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ABSTRACT

This study evaluates the engineering feasibility of introducing high-performance asphalt
pavement methods and operational standards to military-civilian dual-use runways, which have
traditionally been managed using portland cement concrete (PCC). It proposes the 'Winter
Operational Risk Factor (WORF)' as an integrated management indicator for these infras-
tructures. Military runways involve unique risks, such as ultra-high tire pressures of military
aircraft (exceeding 300 psi) and thermal aging from jet blasts during takeoff, which limit the
direct application of standard civil aviation hot mix asphalt (HMA) criteria. To address these
challenges, this research analyzes the latest technical regulations, including DAFI 32-1041 and
UFC 3-260-02, and mathematically identifies the chemical oxidation mechanism of binders un-
der jet blast exposure using the Arrhenius reaction rate model. Furthermore, the practical ap-
plicability of Polymer Modified Asphalt (PMA) and Night-time Expedient Repair methods was
engineered and validated. Empirical data analysis demonstrated that the developed WORF mod-
el achieves a high correlation of R*=0.84 in predicting operational risks. Monte Carlo simu-
lations further proved that the implementation of this model can reduce winter foreign object
debris (FOD) risks by up to 68.2% and improve operational resilience by more than 42%. These
findings suggest a transformative direction for national defense infrastructure policy by opti-
mizing both engineering safety and operational efficiency.
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At FARIZIRE717HICAO)2] GRF(global repor-
ting format) EYOZ AXZF FFZ 2 AH
(RWYCC, runway condition code) B A|A7} 7+
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Alofl F=ofof sk 383 A Aws) ]t

AeHos g & E5Es w2 724 YW
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o} JEu o FolNe G2 &4 o3 9] A&St &
T7F A A&A9] A 8ol IREE Heg
9] Brhs 24 B A oilg 271 A 7hs
A A aEstoiof St Meyer et al., 1983).
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2) 549 25 A (DAFI 32-1041 & USAFE Case
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A& SEE TH.
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2.1.1 2109 MX|2(High Tire Pressure)?| Jgt

o] P 55k 2] 7]291 UFC 3-260-0299f]
24, F-15, F-16, F-35 & @l 78 A%7|= 71Al
o] 433le} 15 FFog Qs Eholo] Hx|Uo]
300~350 psioll 23t ol HIr|(H 200 psi)
oiu] oF 1.54) o|4de] Ak -S=(shear stress)& 24
B3] HSAA GEHERl 7ME ofAZE E9E
(HMA)Q] A4 ¥ (rutting) B|23E S} gt

2.1.2 Jet Blast0f| 25t €X L35}

AF7] ARNA HEE= AE EStAEx= ol o

7] AgellA 27 7 255 SO0 100C %
A AR ol d 2L HRIE W 7
f(maltenes)= IAIA ZHAE F43] A3t
(embrittlement)A| 71T}, o]3t %
HIQIE 9] Al WEE-2 7I&3tsto] 4714
A5tE olojd &= Itk White, 2018). 53] 574 A4
Ale 471702 24 29 3o JFE &+ A
o 28EE g8 27} Aoss AdAer =3
Y29 o8-S =340 2HsE o E a7t
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Z|Qthigh tire pressure) BFE HEZ EF51o]
E gt AAE 843

PMA¥ SBS(styrene-butadiene-styrene) 5 1%
2t AEAAE Bof A BIYE S Amm 12
9 AE EFAE k& TN =2 A
(softening point)& Bd HRRIE fAES ®ASI)
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FEE Wt Aldo] ozt A £ 9
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27HEielson AFB) ¥ EA(Ramstein AB)T} 22
AL 8 AR 7|R[OA oI AREE 7Y mA=
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st JAo)(Fig. 1, 2).
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Fig. 1. Eielson Air Force Base

2.4.1 CHRIE(Compaction)?t =3 AMZHEEA|

AFCEC technical report(2020-04)8)0f w=w,
of7te] Z2 &Y Alzte g <ls =Tt 1% AskE
ojch T 2 oF 10% AAasitt o= Al kA
AR T 547 ok YAaaE AdHch

2.4.2 ANE 2lAZ9| 43|

ozt B4 H17k0] F=E(air voids) 37t BlAT=
UFC 3-270-0899] &4 &7 7]&ol wet #e]=of
of gt} & AolAl= olE oKt B 7S (Am)E
Aolstal meloj ¥kadsigitt. T35 AFCEC Technical
Bulletin(2020)102 AE E2tAES} FOD TS 7t

8) AFCEC Technical Report (2020-04): 1] &t Al
A AdE HuARE 59 H5Ed 717 59 oftt of
ATE HE FFgo] 2 7HsA(SGR)A v AAA
Holg 24,

9) UFC 3-270-08: v] =79 fA¢2] Aoz,
& E(expedient repair) A9 =& I 71&
Y23 g} 7jo|l=E %

10) AFCEC Technical Bulletin (2020): "Standardiz-

ing risk assessment for airfield pavements." A

9] BAH AIEAIE 5ot 2 A9 My T
Z 75]]4\—(¢f) A ZAE Asstt E39], o3 &
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3.1 Al2-29 HIo|Ho| AISZHY S7|8t

- 38 SR A fad e 6l
Al olAHAR] Al 3 HlolEl= GIS 7k 31k o
B 7S E8oto] AlBE o R FTISeIelth 71E
HAolie 3 g9 E9H AHE Hrkohe
PCl(pavement condition index)2} EF=2 29 4
g€ YEYE RWYCC(runway condition code)7F
a0 SaE= Aol At Ty ol=gh &
g AHEFCRE= AA| G2 29 FAIE FEI

Ageb] oldeke AV AFslo] gk

3.1.1 J2|E 7|8t 5t0|EE|= H[O|Ef oHE

E 3= ASTM D534010o A" AE (4
(sample unit, 9 2,500+1,000 ft') @99 =4 A
3+ ZPCD2}F ICAO Doc. 9981129] GRF(global

E EZAEQ} FOD WAE 719 4AAAE BAZ
28 A5St] glam B ZAE AAL

11) ASTM D5340-20: Standard Test Method for
airport pavement condition index surveys. &
F29 3974 2 ¥ EFSHL 0~100 Afe]
9] PCI A& AMEste 4 3 WHE

12) ICAO Doc 9981 (PANS-aerodromes): =A|HI7k
717 &9 HAAZ GRF AAC @2 &2
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reporting format) AAC| wWE FF=2 3ET
(touchdown, mid-point, roll-out) 2% Ho|EE
GIS HEAE &85t 100m AR} DH(Grid-cel)Z
s713kst5ik ol Eof AlHe kit mpEY 3E
ANZH T, )0l PIAE G HYsHA 28 S Q)

dlole] EAEL TEIIA
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3.1.2 C+3X o[ 20|0{d & Yriat

5713k Holg AE°l= FAA AC 150/532
0-6G130A AFoh= BZSL 7|HS FHEalo] 1) =
Z AFE FEPMA vs PCC), 2) 7158 A7t 4H
(sorties), 3) A °FAl & Az, 4) HARE =¥
2% glo[ElE FolodR B3Iyt ol e A
HolEE dol &9 AIE AESP] Qg i
0] 7|2 HlolE 7t "k

3.2 WORF(I2E 29 243 #4) 42 2
4 Y

E d7e] A4 =442 WORF(winter opera-
tional risk factor) Ao Ad AR &9 =@
32 AR oS R ohaat o] Fogith
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o7|1x WORF,+= 7 =7 1719 547] &
A4 AFE gulehH, o] F2E 58 &
@ 9 FOD 4 30| 371 9ujglt}. 7t
35 ou|= ohaat 2t

D=9 52848 T (7,../7,,): B3 71’4 24 st
A #E 35 ARKT,,) ] AA 2R 7Rs AdE 3
B A7K7,. )9 Hlgolt}. ot ATES] w2 EF4E3}
FUELE o] T2 ARAA JA Hgaas FET
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13) FAA AC 150/5320-6G: 1] A¥F3Ho 33
A AYoR ols HoE9 5

9 eld 249 2AE AZ.
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3) A, (Ot B 7hEA): BT Haof o2 s
A B4 Aol

4) ¢, ALA sk5 AP & AE7] 159 I4-
g3 AEHA 75Ao|th

o714 A ¥ T2 5 75 X==(PBM) &
S S-83 &9 & Agoltt. = WA 2 AJH9
£ g3l 7I5Aolt). 5 715 /A1 B-elA
= A9 2174 gajgto] ofyzt 2 Aok 7HE
AR A nEsks B7EAZE 2 EtHShahin,
2005). E5] €2 #AH A v 452 v A
5o A3 JFE vt J18ug 5487 kg B
7he EY A% v RO AE A HES
of 3K Cho et al., 2021).

B AoA Folgt WORF Al whegt 34
7t ofet 58 9 A3 E AYcle g
2 &89 4 %lon, olg 7|gte g et 2 A

SALES FsIA

=}

1

Risk; = g+ B1iWORF; + ¢ 3)

Riski & &= 7% [9] FOD ¥4 918%E vet
W, WORFi & A&d 9 &3 Aol B
0= % B> WORF AT "R =
AE HERdth 2 AL gS $3 WORF #57t
AR 29 Y23 APsEA BAE e 2=
A& HESIAH.

3.3 1kstH e 4 & I IAHLE 24

3.3.1 AS 224y A

>

OIATEY] o7t Rath B'= AT A4S &
A3t SFA|RE AFCEC technical report(2020-0
Y1404 Hare Hiel Zo] ofke] FAT ¥ 2%
S e BE5S 23T 4 ok & AFolM=
UEC 3-270-08199] Alg #ES 85t A 3=

14) AFCEC Technical Report (2020-04): 1] 3=+ A
A AlE BHIA. ozt §& AT Al EAc= 4 ¥HE
o] 2% &1 4 FOD LAE VA= BAF AE
e
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15) UFC 3-270-08 (Unified Facilities Criteria):
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E 23 Z5 vlHeke B4 As ), & ARSI 2
dof] ¥FFsHATt. o714 AV Air Void2A 358
718k Alggag 2 oujgitt
AV::rdamI =, ‘4L:fé:31'gﬂ
Alfdesign

N =14 )

3.3.2 Arrhenius &S XME8t MH ofF A

AT719 AE ESAEE I HHY 44 A5
714358k}, B Ao A= Arrhenius §HS- £ 2
= Agsto] BRRIN 9] w3t £ (k)E thadt 2ol &
Aelet. oh&®| ARy sksAlS o4l offet 2
o] Atstirt.

k= Ae E/RT (5)

o] mdlo w2 o]F th7] AFe 11 =ES
Hielele] siob ZAgke AShAA 344 w3 (brittle
failure)& #=3tth. 3¢ oFAZE X2 37 5
S AE ESAE TE &2 JteHol SHrh
JeEg dvt =2 2 EEs g 9 A4 A
E7} Bo35tHWhite, 2018). ¥ty =3} o2&
7lgto® AE EHAE E W= AF719 300
psi 21 HAYS 233t AHA ok A o, 5 4
oJ5}93tt. ol DAFI 32-10411094 Zzx3sh= 7|4t
A SEEEY GRS QR A F3t wgolth

ohed HFA SkAS HYAS et L E
& Arrhenius 7|¥F @302 oA o2 Zt}.

di=u (ﬁ) L8 (JetBlastTemp) - (Sorf‘ieFreq) (6)
Prey Tres Frey

Ecr Pir‘f
d)f—eXP(— ) X I; @)

3.4 A SHAS Sot DU ATY YUZ

Pavement Maintenance Management. U] =HIE9]

fAHY AA. AF Et(expedient repair) Al FF

oy 71 a3 grt stoleg 23k

16) DAFI 32-1041 (2024.06 7§74): v]F= "Infrastr-
ucture resilience'g 9] A4 942 oo,
2 A9 FAE "9aideg sk,

AlekEl WORF mle] B et
8} e S syt B As 2E £9
Bt el 5 ASRA JeHS SAsk gk
ol 7148 B WAL, BAF 57 Aolsteet
T At PA38 5 Aol Hlad 4 Y o

<4 ¥4 FEAPSZS YTt
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o
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oX
o
N,

3.4.1 FXAtYs U HEN 2

WORFLE2 HE WS HFEZHstandardized
values) OfH] A vl &E FTATOZHN FF A|47}
22 4(dimensionless numben)& AFEE|LEE A
Alstlt. ol deEiArter 22 =3 7129 =
717 7] Yaa £5& 5D AVolA Blud £ 9L
Al stof Aok B R AR =] ek
gt 3% ol 28 7hedE 7HIH

pal

8 WP, )0 T2 WEo] T2 WORF
A ¢ p (A 315) B
2 AT d|Zo] 42.4%9] 7]EE B

o
g
oyl
H1
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ML
T
=

i)

o] 527] ue
U ISt ol 7 BRE BelolA] A= et
AES} 239 55 Bel} ofABE £99) 47 o
w2 2L WY B WrYS ABUTH),

B2Var(X;)

Var(Y) ®

Contribution; =

V. & OIOlE] 24 I Al=Z[0]M

41 2N T g U HOIE HX2|

2 A= 22 3 HolHE &8sisioH, g5
2 A Ea(RCR)F 24 48] 2AKPCD 5 thdst
29 floleE EFsla k. ESH Monte Carlo Al
Edo]dZ B3l Hole o] ESHS B

17) AFCEC Technical Bulletin (2020): Standardiz-
ing risk assessment for airfield pavements. U]
I A AlE BEIA. AE ESAESE FOD E4Y
E I AEHAE BAFCRE dFe ArE B 4
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411 BE 77 7130 HlojE S8

od

£4 glo]E& ICAO Doc 99812] GRF 7lo|=g}ol
o et 7|29 57 AE] EIA([RCR) 1,2009 A
I ASTM D5340°] ofAsH =38 =l 274 A8 =
APC) AIE Z3sit A2 o B84 99E 7}
Z1 glojel] BAA g FEolr] ol FAA AC
150/ 5320-6GollA A15K= 'Z-score B3} 7H
< H8st0] A1d-29 B3 HlolH NES 7=t
4.2 WORF 29 Ist¥ Rad L Az

=
24

A3 A Arrhenius RES Ed) T&3F A
o1 Al(e,)7t AR B2 gAT & nlAe 9
g A5t

2
421 SAH ROl HEH R™ M

SAEAAT FA49 A9ES UegE R ¥
$3E R 2 247 R =0.84(Adj. R°=0.82) & &
A =]Qltt. o= WORF Edo] @ A4 X3 7|5t 3
7hE &2 29 fATE Bt Y A vg
o = S AARITE ol 71E9] POl B A&
R'=0.52 ti¥] oF 32% 3JH FAolct. §3] ofA%
E %39 A7 A5 H7ks 5hE ket 3 2o
o2 ®HH G3E A ejohs WAleR 43d I
87} tHTable 1).

o= 7€ PCl 95 REET w2 A9ES 714
o, A AJEiet & HolHE B3 B¢ 52 &
@ #A3 ¢ FEwrt FFES oulgitt. 59
& PCI 7|8t 712t WORF 2do] FOD Wy 9%
< Ht}p a3k og Hioh= Zos YERtt

M

N,

4.2.2 =214 HFHLIZ2 HOH 2T
glole 24 23}, &7] &7} -5°C olskz spdst

Table 1. Regression analysis resutls

Variable Beta t-value p-value
PCI -0.42 -6.11 0.000
Os 0.51 7.32 0.000
Am 0.27 3.88 0.001
Trec 0.36 5.14 0.000

3 A4 9FAl(potassium acetate) AEFFo| Z7}gt
o}, WORF A&7} §243] 55k '#lad A 1t
o] AHESIt). & olAZE 29| 35k vkt
T =58Pt opd B/l 29 #AF] AEUS
AARRIEE FE APMS fhe B AERA 23S
SH5ls 52 "ol AA 29 9A9 T x4
A dAEE Hoko 2 ¥wEsta UrKDi Graziano
et al., 2021).

o

43 8H7| FOD 223 XMz 2 XM 84
A

3
1S Al=2|0]d

WORF el fA15 epragel =Yg o
o

o BEUYL WIS Slo) BepIER ABeeld
2 Syt

43.1 A=01d 8A H 2[A3 H0| &

7129] PCC ARE KB4 AlA(scenario A)2F WORF
7]¥ke] XAAA PMA 24 A Al(scenario B)E ¥ A+
ofA= ghg 229 S gHsty] 95 10,0008]
9] BhE A& 0]E 45ttt Montew Carlo ¥
HHA1E o]-&3t AlEdo]dS T 7N g 435}

k.

WORF®™ = g(pCI™, T, A0, G.,}m} ©)
S I(W e
P(FOD) = w (10)

g5E FHAA AT A A 22 37
A7 FY = Elolo] £44& sl FOD(foreign
object debris)?] F8 ¥oloF HiFc}

D) B4 41k & dolMe AlEeeld Zdake] £
E44E& st WORF #k 758 I8 +
o] A= HAFsrt. 19 AHZ A
Hog #et A 547] ¥ (stripping)©ll
oJgt FOD A ghgo| BAXCE [s5HA 7+
Aok A SRIsHIrHs).

I

18) AFCEC Technical Bulletin (2020-04): Impact
of proactive maintenance on FOD reduction.
v 32 Al AlE EiAo] mEw, ofATES] A
AA HH AHF(surface treatment)= A ==
PAIE Hd 70%7HA AAT = A2 A5
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2) AAA 7HA] Ak&E: FAAS] BCA(benefit- cost
analysis) 7fo|=2lR1S &85t AEst At
AR AAA Helo] WS 7S Eelst
Ar}o).

432 MHA SXIHLE ESF FOD MY

AEFold A3}, WORF A= 758 AAGe =2
AAste] 14ds NE ol AZE(PMA) EWH U
(surface sealing)® £33 4%, &7] vlo o5t
FOD 4 2lA37t X 68.2% A== ZoZ 1
Bttt ol AEA] wE 2 g2 A= H
B7FE B Aol HEStolof 5tH, ol2dt HE=
g2 2 4ot s 712 ATt IriKim et
al., 2016). AFCEC Technical Report(2020-04)20)
Oﬂ/ﬂ BE v 32 7179 PMA =Y B3l A%

= 354 Ajolot.

4.4 39 2 MEIZ AR W0

E S 9 U 1] 3+ UTI’E}‘ 1(Ramstem AB)
71x]9] &4 AR B mdo] tidste] E4stct

4.4.1 =£EfRI(Ramstein AB) &
dahlem AB) Al

HIHE(Spang-

= FrER] 7|X|(ETAR): OFAHEQ] '&44'S
Z-gsto] ot 6AIRE oo E4E Yhmsks R
*%(non-disruptive operations)2 HEFOZ 4l
ek 2 Ao WORF RS2 PrErel 71x]9] #
ojglof tjdet Ax}, AA| 71X Zo] HARt 'High-
priority Repair 77t} WORFS 19Jslat AlAo]
91.4%°] YA TS HPTRD, o] WORF/} v] &+

19) FAA(2023): Benefit-cost analysis (BCA) gui-
dance for airport projects. &% <l “E} Ao
w2 37 A 9 AL ®A] HES 7]3HEge
2 = ®HE 7Pol=ERIY.

AFCEC Technical Report (2020-04): ©] It Al

A AdE HiAZ 1¥% 7HF ofATE(PMA) =Y

< B9 &5& FOD #23E 60% ol BAT

F UE ?Jo?l' AR ol .

21) DAFI 32 1041 (20249 6¥ 7H%): Pavement
management. 9] 34 241 XA, "Pavement
resilience is a force multiplier'2fal HA|5HH,
2 7Hg(ready-to-use)Z 915 otATES Al
& BE44ES A5 &8 AL 4%

20

=

AXQ1 DAFI 32-1041(2024)9] = Hsh&
—%%ﬁ‘ﬁ BANT 2SS iRtk 2 Aol
B2 715l &9 ARAE I A1 289

4.4.2 M&270L AX Jt2M(Resilience)Q| AEHEA

DAFI 32-1041 (2024)229] 'Sl& =4 X ES

lz—i BAS A3}, ofATE 7]uto] 'ofzk BEch
& AAE 232E(PCC) =4 dH 527 A

—5% AR WE 42% BEAZT ol URC

3-270-0829014 743 717 B7o] 144 wWolo

A N uAE B EAA0,)E YL 4eS
G AR,

R

=

aLG%
o]'—1 oco=

AS B4 A3}, A37golA Zﬂ?l‘?l Arrhenius ¥-&

_{'-1\_1:1—- E-Ei_] 7]]?__54 L.“l_l O]_(S‘ 7:]]T(¢f) q%'c'ﬂ'
WORF A4 A4 FOD ¥AEY R?=0849] &2
FHEAE UrE}”*E} ot 77| £8o] HiEEE F

B &4 ADAI A5t
Al 1ene e A4 @AM B3 5%
s 2 3k 2AL diedgo} stk
TS, APMSY] 9% F¥ee 9 AHAEe R
L B3R oo, 78 wAY 29 Hust aAn

_4

O

9 ol2g W WYY 1 B8 kobd 5= Itk ol
91 597 21458 A0 682 AAAOE §

;(—”'8]— _/’\_ o] _(TJL" A B

B vhisisic

22) DAFI 32-1041 (2024.06 Al 74A): v F=A A
4. "Infrastructure resilience is a force multi-
plierah WAlsld A4 7184e HeA sAz
e Ay ZAY.

UFC 3-270-08: ®] =959 {fA1#e Ao,
713 E(expedient repair) A &2 T2 71&H
gA3 H7} 7lolES I3

=

23
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5.2.1 1M8s 7HE OIAZE(PMA) £ U HFES}

A = A 7182 ods] 94 WY S4
9] FIYE EZAZ ASsta Stk sHAgE drhie
ARl 'SEEEd SHE 6] 1% A|E oA
EPMA) =4 HESPSoF gt B3|, DAFI
32-1041 (2024)290014 gt '7|9tA| A 3lERH=A]
(infrastructure resilience)' S &H3}7] 3 UFC
3-260-0225 9] 20 oFF AA #22Z =W +F
7ol ¥tgsto] A=A AZAdS SR AS Hagich

5.2.2 Ot 250 718 H3(Night-Time Expedi-
ent Repair) XA M3t

OIAZE9] A& AlF/dS E-8oto] A T
&3} ol By 3R #Ed Ad &S AEY
4871 drk 3% = fAESE 29 S99 H4a
3= AAE A= ofof gt AA| A T2 TH
T 33 F7), BS 4, 48 3 29 Ady &
A ZAok= WAoo 2 29t Hajek et al., 2011).
ol oKt 17 E4E Fol A== 2 H4 713
H-E2 27| AlF gA3E ALt by & g5
29 g Hye AST 38 Qg SHE of
W, bomb-damaged runway A& 7 A|gL o]
3 39 34 BT 28 Thee Holet
(Meyer et al., 1983).

(e}
LLESS

1—4%

5.3 OXIE EY 7|8 S8 223 2| SHE

—

=
8ol ¥l 38 EFE 29 TES FHsiep]
A3 JdxE EQ(digital twin) 7]5H] ZHE LS

24) DAFI 32-1041 (2024.06 7§7%): vl 34 A, 7]
Sk 489 184e A 43 S%(orce multi-
pliens golstel £ oo A4 sgge s

215}
i=R-N

25) UFC 3-260-02: 1] j5o] £ A4 44 7%
o2, AE7|9 219 AFL A7 AT =4 of
~ABE g 4A) 222 ATt

Aot g2 W Wil AA 9 714 A o=}
ICAO Doc 99819] GRF ¥XZEE Zglsto] WORF
A5E AATEe & A&t AAE F55ljoF gttt o]
= YARKT5) 23 Al AAA Q] RS $ET0

A3 o] Hlolele] 7Rkt FAIHG A2
A 4= A gt ESL ol v I Alg
AHACE, agile combat employment)26) 7j
Yot S e} 7le=A 2HE 998 Al

ol
o = 49 EL:
Mo I

I

i

ol
mo

s n o %
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