 0| D = 200.000 mm o 2 % 7 Dc = 50.000 mm

AF2H 22 As.use = H16 @ 150.00 mm

= 4236.800 mw .. P = As/(B-D) =

- a/p1 - Dc_min) / (a/B1)

OMn

of-fy-As-(D - a/2 ) = 276,883,300 N-mm

= 276.883 KN'-m 2> Mu = 245.400 KN-m ... .".

. TeHIy U H2

|:|| 745
2257HSH 20| a = 13.740 mmZ 7+H
As = Mu /{@ffy-(D-a/2)} = 3737.193 mn
a = (As-fy) / (0.85-fck-B) =

13.740 mm .. 7F8 1t H]

(Dc = 50.00 mm)
0.00662

= (As-fy) / (0.85-fck-B) = 15.576 mm
ettt IFHEZ E@ et = 0.02651 > 0.004 ..... .-

0K

2l o*XI HiCHH, of = 0.858 -8 3tC}

= 10 -

o

& 0K

O.K (S.F = 1.128)

preq = [Mu /{@ffy-(D-a/2)}] / (B-D) = 0.00584 = 4/3 preq = 0.00779

~EHRHEIE As.req = preq x (B-D) = 3737.193 mw’
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Mo = 114.600 KN-m (AF&3tE ZHIE)
n = Es/Ec = 200000 / {0.077 mc”1.5 * 3W(Fck + Af)} = 6
p = As/(B-D) = 0.00662
k = -np+ V((np)?+ 2np) = 0.245 (j = 0.918)
x =kd = 48983 mm
fc = 22Mo / Bx:(D - x/3)) = 7.961 MPa
fs = Mo / (As (D - x/3)) = 147.226 MPa
fst = fs«(H - Dc_min - x) / (D - x) = 147.226 MPa
HoIttEZ 223 M7t
s = Min [ 375:(210/fst)-2.5Cc, 300-(210/fst) ] = 427.80 mm
~O7|M.Cc = de_min - FEZ & Z/2 = 42.00 mm
eIt WUl 27t = 150.00 mm < 427.80 mm ..... .. OK

> AEZL
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