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Abstract: To address the cumulative damage of rigid airport pavements induced by aircraft takeoff and

landing, this study proposes the incorporation of a cement asphalt (CA) mortar stress-relief layer to
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enhance its impact resistance. Taking the B737-800 aircraft as an example, a three-dimensional finite
element model of rigid airport pavement was established in ABAQUS. Combined with the concrete
damage plasticity (CDP) model, random impact loading conditions were implemented using the
Vexternaldb and Vdload subroutines. The effects of slab flexural strength and thickness, stress-relief
layer thickness, aircraft vertical sinking velocity, and loading position on pavement damage were
systematically analyzed. The damage evolution characteristics under repeated impacts, as well as the
mitigation mechanism of the stress-relief layer were revealed. The results indicate that pavement
damage is dominated by tensile failure under repeated impacts, while compressive damage is
negligible. Increasing the flexural strength and slab thickness can delay initial damage to some extent,
but is insufficient to effectively suppress damage accumulation induced by repeated impacts. The
incorporation of CA mortar stress-reliefl layer can significantly mitigate early-stage damage
progression, reducing viscous dissipation energy by more than 90%. Under hard landing conditions,
increasing the thickness of the stress-relief layer from 2 cm to 6 cm reduces plastic dissipation energy
by 95%. However, an excessively thin layer (1-2 cm) tends to undergo tensile failure prior to the
slab. A thickness of 3-4 cm is recommended for the stress-relief layer based on comprehensive
evaluation. This recommendation is derived under the current model parameters and ideal interfacial
bonding conditions. The aircraft vertical sinking velocity has a significant influence on energy
dissipation, while the inclusion of the stress-reliel layer markedly reduces both the degree and rate of
stiffness degradation of the pavement. The stress-relief layer is effective in suppressing damage
accumulation, reducing energy dissipation, and delaying stiffness degradation, providing a theoretical
basis and technical reference for the structural design of airport pavements with high impact resistance.
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repeated impact load ; damage evolution
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Fig. 1 TIllustration of rigid pavement structure
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Table 1 Basic parameters of airport pavement structural materials

g 2 )2 JEEJE /em FLPE L /M Pa MER/N 4 WP/ (kgem )
KB IRBE 1 Tl JZ 28/32/36/40 32 000/33 500/34 500/35 500 0.15 2 400
CA Y IDIE %3 1/2/3/4/5/6 10 000 0. 20 1950
K E WA e 30 1500 0.25 2 300
KA 1R R 30 300 0.30 2 300
JE5: + T+ 3 1000 70 0.40 1920
AR & J3FF RO AT 210 000 0.30 7850
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Table 2 Spacing and dimensions of dowel bars and tie bars
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s tany it . '
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Fig. 2 Stress-strain curves of concrete under compression and tension
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Table 3 Parameters of the slab in the CDP model
8| WeikA/ O K. | S/l | BMERE | W MBS AE
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Fig.3 Stress-nonlinear strain curve for CA mortar**’

Z AR SRPE R AR /1073
(b) 2T

K4 CARRBIOIA 7

Fig.4 CA mortar damage factor **!
VPR RS )
c=Ee(l—d)+ éw )
Ao 1 E S CARPIZ PRI ;e A .
1.2 kAR FER AL
A 5 I N A TS )12 B9 B737-800 #1L
Y G 38 T A A bl fer VR T A8 46040 1 £k i
TT5rHT o A58 iR 5 38 17 22 8] %) A0 (5% 422 ik DX 388 55 £k
KT8, BSR4, CHLE B R
) b i 2 2 TSR 3 3 & 0 (Dynamic Load
Coefficient, DLOY#EATRAE %Ik B9 H T CHLE
st mm e s . DLCE XA WHLE B b sh 3k
W (B 5 d5e K A5 Bl B 6 22 b, SR B 1 IR A 5 o B737-
8OO MLIYAEAN £ 3° %A 1 Fie K 8l 2k R BUAE Ky b i A
BITE S IRE A CRAPLIZ K e TR 5 4 T T
FLIE Y (MH/T 5004—2025) H 45 i 4 e K 35 ol 8
1 2 He A Bl v s 304 Foo MR35 Modarres %'
5%, 6 il B B 1 28 i 2807 AT ST AL 75 O 22 1E 5% R B
B a8~ LO) K% v il B BRI AA 5% 1kl It
A bl T, I 7E ABAQUS i i i@ i il 26 92 X5
IR v eh gy 5 B A 1) A2 AR A in et AR o AR THARE BRIk
pl /R R 0. 04 s, % B 3 2R whids 25 o 5



% 8 #

WLFBFR E AR TG E @S A B RS B %L 51

T 45 4 B B T WS I AN 22 BRI 2K, D S e & e
ol 157 28 P P R AT T B S O 5 2 1 B (A AL
HOBORA 4B 2 ¢ i 22 ) B4 iRF (] TR] B > 0. 16 s, AT TE

BN I AR 0. 20 s I E 2 vhili P 41 . W B
W8 2, I ) 1) S 80 T 40 38 o o i 2807 900 8 2
2% JFAN XS I S bR AR AL R [ RS

x4 B737-800HLBITTH S
Table 4 Load parameters of B737-800

IRRE AT/ RN | AT Be R | R SR B AR T /KRN Jif . /MPa A4 3 i T L/ m? R EIE /m FEED L /m
663. 80 0.95 157.65 1.47 0. 107 0.395 0.272

Fy %

Po=— 8 /

0 Ac : /.& / 3
R 75 sl

p(z)zpomn(?) 0<<I1<<T (9

T= 12a. (10) () #rh
Vh

Hob PRy bl FE ) 5 A B G 2 il B p (o S Ik
Ao e J7 5 TR 8 A/E R vV, o ALY & Rt K
T s a AR IR Y Y R A

fECAHLE R R P, I E T U0 E
0.31~0.91 m-s ', 4t 1.32 m-s 'BF — LR
B 25 Bk o P S8 RO AT bR v X RHL A Bl e ) e
KAV TICHE N 3.05 m-s " F e, AWF5E 5
IEECL. Ome-s "HI3.0m-s “VERIE# &kl 5 %5
Fifi 00, I 3 — 2043 e AS [ml 2 5B DUEERE (0. 5.1, 0,
1.5.2.0.2.5.3. 0 m+s )Xt if 11 45 i) 5 475 5 Ak 9 5
U 7 N i v g el SR S v (S e T e i
(0 A GNGE P R A% P AR A (R S), RAE
Tl AN TRV AL & B 0 ) 2% g 2% 16 i 2% A 3 1 45 )
P05 1 25 5, TP VA 1 5 A

R R R AR S R bl B AT
FEAS R] 45 7 2 80015 far 2801 2000 300 03 Ak i s e o %
T AR SEBR rh A R 43 A A2 R VR AR A B RAT BURAE
DL RSG5 S5 R S, e 0 A 1 i S R IE A
AT RBGHEATRE I . AR BL R b BE— A 9 i
T Al X 3 it i Bt AL A7 %) bk e, 56 0E R T 9% R
JZ B AR R . B737-800 i v B ok Bk WUAE
HE I A3 A5 S 2 AW R 5 pR LS (o F (o & T
B
Flx)=fi(x)+ filx)=

1 {exp([x'_<7V'f'SJ/2}2)4
o 2m 20"

exp([f_(TW—'—S‘)/ZT)} (1D
20°
Ko AR ERZE T,y ER &SR B, BUS. 72 m; S,
SRy PR A ) [R] B B 0. 86 m

B 0 RS ) 4 A AR ofE 25 B 0. 775, Fe 3 il & dn

(> Wi

/N A

s, A RS,

ol 4l

FiTbiE1gRE2

0

Ced  BAHL vl o 0 i 2
5 40 PR R
Fig.5 Schematic of load points

B S5Ce) s o [T, 4 320 A 1) A A JIR A 3550 3 A, B
(B3 R 15 m(3 B il A 5 B , A B 58 26 B AL v o
i 2277 LA AL SRS R BRI T . R AR IR BE HIL
o o A B AR 1 ] AR M AR BEAIL A B AR R
rh R Bl BL A 45 R BE AL BT 5 o BAR L A
Python F2 J3 v il 1 15 B [ 2 BEHLFD T LA 46 fk BE HIL
b s A AR AR [R5 25 4 R B AL v it o7 1 g
PR A AR FERS 1 i R BOAS [F] BE AR 7 A
B 6 AL BEATUREAS | LA B B AL T 00 9 AN Aff o2
1.3 #RBWIE

R T I ST R ST (4 AL 3% T T I 4 R AR R A I
B M, SR FH A AT 3k 1 980 T ACE B737-800 far 5 7E H



52 X @ & O T B ¥ R 2026 4
A KRR S7 , I 5 A B G R ST 4 120 i
FTH 1) P AL T 2 i A v I S8R A ool
SIHEA L FLB KRR A1 ool :
00715 B =
5, =(5. 2059 — 2. 09844y, ) () . =060} g
(Kgr - gh 1 (12) HO40r =
£\ 0 0.20f
K.,=1-+0. 1236( El) /R 0 28 3 36 40 0
JERE fem
S‘il. 1291770.0454 (13) (a) 4.5MPa
3 H s 2y, A G A 50 Bk K U TR U . .
e HE 2 TOUIT 4 k(o] A R 5 K,y DU TR 7 2 ol |,
T BT U B0 T BT 2 24 5 g A T 5 1 )22 L
RS £ 5, 95 6 o B Z 0 1“8
g5 W 7 20 BT o B Kk B R H ?w' v
2.215 MPa, 5 fi 1 & i1 & W89 & K PR H #Y 040 '30§(
2. 278 MPadE# $53r , W & 25 (H A 3% LA, Ui B Jr 0.20¢ 15
S ML 37 30 T 48 4 A B TR T R TR 0 0
2 BEMEWHER T EEE GRS A,
HUAMESN 120 78
2.1 EEEMBHEM {65
2. 1.1 B ERT IR A DR -sz§
A CH R 2 Fh ML IR UUHE T8 IR wE
B (L0 mes DFITE R (3.0 mes ™), (6w {a6E
AR P % AR IR 425 L 5L B £ 7K 3 T a5 |
5 AT AT L I LA B P X R . .
3 THTARJES 390 10 45 K 32 1L/ 3 FE 45005 PR -1 S P4 4 B Py
b A A L N 6 R . R R T T L5 (© 5.5MPa
120 UG A v it 4 i e S V1-C5 fl V1-C20; fifi 5 1207 48
Bl 00 R, 1 YR 5 WA B b i 23 i0HE S V3-C1 s
V3-C5. #05 FE F 78 0~0. 98 N R MR T 351 4 |,
R VR W B 5 Wt 25 4505 6 AL i L 4 >0, 98 B, AT A -
o 3 6 A R BE R FORBAE ) B RIE T 0. SR =
B L6 T 25 00 ool 787 80 8 T R 4 % 1“5
PG B o B, St Sl HE L & 1®
TR 32 B 05 T R 3 0. 04, i 2 45 003 o e 0
AT LA WS . 7E V3-C5RE % TR L2 i 5% i ME?EP

i A G 3l T AR B9 32 4745 05 R 35 5 0. 98,
1713 52 FEs 4547 i B AR R 852 /1N, HE 32 TR 463 403 D 42 oK
10015, & REY , ZREL b fE T R
DX 3 ) 07 107 g L A e YR R Y T 5 B, A REE A
PRV Wy BT 22 M AR R, BEAE A2 B A3 B4 i 2k
2R S MR ERE ) 2 R AT ek TR

ZHififi . mmv1-c5 v1-C20 Iv3-Cl1 mmV3-C5
ZHEHG: —=-V1-C5 —e-V1-C20 —4-V3-C1 -+ V3-C5

P16 oA el £ R T AR TR]40 25 4 it 8 7 2 38 3 17 A
SEL/ 52 A3 R T AR Al A
Fig. 6 Variation of tensile/compressive damage factors in slabs of

different flexural strengths and thicknesses under repeated impact load



% 8 #

MHZ T, BT IR PR 8% & Thih
5 (2o 8~ 1245 , I b3z IR A 3 . (.
R TR B V3-CL AT, iR & 1
25 R ON 4. 5~5.5 MPa H. i i # &k 28 cm
B, 32 h7 405 IR 7 2 0. 8, 3 W 45 49 78 0 4 1=
o B el AR R © AR AR B B . Bt ol Uk
g, 0 W B2 A 2 i R TS (V3-C5)
RZGR BN IRE (d>>0.98) . RAG IR IREE -5
L3R B B 0 B R B 6 E — i BB L SR AR Y 2
P45, E Bifi 2 A 5 i ol o B R BS L A 8 A
R %) 22 Uk I 2 ol for 4 R 3 18R JR) 38 DX S80KE
R 2 7K 7 8 0 e 5 B ol L N T AR R A WS o
T U AR5 SRR B B, S A T T R A IR DR 45
WIEE i 25 aR Ak o TR, 32 28 2 7y = 1) sz gk
o e JE M R R R s A A T A A R . 5 S BR AL
Yig 47 vh TG4 i far 2 B 56 908 25 18] 43 7 e AE A L
o a5 v gk oy =X 5 5 B0UR B A 0 Pk 2R
P AN T 398 o Al JE BARE e A Rk S AR e (5 A I
JEEO Sk 4 T 25 K P b o R R L LB ORI AR B
AR
2.1.2 RHEBRERE

PEBU R om 5. 5 MPa MR 36 cm B9 ZH S 1E N
(EE I CIRESERTIR TN o = GRS T =i T LW | R T
VI1-0F1V3-0, FESLHEA s & A S (1~6 cm)
BN )1 B2 e il T00 0 5IAH V3-1.V3-2,
V3-3.V3-4,V3-5.V3-6 £IR , IEH &kl T4 h
A1 8 TROH T A PG S e St BB 05 1 BT, 4
S R A3 O 7 2l 11 (S B N
Bl 7Ca) 85 F R 3 AR b a2 R 40 IR 35 2 B df =X
WK TER R AT RS S P R e T
— B IR HR W R, 3 B0 AN 0] 3 ) SRR Ak i
o TEIEWER T T &S CARWIRN HERZ
Jei 38 ARG AR B A2 P 7, R TR
Hzpii B FARAER PSR, 5 FREGE AL,
1% G W S TR A R A 2 7 5 YR A 2 il e i
il BT Z R i B 0] 5k 0. 98, T 7F 1K ' 5% B
JZ G, HIE 10 AN G 5 0 N AR A2 i 45405 6 R 1S
HZ R i A F 8 F 0.09, E =M T VI-0 T4 5
Rt 75 28 15 20 YRAE 24 b J5 38 T AT A H B P
(4 52 PR A7 o 3k ¢ WA 14 38 1 ) 2% T )22 RE 6 A M A 28
AL H S B Ak BE R B AR il 2 0 & R ik
PN 2% .

B 7(b) S5 SRR, 5 32 b 4 A 2R 8L, 37 it
A3 TR ) R i o ot i 28 2 B B X R B G R AR 3K

WLFBFR E AR TG E @S A B RS B %L 53

1.00
098
0.96;5

EO.IO | /.*7.*/./.7./04—0444444

%30.08 i ./. /_‘/A—H—A—A—A—A—A—A—H

Sool ¢ A

\ELP(O'O6 r
0.04
0.02

0 2 4 6 8 10 12 14 16 18 20
AL

() ZH e

Wi /107
[\)

i

0.8

0 2‘468101214161820
itk EL
(b ZJEH

Z

—-V]-0 —=-V3-0 4 V3-1 V3-2
V3-3 V3-4 —#*-V3-5 —*-V3-6

P73 T A 5 TR R
Fig.7 Time-history curves of damage factor in slabs

far EBR Je PR de e, T W Inl sl 5 . I Y ) 27
FEZ 5 T8 TH B ) 32 e 40400 78 B A T R AR, O B o 22
TR 2 JEE B2 1 fn 3 i RO 2R e B . & 10 b AR
MG, & LHT B2 B840 ¥ KT V1-0 T,
A 0.001 6, SR, 7 H 45K R, N
77 9 o J A 4 i TG L O 2 A G 4 R AR 5 T
BAREHCR

SRR Z P e R L E 8 R . 4
BB FEMER TN, Y BZEE R 1~2 cm
CREHED B, 75 T8 T AR A2 hr 4t 43 B 3K 31 0. 98 ZHiT
ZRIZC R REZRWAE ., XEEZHTERZ
JEL 8 aek ik, JHEX N7 g 1 W WS 3 BCRE O A PR A i
GRS (=N E I N P S DDA ) 2 = I VN1 | B S
iy B, TEHAE LT X B E R T
5552 )22 7 A T AR 2 22 ) A B ER A Y
JBE 2 fib R S A Sy A 29 AOIRAS . AR, 7R IE T
IV BB 32 P 45 3 1 o B S kR R B B L %2 I B
VIR IR 7 4 B8 5710 1 5 2Kk KRR SRR ), &
P BT T AR K AR TR B R AE V-1 T



54 X @ B #H T £ F R 2026 4
1.00 -
0.98F ) - —." - - T gmyi-o
oI of Bt
096, o EIVIS3
0.14 _
(- < -VI-l —-VI-2 —-V3-1 3 L
0.12f . V3-2 - V3-3 - -V3-4 2 4 ﬂ
0.10F & |
x 010 Ww
2008} < 0.008
B N s - Ead
006 :
0.04} ; 0.004
0.02 ! ! —‘
P |
L. o, S T TUE NSRSy b1 WU ey J— )
0 05 10 15 20 25 30 35 40 0 5 10 . 20
/s Pt
- Az,
B8 CA I ) 27 52 Rt 0 8 T 8 i 2 (2 E%#H;
Fig.8 Time-history curves of tensile damage factor in CA mortar 150
ss-reli L B V3-0 B V3-1 0 V3-200V3-3
stress-relief layer 100 V34 V35 V3¢

TORE AR R BEE G T R RZE R Z e
6 0 IR 5 2 T MR A A TG I M 1 o 5 Y 28 R
JEERER N 2 3 em B, Z PP 5 EAE T LIS for
BAE R XA . 256 B 7O BT g el A,
MEREZIEE N 3 em 5 4 em I, XV T8 T AR (452 B
P05 B 45 S 43, T R RS A 4 om DB LR
W B AN IR R R K . 5B 45k
S TRAFMHLE, EINERIZIEFER 3~4 cm,

SO A BT 8 0 BT 2 B i A ™
it B TT AT TN o Ry il — 25 SR AIE 36 T 45 4 1) 4 A
1475 1 Ak AR AIE AR Sk B 3 b il B () 23R 9 i
AR AR BEAT S0 BT, 430 hy 5405 FE TBCRE L B8 M AE L RE AN
FhMEFEHLAE o L, 5405 AR AR 2 AE AR AE B 405 T
a5 Hp Chn iz 28 5 1 18 ) 72 A B AS AT K 2 RE AR
B AE el ST AR R EEORIR TRk S5
JR 5 VPR HRE R AN Wk 52 8 AR T T FE 1Y g
i, AR ES A N R KIS
R G548 7 B RE 73R b 5 6 FE AR W S e 45 4 1A
FAE vhb VR TR B FE R AR AR, S Bk IR T AUE
TRE B AR FHEI, 55 CDP 2% 1F W 1k 2 4L,
A T VAR 28 R S AR R FEHLRE Sy i IR AR LA
AN A5 W T R B SRS S RERE . NI ) 22 R
JE R BE S T T 25 K 4% ol R ik FE HCERS AR 09 22 £k
A2 5 AN 9~11 iR .

M I8 9 W] LA FERE G Bl T00 T 1% 48 Wil 18
I V3-0 4 5 FE R BE A £ 113.918 T, MLLZ T,
N )RR T, 45 R T 00 5 RE TR RE AR 2 R R
R SR LTE V3-1 A V3-2 T T B i 8
3G, B FEBRE DT A P K X BB R T
ZF R 2 A 3 TR A W S S 2 R B A 7
PIEIR . M RZIREER N ZE 3 em K LA LB, #i45
FE HILTE B 0% 4t 35 76 A X BAR A K o A, 76 IE

50F

~ I - m .
3]?_% 1.6}
H1.2F
go.s-
Eo04L
0.2f
0.1

0 5 10
kB
(b) T 25 kil
FE9 05 FE e s Ak R

Fig.9 Variation patterns of damage dissipation energy

601

ElV1-0
45k E3VI-1
C1vi-2
EvVi-3
30
-
= L dl
w
H0.04
=
0.02 —‘
0 5 10 15 20
it kAL
(a)  IF % 2 bl
600

400 [ V3-0 @R V3-1C1V3-2[1V3-3
200k [CV3-4 EIV3-5EAV3-6

e A\
S\

IRPERERLRE/
[SS IS

1
L T B B

0 5 10 15 20
iEnvet
(b BB

P10 SR AR RLAE AL fL ML

Fig. 10 Variation patterns of plastic dissipation energy



¥LF BB BT E T @ MR RS B AR 55

% 8 ¥
3000
EEVI-0EmVI-1CVI-2 o CIVI-3
CIVI-4E3vI-5 EVi-6
2000
1000} I I
_
s} m
Jm
=
90
%
60t
30f
0 5 10 15 20
AL
(a) IE% %&b
750
I V3-0 I V3-1CV3-2C0V3-3
CIV3-4 O V3-5EV3-6
600
=
24501
w
23001
*e&
150+
0 5 10 15 20
LT
(b) T % b

P YRR RRE AL AL
Fig. 11 Variation trend of viscous dissipation energy
H R THUT V-1 T 50608 2 o o 40 0 0 4 43 4 10
fiE ST R T V1-0 T80, 3 [FIRE IR S5 1 4 28 e 2 3 vl
i, CARPIZ AT RE B M S5 R S 2R . RS2
RS2 B AE — i B BE T % fiff 3 TR BUR 8 SZ Bt s
R A B o R SR T BB % 2 AR S5 A0 8K

P10 25 5L BH , 99 P A6 B3R Bl IsF i) 174 25 1k e #
5451005 FE BLRE HE AR — B, UL P 2[R — 16 2R L )
9K h I U [ 3 Ak , B 2 B IS 1) A9 38 K A PR AR R . TR
B i A o 8 T A 9 M AR B S 45 A
B 2447 AR 1, JEG o 9 P A 1 e 2 R AR AE CDP AR
T e 3 e 3 T AR B IO A ) 05 Ak O R ik — A4
HERIBE R AL 52y . AR T T, 40
20k Mt JE , MR R R B 43 i 3.4.5.6 cm B,
HE U P FE BCRE A AL 2 om JEE B 43 ) BRI 78,34 % .
82.47% .88.42% M1 94.67% . HEFFW . BEE Z R
J2 R (1 380, 235 4 1 1 R KRR B2 A2 2 B
il 5 1524 JE B 5t 3 em e, FL BRI B T 2% -

P11 25 R AR 54wk R, 15 B 2%
T2 ] il B PEREFORE PR AR 00 %0 DA I, RIH S5 # 1k R
A i A R B A RE IO N S RIS, R T S
B ZAE PR RE R AR RO WA A SE . FERF SR E

il for A R AS ) JEE R 2% R )2 T 0 ) R I AR
AE 22 S AR BN . BB 8By o B4 AR AT, 2 ¢
FRJZIEIE Ny 3~4 e I, BEAS B0 A R0 2% figf 1 1A 235
F YA AT 455, OF 3 B AR A5 AR ERE 1 R RUKF
AT 2 THE5 e Fe e e o T Bk g3 A, S SR ik R
4 em JEE I 2 R ZAE ST T .

1 CDP R Eep b5 o W ) R 1k (Scalar Stiffness
Degradation, SDEG) F T Ak th 2 AL il AH 5452 1
SR A AR R RI R AL AR . 3 SDEG & K{H
X N7 8 B TT AR by a0 A R i T T B R i 4
K12 iR o 532 40/ 4580 R 09 3 b B AN
[, SDEG I 7 i 2 12 20 0] 5 109 J 30 1 dbe AR AR A0 < 7
B> oty A PN, >4 b fer 208 B B, SDEG (B
[F) 2038 3 i KME, HEUE 52 hr it N e . X
& W1 45 8 R I B2 R Ak = 2 i b B L A2
JE 454 15 19 BT R AE X RN o BE o far Y T RR
SDEG i U T [ I o s e — € X [H] . 756l 35 Bl T
BN, BEE A s YRR 1 B A2 A 3 ) AS B
AR zka e KB 2 28 LA,

1.0

T R V3-0
Poho Vi

0 0.4 0.8 1.2 1.6 2.0
1) /s

Bl 12 B GO0 R E AR SDEG {74 i £k
Fig. 12 Time-history curves of SDEG in slabs under hard

landing condition

AW G R 90 5 40 25 /) 4% 2 2 ) A9 3% 4% I
BB 2 T o R4S R AP AR
ZREIZ ISR o SR, 7E SR R R el T
T, )2 AT e K AR B VIR B B R R AL, AR
56 A i 2 RS 4 Sy A B D) I R Y 4 b Bt
], 7 FLA5 S vl A R A2 R T R, R R
J2 T A A4 R R T AR S S T R 4 e T, L IR
A7 A Fly 5 T T S A ik ) A DX A A A e A
B, H A RFEH AR W . P, g R AR
FEAR B A5 RSN WU R -
2.2 XM HEXZE
2.2.1 #HETFTR#EE

ANREH FUOEFE0.5~3.0m s D&M,



56 X i E M

o et i 28X A 5 W P T A R 5 40 FE BB S B T HE
FCRE (52 M B AN 13 i o 5 SRR WY . R UL
Xof 458 1 AR TR RE S MRl S L AE R R OER B AR L FE
R A 1 R BE/N s EAT 1. Omes e R FE
e Pt K. &P 15 W op &6 5,
3.0mes LT B RE AR 5 T FE EORE 2 i Ry
1.5mes "THLE) 7. 29 f5 A1 3. 46 %5, EEJFEHTET &
HUE Bl s 0 5 7R DU BE 5 TE ARG, 1M b g 2 4B
S ROE . R AR TR E B AR Sk
B R AR RSN, 7, DT 8 T 3 45 1) 2 e o AE IR
I s B o T, LLRGPEFEHCRE S 1, Y R DO
2.5mes B 7E 5.10,15 F1 20 IRAE 3 b s 5, Rl
2350k 639. 31,2 010. 62,3 902. 01,6 033. 65 J, £ i
L0 shi JE B K. ML Z R B 14 251 5%
WIS BN 9% R )2 T B PEREHILRE B BRIK, HfE &
T35 Uk i Je B0 A Bl R 5 B v o YR B0 38 n i
PR b T A U 2% R 2 R 8 A A5 A 5 A3
i e R R A B A G 2 A0 T A
2.2.2 FEAEMEAL

P 15 g AN () far 2R A FH A 60 %o 14 ' 2% B )22 )i 1

420
-—+-C5
C10
350 C15
—=—(C20
=280
RVA )
%
Lot
K
B 140}
701 //
0 Ov5 1.0 1.5 20 25 30 35
TUCHSE (m-s™")
()  PyireEine
84r —vC5
19
[ T
Zs6f
Fie:
ﬁ 4 2 -
w
3H
WE2.81
1.4}F

0 0.5 1.0 1. 20 25 3.0 35
U E(m-s™)

(b)  FTEFERLRE
P13 ANIR) R L3 R A G M P T T 495 ) R ik 0 f R
Fig. 13 Variation patterns of energy dissipation in rigid pavement

structures under different sinking velocity

I £ F K 2026 F
300¢ —vC5
c1s
250+ e (20
=200
=
%150
=
& 100
| /

0 05 10 15 20 25 30 35
T?ﬁﬁfﬁ/(m-s")
PR 14 ASTR] T 37030 8 1 5 2 e 22 T T 2 g 28 44 T e o ML A
Fig. 14 Variation patterns of viscous dissipation energy in pavement

structures with stress-relief layer under different sinking velocity

O o g

haErp
g rh
—v—

(o)
(=}
T

FhTEFETRRE
&

20
0 5 10 15 20 25
/€
(a)  IEH &R
360
270+
=
El&)
sal
Jﬁ{-&
90
0 5 10 15 20 25
/€
(b) i 25 il

P15 AN [ i 3 T A X 3 T 245 ) 286 1 A T 1940 5 Wi 1L A
Fig. 15 Influence of different load points on viscous dissipation energy

n pavement structure
T 25 R B PEAE HCRE RS2 LA . Pl PR 1S AT UL - g
5 1E H 3 il b 2 B8 5 il 00N B AL R B R AR
HURE ¥ de R, LUk D A48 v i 4 rPos o o B
T /N o e A 2 TR 2 A ) 2 5 AR v X s
3 I BRAR I N FE SR, N T RE G A X 2 20 i 1) S AT
HIL 5 8 4 5 o 28 A% 26 7 ) AT DL 3 L, O T 4 T B
T T8 4% 3 0 A% 326 5 T N 4 19 55 88032 g BE /N i
Sr ) FBLE , I BB A S N . B A



% 8 #

FomMRFETE TG EGEMNTG RS Z A EBEIH o7

FEY, %*ﬂ?ﬁﬁ?ﬁﬁﬁ?%é@_%ﬂtﬁﬁﬁﬁ
I 77 TR A T G RS R IREDIE T X — Y 1
ﬁﬁﬁﬁﬁrﬁT,éérzoM%fé,éfﬁﬁf’ﬁﬁﬁﬁﬁ
£ B H R MR FE HORE A B T AR b B A v R R G 2%
HE A R T 20.10% . 15.01% F111.53% . X J&
B T AR A 8 0 s AR R 55, T 5 7 R N ) AR
TR b i PR T RIS SRR S R ) e, T
W25 5y R A 2 i O, A ) A s BT L
gU RS R,

3 UG EERERTER

bR A iy

R A IS B s AT rp CAL AR 0 43 A Y BE B X

S5 A6 450 10 T8 A 1 B R, R SCHE 4 bl L S 4
*ﬁ%gﬁ(ﬁﬁ%#? FIABEHL vh o 7 B AR AT R AU
30T BUKINTE B el e b v G He i LA rhe £
BP9 S Python B2 7 45 AL BE ML AL fr0 , H: rf A8 [a)
A7 MR M AEZS 43 A5, A ) A7 B R NI 20 43 A, O 5
T 48 r A DT B, B 1 O 0 IR SO 5 i — 2B 2
Vexternaldb F1 Vdload + & J3 5% 38 faf 28 it i, H: v
Vexternaldb 7E 73 T #] 45 1k By B 352 HCAh 38 B4 S
35 A common 3k , Vdload 7 & 14 1 H 4K P8 24 7y
B[] 55 AR AR 53 0 il i AH Rz 1) op o fr 20 . FE S8Rk
5T IS B BE 5. 5 MPa AR 36 cm Y414
VE S A% G W 1 3 T A, ol T8 03 SR B A Rl (VL -
0) FM 25 i (V3-0) , ifrifs YKL 15~30 UK 5 7E 1tk 2%
fill b 4 em YRR JF 5S40 B i 5 il Vi3-4
T, v B 25~50 1 o R FH A [R] B BILAE: A XF
AN T3 TH 25 R AT TR DUORGEXT LG43 i — Bk
3.1 mGELED

B B — 2H AR 1 1 B AL o o o7 S AR A O X 45 4
die ™ T Y v () 3 R TE T AR 2E AT 3 B, FEAE B 3 Rl B
B o b 167 254 R 38 AR #F SDEG 8 4k = &1 WL
KI16.17. BI16 45 REH, &5 150t i Ja , B i
PR 0] 7 JR 0 D AR AT [) I A R T IR
[] IR AFAE — 5 B BE 9 HL, Jmy 35 X3t 8 A ) 2
BAL . A 214wk RS WS AR A B W
JEE A R 2 A A BRI B R AR, o 2 R
Meihib SDEG A B 43 0. 98, %55 244~ vh i JFI 1,
MR IR Ak 5 R, B4 5% 5 A A DX R I
FEARSEg  5 27 b A5 RS  BR N B R T R A
P R Shirh e hE AR . H
G- BUR RS UIVIES S s Y= PR € N B VAL L
P i €5 b 1 BRI SDEG B4 0. 08, SDEG 6 K T

R

SDEG
(FH: 75%)
9.929x10°

9.101x10""
8.274x10™"
7.447x10™"
o 6.619x10™"
5.792x107!
4.964x107!
4.137x10""
3.310x10™"
2.482x10™"
1.655%10™"
82741072
0.000

s 254
(a) 15¥K (b) 21K (c) 241K (d) 27
it hity it i
[E1 16 B 25 i Bl AL o ol for 804 T A% 95 WO 4P T AR TS 34
SDEG i fb = &

Fig. 16 Contour maps of SDEG at the tradition rigid slabs bottom

under random impact load during hard landing

Ty 75%)

) V‘\
(‘\

¥ 8.000x102
.

o o Py R

1

7.333x10
6.667%107
6.000x1072
4.667x1072
4.000%1072
3.333x102
= 2.667x107
= 2.000x107
1.333x107

5.333x10
6.667x107

0.000

(a) 25%K (b) 35(k (c) 421k (d) 507
it ity ity ity
FEI17 T 25 il A AL ok o 280 T 18 0 8 2 A P T v ARG 5
SDEG ik = &

Fig. 17 Contour maps of SDEG at the rigid slabs bottom with stress-

relief layer under random impact load during hard landing
0. 08 W X B LUK (A bril . SR EHI L) 25 ki 5
A G 2 3R A A2 A b LS far P A i DX
F U R UE 28 B2 v A AR R ISR A T . A 50 i
&5 W5 , SDEG {H K F 0. 08 Y IX 48 3= %2 45 o 78 4R
F R S RN\ Ak T A DX I AZ vh o S ma LN R B
W AR AE U B % R )2 R S AT AU I R B a1
JRae I BN 3 N o [ /T Rl v
REAS BNART; o IR, 2 Pl 4 2 3 W 3 TR 350 O
R ™ R B E AR R AR R AE S sk
rROR DX R R T AR 7, X 5 2. 2. 2 I A
— L, WEE AR AR AR CDP BRLR %
JE N AR R AGN B AR T Bl g 5 B 4 v X, R
e A AR R TR 1 B g 1 R AR R B A
SR/ 52 AR R W A R L 3 1 i SDEG 45
AR TR



58 X @ iE

WO B ¥ H

2026 S

3.2 HEERR

WAL b ol er 84 T A )2 T 45 449 F) B e FE K
A A 18 fras . i1 18Ca) (ORI WL, Fi %
el 77 2RO O, A S W P S T ) A 40 A BERE
55 B PR AR HICAE 2R AT LR MR 3 I, JHL v A 2 il
R 214 vhaly S )R FERCRE G iR AR, X S5 16
o &L ol T AR M GR AR R B B R A R .
18O EE R R W], W B E BRI e 5 il T 00 T, 78
RLCBEATS IR T 16 36 Bl 00 T 9 15 Ge W 1 i, ik %
W) 22 B8 22 BE AT 258040 A 3 TR AR K A B A 45 47 3 1
JF f 35 W I RE B FE 15, DTN 42 TH 45 0 B 0 05 1k 5
i AP, 2B B A7 A D8 R o S DA BEAIL o ol

2401 4900
:l%ﬁﬁ%%ﬁﬁé
1ol = R FE AR 1750
- 80 ‘I‘ 6003
B 450%@
¥ 9l H
g 30038
., e
E of
st 150
0 J:E h 0
15 18 21 24 27 30
i REL
() V3-0
300 6.6
e RE
a0 | ERARIERERAE Iss
=100} 442
09 09
qm Jm
E L |+| 335
S 3t H
P 1223
2 L
i |+h ’-{-‘ t h 11.1
0755 30 35 40 45 50 0
AL
(b) V3-4
280 . 472
e
245 mmZELHEAERTE 160
210f _
= _
Vst 48 =
= -
140} 3.6 %
i3 ¥
=105t Eul
= 12.4 &2
70}
35| 112
05 18 21 24 27 30 0
ik
(¢) VI1-0

P18 BEAIL it 4o 4R P AN [7) T 1 5 40 A 44k A 1A 22 AL L
Fig. 18 Variation patterns of energy dissipation in different pavement

structures under random impact load

far 2 VE L F 45 3 B HHE B 18 AR T K (A FE g
(1) - 25 {8 S L O, ) A o 25, i — 2008 0 R S R K
X EORR B AT AL TP AN . SRR AN TR
AE B FEHUE 1Y 728 57 REUPAE —E 2 5, b V3-0 /1
V3-4 T.OLUF IS REBOCH 8% ~25Y s Ml LL ZF L IE
B R T VI-0 A8 B RBREARE 5% ~13% , 1t
IR i 2% 0 B AL oo 67 8 S AR FH i A2 1) 25 S o)
5 6 B 2 FE B 52 e B S R OB A T R
JUE N (R RE AR () %) BSO(E 285 SR A7 A — 22 B3N, B
P F2 R R T Bl AL oo 7 09 23 B 4 A REAE i R
BE A R TR E . R, & B AR Bl AL o o
B 28 A 34 JE AR — B, oA A 8 R e AL A

4 &

LB H 0 DA 24030 32 5 ZE 0 5 i 00 F
22107 5w Ja A% e W T AR Y A2 A R T
ik 0.98, M3 K454 I/ T 0. 015, 2 i 1R B 1
B R BE RIS 0 b VS AN B 22 i 00 391 45 3, (E HE L
e N N A i =R T B O E (7 K T i
JEA5 05 PR 5 B BR =X 3R ARV AE L 1T SDEG ) 3% 81 2y
Joi 3R < e {1 - [m] % 7 A8 A

(2> E CA WP I N 7 98 B )2 vl i 25 HI) 55 5 o
JE oo B0 O B IRFE LR . AR IE R B R AT L iE
TAD M At 90 W A2 R, AP R HICRE B IR o
90% s FEREERE THL T U EBZIEEH 2 com g &
3~6 cm B, SPEFEHLRE AT R AR 780 ~9500 . M4k
JZ At T, V] R SE T A MR kAR REIR DRI AR 2R R
JZIEJE R 3~4 cm,

(3D UL 1 348 o 2 S 35 o JR 3 T 45 4 ) R
SRR, T 5% R 2 BB A% A AL I RE ICRE I 4 1
FOAE ver it B2 b fer 2R A PR R AR TEREE Bl T
T2 Py 20 i I far 2OV T AR AR AL I Y RGP
FEHLRE B K, 23 i v A 4 v R A 5% rh AR 4R
20.10% .15.01% F111.53%.

CAOBEBL o 7 2T, % 8 WA T T AR UV 8 11
1B b S T UL ) R 1 R MR A B A 5 X Bl B
KA RNy B IV ) 2R T R A I AR AR
JE 5 AR REAR, T A RO 22 AR TR R SRR B T I 1 A5
¥ 4T i P i

(DA SCASE Y B 3IF 32 L X 45 48 7 g i 1o, 454 495
T8 Ak 5 BB 1 AR B 45 18 T MO T BB S 0L S AR ) 22
B HHE A RESEME . 52T A R
AR N (MRS B, LB IE Bl T B SR AN, 58 2 2
(i) 22 b R AR, - T Je 92 o )2 o A - o 4 i F 52, DA



% 84

¥ W E MBS EAR TG EG

LM ARG RS B ) E AL 59

TR TFH UK B A TR A

HTE

S % X #:

References:

[1]

[10]

XITEAR RO EE R, S ML S T X E R SR
[T]. 224 ﬁﬁz%ﬂsa}bi),2025,53(1):75—82.

LIU Shi-fu, ZHAO Hong-duo, HAO Hang-cheng, et al.
Vision and framework of smart airfield of airport [J]. Journal
of Tongji University (Natural Science), 2025, 53(1): 75-82.
ALABIB N T, SAEED T U, AMEKUDZI-KENNEDY A,
et al. Evaluation criteria to support cleaner construction and
repair of airport runways: A review of the state of practice and
recommendations for future practice [J]. Journal of Cleaner
Production, 2021, 312: 127776.
QIAN J S, CEN Y B, LING J M, et al. Dynamic stress in
the ground of rigid pavement subjected to moving aircraft loads
at various speeds[J]. International Journal of Pavement
Engineering, 2023, 24(2): 2273327.

MOHAMMED I, ZHOU Z F, AT C F. Evaluating the impact
of temperature variations and subgrade reactions under traffic-
load on airport concrete pavement performance[ J]. Structures,
2024, 70: 107704.

BARER , 4 4R 2%, SR AMS %A R TF YOLOVS-s 19 Hl 37 3 T 5+
Wy E BRI [T]. AR S 2 R CH AR BE MDD |, 2024, 54(5)
1239-1250.

ZHAO Xiao-kang, NIU Zhen-xing, ZHANG Jiu-peng, et al.
Foreign object debris detection on airport pavement based on
YOLOv5-s [J]. Journal of Southeast University (Natural
Science Edition), 2024, 54(5): 1239-1250.
Wresar, Je/NGE SRR AT, AR L K U R BE Gl T By 1k SR 4
FERRMER R [T]. = TR K2 M A KRB0 , 2021,
22(2):99-106.

CHEN Qi-qi, LONG Xiao-yong, CAI Liang-cai, et al. A

judgment standard system for preventive maintenance of
cement concrete pavement[J]. Journal of Air Force
Engineering University (Natural Science Edition) , 2021,

22(2): 99-106.

LIU S F, LING ] M, TIAN Y, et al. Evaluation of aircraft
random vibration under roughness excitation during taxiing
[J]. International Journal of Transportation Science and
Technology, 2024, 15: 65-80.

SKAFF RS, HAJJE Y, SIDDHARTHAN R V, et al. Shear
failure of unbound pavement under

investigation layers

accelerated heavy aircraft loading: Case study [J]. International
Journal of Pavement Engineering, 2023, 24(2): 2273326.
KOWALEWSKA A, BLACHA K, WESOLOWSKI M,
et al. Analysis of physico-chemical properties of geogrids used
for the reinforcement of natural airfield pavements[J]. Aviation
and Security Issues, 2023, 4(2): 375-388.

CORREIA N S, SOUZA T R, SILVA M P S, et al.
Investigations on interlayer shear strength characteristics of

geosynthetic-reinforced asphalt overlay sections at Salvador

[11]

[12]

[13]

[19]

[20]

[21]

Airport[J]. Road Materials and Pavement
Design, 2023, 24(6): 1542-1558.

MU Y F, XIAH T, YAN Y, et al.

International

Fracture behavior of
basalt fiber-reinforced airport pavement concrete at different
strain rates [ J]. Materials, 2022, 15(20): 7379.
RERR L HT LBk R, AF LS 2 AR MR SR BIL 3% U2 G T e
WL Sy o e [T]. BCDUH TR 2 2 R Gl B 5 TR MO,
2012,36(5):954-957.

YAN Xiang-cheng, WENG Xing-zhong, ZHANG Ying,
et al. Load stress of double-layer airport pavement with fiber

grid reinforcement[J]. Journal of Wuhan University of

Technology (Transportation Science &. Engineering) , 2012,
36(5): 954-957.

RAHMAN T, DAWSON A, THOM N, et al. Determining
the allowable opening-to-traffic asphalt temperature for airport
pavements[J]. International Journal of Pavement Engineering,
2022, 23(7): 2351-2369.
YANG R C, ZHAN C, SUN L, et al. Modelling the
reflective cracking features of asphalt overlay for airport runway
under temperature and airplane load coupling factors[J].
Construction and Building Materials, 2024, 451: 138774.

LU H, ZHAO C, YUANJ, et al. Study on the properties and
benefits of a composite separator layer in airport cement
concrete pavement [ J]. Buildings 2022, 12(12): 2190.

B R HL oK 1 EIRGBOE D], B
K2, 2018:89.

ZHAO Ce. Structural effect of asphalt-based isolation layer on
airport cement pavement [D]. Shanghai:
2018: 89.

(SR OY iS TIRE E *Ii*i% ’F LBTE
CA I H 5 5 B yLBL[T]. 523 iz 4y T
25(2):311-321.

GAO Yi, LI Hao-xin, MA Cong, et al. Preparation and early-

Tongji University,

FE U P e it
244, 2025,

strength mechanism of CA mortar for rapid repair and replacement
of slab ballastless track filling layer [J]. Journal of Traffic and
Transportation Engineering, 2025, 25(2): 311-321.

HU Z, SU H R, ZHANG J P, et al. Dynamic response
analysis and optimization design of airport cement pavements
based on cement emulsified asphalt mortar stress-relief layer
[J]. Construction and Building Materials, 2025, 490: 142513.
BHFY . P CA WD T RE 2 I K U TR 6t 1 B 1 25 4 43 B (D .

PR T RS R, 201773,

ZHAO Yan-ling. Analysis of cement concrete pavement
structure with CA mortar function layer [D]. Chongqing:
Chongqing Jiaotong University, 2017: 73.
RICCIO F M V, DE S BASTOS F, ALMEIDA M S S,
et al. Numerical analysis of a monitored piled-supported

embankment of an airport runway [J]. Transportation

Geotechnics, 2024, 44: 101157.
ALT S, FAWZIA S, THAMBIRATNAM D, et al
Performance of protective concrete runway pavement under

aircraft impact loading [J].  Structure and Infrastructure



60 G = S A 1 2026 4
Engineering, 2020, 16(12): 1698-1710. MPERERTFE (D], 5K . 8 PEACHE K2, 2023 88.

[22] wetW], B3R, XIPFAR , 55 . TCHL M BCHR 25 Bl b o 1) 2 ZHANG Gao-feng. Study on interface performance of CA
TG T]. 482 iy TR 24z, 2026,26(8): 1-19. mortar layer of CRTS I slab ballastless track under the
LING Jian-ming, WANG Zeng-yi, LIU Shi-fu, et al. thermal loading [D].  Chongqing:  Chongqing Jiaotong
Dynamic load predictive model for aircraft taxiing excitation and University, 2023: 88.
landing impact [J]. Journal of Traffic and Transportation [29] (s, Y BT, 5% CRTS I BUKRFIIER KN
Engineering, 2026, 26(8): 1-19. 2Pk BE Y 1 AR RN R MR [T, Rk R #h 2% 4R, 2014, 42(8)

(23] WP, ZE sl G600, 4F . ROHLAR 4 fE R BLY% 52 4 5l 989-995.

T 45 4 124 o0 B [T]. Y95 R 224 CH AR B2 0D |, 2020, FU Qiang, XIE You-jun, ZHENG Ke-ren, et al. Strain rate
41(1):111-117. effect and modeling of mechanical properties of CRTS [ type
YOU Qing-long, LI Jing-zhou, LUO Zhi-gang, et al. cement and asphalt mortar [J]. Journal of the Chinese Ceramic
Mechanical analysis of airport composite pavement structure Society, 2014, 42(8): 989-995.

under aircraft wheel load [J]. Journal of Jiangsu University [30] MODARRES A, SHABANI H. Investigating the effect of
(Natural Science Edition), 2020, 41(1): 111-117. aircraft impact loading on the longitudinal top-down crack

[24] 5 W5 . P NI e oo M BE Koo A8 R O 1 0F o propagation parameters in asphalt runway pavement using
[D]. &P ERAGm AR ,2023:11. fracture mechanics [J]. Engineering Fracture Mechanics,
PU Na. Simulation study on impact resistance and decay law of 2015, 150: 28-46.
airport rigid pavement [D]. Chongqing: Chongqing Jiaotong [31] ZRarH . B KB ML UREAL Y W 1 38 1 8 3 47 B4l 5
University, 2023: 11. FIk[D]. R F¥ K ,2017:57.

[25] WANG X, DONG Q, ZHAO X K, et al. Prediction of ZHU Li-guo. Simulation and expression of dynamic behavior
remaining service life of cement concrete pavement in airfield of rigid pavement based on virtual prototype of large aircrafts
runway [J]. Road Materials and Pavement Design, 2024, [D]. Shanghai: Tongji University, 2017: 57.

25(1): 150-167. [32] O &L gyerp . RHLAT RN K G T B 38 T AR N ) 55

[26] LIU C J, CHONG X L, WANG L F, et al. Numerical 1T Azt TR A, 2010,10(4) - 8-15.
analysis on the mechanical properties of the concrete precast ZHENG Fei, WENG Xing-zhong. Calculating methods of
pavement of runways under the wheel load [J]. Applied stress for cement concrete pavement slab under plane loads
Sciences, 2022, 12(19): 9826. [J]. Journal of Traffic and Transportation Engineering, 2010,

(271 S/NE: BB e, BODRAI, 45 . TR 35k - 9 1 450 40 458 20 76 JC A 10(4): 8-15.

EARLAE D Hr B AT ). B =4, 2019,41(5) :109-118. [33] & o . BREE-mr 4R T WL WV w b/ R e

CAI Xiao-pei, ZHONG Yang-long, RUAN Qing-wu, et al. AMAHERFFE LD ). K TR AC I K%, 2025: 91,

Application of concrete damaged plasticity model to nonlinear XU Hao. Research on the evolution mechanisms of impact and

analysis of ballastless track [J]. Journal of the China Railway wear resistance in airport rigid pavement under coupled

Society, 2019, 41(5): 109-118. environmental-load conditions [D]. Chongqing: Chongqing
[28] skwile . IRIELEM T CRTS Il BUARKIEHEHLIE CARIKZ R Jiaotong University, 2025: 91.



