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Evaluation of the Black Ice Prevention Effect of PCM-Mixed Concrete
Pavement Through Numerical Simulation
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Abstract

Black ice—a thin, transparent layer of ice that forms on road surfaces and reduces visibility—is a major cause
of winter road accidents. Through numerical analysis, this study evaluated the feasibility of using concrete infused
with phase change materials (PCMs) as a road pavement material to reduce black ice formation. PCM-modified
concrete specimens were fabricated, and temperature changes in PCM-modified concrete pavement under freezing
conditions were measured. The thermal buffering effect was analyzed using the latent heat characteristics of the
PCM-modified concrete specimens. Subsequently, a numerical model simulating the phase change behavior of PCMs
was developed, and its predictive reliability was verified. Using the verified model, the temperature distribution and
freezing area of concrete pavement were analyzed and compared for different PCM mixing ratios. The results
indicated that PCM incorporation can substantially delay or reduce road ice formation. These findings suggest that

the application of PCM-modified concrete is an effective alternative for reducing black ice formation on winter roads.
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Transition Thermal . Specific Latent heat
Substance Molecular . Density )
name formula temperature conductivity kg /mg] heat of fusion
['C] [W/(m - K)] [J/(kg - K)] [kJ/kg]
Tetradecane CHs(CH2)12CHs 3.0 770 1800 170
Melamine CsHsNs 345 1500 1200 -
Table 2. PCM mixing ratio for each specimen
) Mix design (kg/m°)
Specimen Number — -
PCM mixing ratio PCM Cement Sand Water
No.1 0% 0 560 1119 392
No.2 12.6% 113 427 1010 350
No.3 20.8% 188 349 945 325
No.4 30.1% 271 245 859 275

168 or=AgEStel=Ed M42H M1z



Fig. 1. Cross—sectional SEM image of a PCM capsule (Woo et al.,
2025)
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Fig. 3. Freezing chamber ambient temperature conditions to simulate
road freezing environment

SAE Uehel, 2t BAA PR F, 24407 ol
20°C9) SZolH PS AT EI YR L T
5= 98l B § A vEHOe=RE 10em 7+
62 AAY|(Thermo couple)E AAA|SFAHFig. 2(c)).
SAA AR T, 2 -] 7RsSh 52 o SAA
£ BIAG F(Fig. 2(d)), Fig. 33 22 7] &= Ao
TRkl 7Htez AW &3 S WSk AY

Fig. 2. Manufacturing process of PCM—mixed cement specimens (a) temperature sensor installation inside the mold, (b) casting stage in
the test specimen manufacturing process, (c) installing temperature sensor inside specimen, (d) setting temperature environment

after placing in freezing chamber
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Fig. 4. Comparison results of 1D freezing test between experimental data and numerical model (MR: Mixing Ratio)
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Fig. 5. Domain for the performance analysis of PCM mixed concrete
pavement
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Fig. 6. Comparison of surface temperatures of concrete pavements
with different PCM mixing ratios

MR = 0% 3

MR = 20.8% \1 o4
’ 2
\/ 1 02

-0.5

z
l<;v i o— o
05.05

Fig. 7. Freezing progress inside PCM—mixed concrete pavement

BE2H(PCM) Y ZI2E ZFO E24AZ oY 50t 24 1711



H &, 71 A3} 2| ieo) 54 g x|edHrh
o|23t PS Wkt Fig. 81} o] A|ZH PCM &
Y& HE ZAYE 2T A#EE A= Sem7bA] 9
B o] Byt LEHIE SRISHITE PCM £9)E0]
2 Aol &5 ma) AlFERl v EE =2
2FoME 2 SHY HARA 2= dFaapt
ZE et 2 A Fo-2E7F 0 °Cof| =Bk A
A 7o s BT 43}, EYE 12.6% A of|A
T 308 ool B2 Ad a3t AghH o & Vel
T EYE 2= 4 WA Aol mig- 79T
SHA A A=A A== o] ERIE It o]= PCM
SUE 7t o |go] Jgof olalf =2

2h 9 Al v
A S7VHEA, AL R 2R FAEE 7l
AR e SHS XYM AN siAEnt
R, Fig. 8oflA mR2AddE A fddo] w2 2=
7R ~1°C ~ 0°Cojl Tt A7 AlRbe v]arsjiE, PCM
=9 =AY &= Wl My AlRto] A
Hashe Fde Hdvy Ok ZAA|1S] B4 o] &=
P Al A 3 27t S 7 AR g e vt
H PCM &9 ZRA M= st wE @ ¥=
A 2= s 4] 712717F etsiAEA 1 &
= AT AREe] @EE I 53] PCM E1E0]
S7FE ERAdEs I TeAo] w2 2= 7l

N

Hu

——PCM MR=0%
g ——PCM MR=12.6%
31 PCM MR=20.8%

1 \ Tp = 3.3hr
0
=1 T = 4.2hr

-2

PCM MR=30.1%

-3

-4 Ty Possible time for black ice formation

Temp. in the PCM mixed concrete pavement (C)

T T T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 17.5 20.0 225

Elapsed time (hr)
2]
04
-2 ]

-4 ]

3 N
=10 —— \__

-12 SNa—n—y
-14

)

~

Ambient air Temp. (C
&

T T T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 175 20.0 225
Elapsed time (hr)

Fig. 8. Comparisons of average temperature change in shallow
concrete pavement layers (volume from the surface to a
depth of 5 cm)

172 ot=A|gtsstel=2d M42d M=

o
X
filo
N
r!I.
o
fu
o
a
<
(o
o
.
Hu
(m

2
oE
kol

~{
il
jany
o
ol
o
=
2

2
¥
2 |o
(N
= i1
i)

P
52,
o

5 HEEQ 88lo] FrHH o A
AT 7leE 220 wE A3 7
of Fe Folon, Sk 23 5] 71E W]
314 Z5iet. E3E PCM &40

Ake FORANE 2 E 2 9| 24
#H7F St 2 dFelde 24
e v A G Aol

A 2 A ek, o ol

lo- ofr
K AL

e Wooax

¢
[
¢

(o]
i
o
"

).
J
r
iy

|m

N
+
> N ox

Lo o

=

2
=

r
Hoon oo

-

1=}
Nv
> 2 ox

b % o [‘l:) ol
Ir Z;:
| et
ot H1 fL 1o
ok

A
1
I

w r
mo

=
iy
o
S
x
i
)
o
N
~
ol
S



(©)

Zjl—

2 2% FIH-1C ~ 0°0)o|H Y AT A7
1 Uetgton, ol gt
A A A olelsist
FaelE LA A

Sl Aol

e
2

2

o

AEtts 22a% sl
11“4 T ARE A L2she

Soln|3t A3E &3

==

o

ZAA]
k= 7/4\0
A=

P

O

2=

—

H

S o kel3

als
filo
o J

=

%n}.

=

Z =

A2

o] AIl= AR (I EABEAIR) 0] Aoz =t

QAAEre] 912 Ho} 4% AATY(2022RICICI00
6507, RS-2025-03192968).

. FENSE, T2x3}
ST (017, YEe AFAL A8 23w

21231 (References)

AA a7, 2025.

2, SHEaEorAYw BExlR, 20179 129, Available at:
https://www.cstimes.com/news/article View.htm1?idxno=324711
[Accessed June 30, 2025].

L ARERIAERNEATY, 7] mEobdE 9 mwe]
o, AFRILAL, 2016.
 ARERFAERDEATY, FH7] o] ornd nwsh 4
GapaipA| AR LA, 2017,
TS St o

10.

11.

12.

13.

. SstotamEss], WA £ 4

P71 ay) B 9 g ot
A g9 XA, 2022.

. Hawlader, M. N. A., Uddin, M. S., and Khin, M. M. (2003),

“Microencapsulated PCM Thermal-Energy Storage System”, Appl.
Energy, Vol.74, No.1-2, pp.195-202, https://doi.org/10.1016/S0306-
2619(02)00146-0.

. Kim, S.-J., Yoon, W.-S., and Kim, Y.-K. (2021), “Characteristics

of Black Ice Using Thermal Imaging Camera”, J. Korean Soc.
Ind. Converg., Vol.24, No.6, pp.873-882, https://doi.org/10.21289/
KSIC.2021.24.6.873.

. Lee, H.-S. and Kim, J.-S. (2012), “Energy Saving PCM Cement

and Concrete Technology”, Technical Report, pp.56-63.

. Liu, D., Li, J., and Wang, Y. (2022), “Numerical Simulation on

Anti-freezing Performance of PCM-Clay in Core Wall during
Winter Construction”, Appl. Therm. Eng., Vol.215, pp.118951,
https://doi.org/10.1016/j.applthermaleng.2022.118951.

Phan, M. T., Park, D.-W., and Kim, H.-S. (2020), “Simulation
on Heat Transfer of Phase Change Material Modified Asphalt
Concrete for Delaying Black Ice Formation”, Int. J. Highw. Eng.,
Vol.22, No.6, pp.35-43. https://doi.org/10.7855/IJHE.2020.22.6.035.
Ng, C. W. W., Kravchenko, E., Li, Z., et al. (2024), “Volumetric
Behaviour of Soil Mixed with Phase Change Materials”, Acta
Geotech., Vol.19, pp.2715-2730, https://doi.org/10.1007/s11440-
023-02064-3.

Tyagi, V. V. and Buddhi, D. P. C. M. (2007), “PCM Thermal
Storage in Buildings: A State of Art”, Renew. Sustain. Energy
Rev., Vol.11, No.6, pp.1146-1166, https://doi.org/10.1016/j.rser.
2005.10.002.

Woo, H.-J., Go, G.-H., Lee, J.-M,, and Kim, S.-K. (2025), “Numerical
Analysis Study on the Reduction of Frost Penetration Behind
Retaining Walls Using PCM-infused Mortar Panels”, J. Kor. Geotech.
Soc., Vol.41, No.4, pp.31-39, https://doi.org/10.7843/kgs.2025.41.4.31.

2026
2026
2026

Received : February 5t
Revised : February 23",

Accepted : February 23",

rty
]
o
(m
H
0z
19

173



