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Abstract

Aircraft may overrun the runway during takeoff and landing owing to the high approach
speed, improper operation or slippery runway, leading to great loss of life and property. With
the development of international aviation industry, various aircrafts frequently land or take off
on the runway, increasing the risk of runway overrun. Thus, the security issues on the runway
end have caused significant attentions, and how to reduce or eliminate the damage to the
passengers or the aircraft structures when the runway overruns occur is an urgent problem for
the safety protection on the runway end. So far, the research work about the runway overrun in
China is still in the early stage. Under this context, this thesis conducts a systematic research
on the civil aircraft arresting system to prevent the aircraft from runway overrun. The main
investigation in this thesis includes two parts: (1) establish the comprehensive theoretical
analysis and carry out the full-scale aircraft arresting experiments for the foamed concrete
aircraft arresting system; (2) considering the deficiency of the foamed concrete arresting
material, this thesis proposes two novel arresting materials to replace the foamed concrete and
investigates the energy absorption mechanism of the new arresting materials. The main
contribution of this thesis is as follows:

(1) The aircraft wheel-foamed concrete interaction model including the crushing resistance,
tearing resistance, adhesive resistance, and friction force is proposed, and the analytical model
can predict the velocity, acceleration and final arresting distance. Through experimental
methods, the mechanical behaviors of foamed concrete arresting material under quasi-static
load are investigated. The deformation mechanism, compression strength, and the energy
absorption characteristics are also discovered. The local crushing behaviors of the foamed
concrete under indentation load are simulated based on the adaptive remeshing method. The
accuracy of the interaction model has been validated according to the full-scale arresting
experiments conducted by Federal Aviation Administration (FAA).

(2) Aiming for the B737-300 airplane, the first full-scale aircraft arresting experiment in



China is conducted, the dynamic response obtained from the arresting test shows that the
Engineered Material Arresting System (EMAS) can stop an overrunning aircraft safely. The test
result indicates that the foamed concrete can stop a B737-300 aircraft with an approach velocity
of 40 knots without causing any damage to the aircraft landing gear, validating the reliability of
the foamed concrete arresting system for the overrunning aircraft. The aircraft velocity,
acceleration, and stopping distance obtained from the arresting test agree well with those from
the numerical results, and the relative error is within 10%.

(3) A gradient foamed concrete arresting system for the different types of aircraft is
proposed, and a wheel-gradient foamed concrete arresting system coupling model is established
to predict the retardation performance. The gradient foamed concrete arresting system with
optimal arresting performance is obtained based on the multi-objective optimization method.
The theoretical model is validated by the finite element analysis (FEA) via the 3D adaptive
remeshing method. In order to obtain the gradient arresting system with minimum penetration
depth and optimized drag ratio, the multi-objective optimization has been conducted by the
design of experiment (DOE), response surface model, and numerical simulations.

(4) Inspired by the excellent impact-resistance of the dactyl club of the Odontodactylus
scyllarus, a novel double-sine corrugated sandwich structure is proposed to replace the foamed
concrete as the arresting material, which can solve the water-resistance problem and
environmental issues of the traditional arresting material. The out-of-plane compression
behaviors and crashworthiness of the bio-inspired sandwich structure is investigated based on
FEA. Compared with traditional sandwich panels, the double-sine corrugated sandwich
structure has better energy absorption capability and lower initial peak force. Thus, it can avoid
the initial damage to protect the target and enhance the crashworthiness of the sandwich
structure.

(5) A novel concept of corrugated honeycomb which can be used as the new arresting
material with better crashworthiness performance is proposed. The corrugated honeycomb
structure takes the advantage of both the high energy absorption capacity of the honeycomb and
the low initial peak force of the corrugated tube. Combining the eccentricity factor, amplitude

factor, and the basic folding mechanism, an analytical approach based on the rigid perfectly



plastic model is applied to predicting the mean impact force of the ripplecomb under quasi-
static axial crushing loading theoretically. The mean crushing force obtained from the analytical
model is well consistent with that of the simulation.

Key words: Arresting system, foamed concrete, energy absorption, novel arresting material
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Fo =nW[o,h, +0,(2R-h,)] (1.21)

PR d, AR FIFERTRE ERS ) U A E FIFE S %6 LRI D) Us 70l 3RoR N

{Wal\/Rz(Rhlhz)2+W(azal) 2Rh, —hZ, h +h, <R
u

- (1.22)
W[01R+(0'2—0'1),/2Rh2—h22] h +h, >R
2
U, Wo,\[2Rh, —hZ, h,<R (123)
o \WR, h, >R

PAAS LS 52 B2 BH PR BN () 8L B 77 T R 9

Fo =nW o, (h,+h)+o;h | (1.24)
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&l 16 ARRESTOR THENLEFRA R HSH

FeT RIS -8 T P A B & PSR BT AT, Cook SR A 1 ENEF
FITER1, H T T 55 [ 2% 22 S LA 0 1 25 Bl o e % S8 7K 52 1) 8y 2 RLAB 3l i) ims

%, {H:& FITER] FEFPEEXS B IE AR IR -T9b 7 MR+ 2T FITERIL tHEHAER,

1986 £ FAA JFK T ARRESTOR iHSEAFEFF A7 B RALAEFE BEL PR Hh o BRI 14 ALl
ARRESTOR  FHGNAS 7Y 1 37 T WHLR IR AE K17 1) S 3l B 1 B 32 0T 47 . AE 1%
TR, TRHLES ) I Bh 25 RS2 HLAC 3 BB ZKPRE T BeGE NREE . KL
P DL R DI P ) BRI A . FAA B 5 727 TKMLTE B BT R 42 BELR Hh ) ML P S B0 56
ilE ' ARRESTOR TSR B3 . Kl 16 $fid 1A H] ARRESTOR 5 AU A il
M B O LR B R N T 2, 2RI R R S ER EBRR LR
SRR KHUVRLS SR S FERR R LT RS 3 AR R A R AR
B WA EERHRIE I B AR DR IR B KR B SE . A RS S 8 2
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SR KALIE T B R = PR RE I B ) AR 2. ARRESTOR 27 it [ 3 kLAY
TS R E LI R AL B, B R PR ) R ALY S AR T B727-100, B747-100
M B707-320. WAL S H A ZARE WP E. BOAME . USRS ER . ¢
ALt 2% BEL DR B B2 DL R KL R B HLE S HE . #R4E ARRESTOR #2BH FUMI 2 5,
Heymsfield“V3EAT T RHLEBEEE B 1) RO 40 LA, Forh ROpLEBEL IR B = AR 5t 5
JE T RMLEE FIRFE S BT bR, Ty VEL TR 2 ELDR DA S AER 2 B8 VL i VS e 42 BELPR 43 3l T 1
2R BURE 3T o ARSI T PR 10 8L 7 1 A o 28 78 S 56 I 5245 38 R 400 T 26119 20% N AR
Ze EH—DREEIHh, WHEWSEAE A B 20%7EE N, MRRE A
LA A B R R B 44 SRR P38 20% ) Je f /M CHERTRII 44 SCRREE IS 20% ),
PAMR A 8 KA LE MR B . 9 TR T WHLAE S H (IRIMB R, RS, BLge
b EEAR . RRAE ST DR CHLE O A B X R BELEE S R AR, AT T 21 AR
HOPHT. T AN REBE AT, VAR o B2 72 FLJEA B 1Y 20% V8 A2 1k, (bl
CEMI B HIUE i KA (R SHUN 4 SCRFESGIN 20%) [/ ME (R4 SH
(48 SCBREEDR/N 20%), PAULHE CHLIE PP . 2R 1& T B727 K
B747 “¥MHl. FEBHRAI TS EO CYLE T PE R G R MR H 5 BRI, (H2 AR
RAPPESHTH R8T — Rk LR, H AR SRS H A 17a Bios.
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(a) EEFHER LT

—u— |Low density foamed concrete, B727
—&— Low density foamed concrete, B747
—&— Phenolic foam material, B727
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5
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E1 - -
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E2 Phenolic foam +20% Low density cone. +20
s 1 N L L N L N L R
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Stopping dist./Nominal stopping dist.

A1:B727-| (5.88E+07 Ib'in’s’, 6.65E+06kg'm’)  B1: B727-GTW(160K, 752kN)

AZ2: BT4T-| (4 47E+07 Ib'in"s’, 5.06E+07kg'm’)  B2: B747-GTW(630k, 2804kN)
C1: B727-Friction MG(0.3) D1: BT27-Thrust Reverse(1) E1: B727-CG(20% MAC)
C2: B747-Friction MG(0.3) D2: B747-Thrust Reverse(1) E2: B747-CG(19% MAC)

(o) PIKHEMSEON R R BE 5T
B 17 WHLEFIRK R U gt R
B 170 S DA R R 40 56 5 A bR B0 AT (0 REUZ g5 R, 25 R i eLiE
T2 BEA B R 4 5 2 S EEAF RS 3G K. B 17¢ 44 T B RHLEE R RFIE S HO R
HORAT I RBUE AT 45 o EMFMIETIERT . VLI HLEE—Hh I BEAR . a HfETy DLRR
PLEOALEIX 5 AN SH0, LG5I 45 B0 42452 20 50 0 ) e R o 24 RO B R A 20%
(AR AT, JHCE IS A B B8 T R 2E 15% PR o T 43 B2 H PR JE B e 2445 B B A 5
M, S AN )RS A2 BELDR [RI R HEAT 1 R G I R BB 3 TAEUS 49, RUE i R
388 T BEL A A b J5E 3 ) DAY /IN G445 B 8, (LI 445 8 (k)N B A A T ik
ORI B . 2 BEAC TLATT 45 44 (0 Bt A 2 [FI I 5 Fe RSA AT K . KHLAS YRR B
DR i P A2 B AR #E 2

Spring
Crushing foam
Slider /
Bl 18 EMAS-HlEt Sl B S R

ARRESTOR 7ETII KALEERE P RE R 5 H K $5E BEEAFMEH, 1N EAMS 3ih42
E—Fh i NI T %, (E P FNARE A E % B707, B727 A1 B747 ¥AHL. B4,
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FAA X4t 7 ARRESTOR ZihiA . 7y 79 K WAL S TNYEE, R4 FITERT 72
FPIER T H AL BP0 o SRR 7 R I 2 BH 22 4t SGAS (soft ground arrestor system)
031, SGAS 5 FITERI 32 2 X 78 T 3R A AL 7% 2% 1) By 47 12 i 2 1) 77 =X,
FITER1 /i H P A A LA SOk T SR T 2R B 47 R 42, 10 SGAS 2 H
FUEBENERA TR . KUk, MILET FITERI F25, SGAS 7E4rHT CHLELFH M BE
AR AL DS, MO P BIAR 7 AEH TR 2 LS. T 18 4t
I RHLELBRR DA RS BB, TRALAR AR 338 23 ) P AR m) 58 S RV B AR .
W RNLB BN T7 18] 1) 3 PR 7 RS S SR EE O B ROV ) 0 FE -~ 48 07 R D RV 8 BT [ 152
D3P A 7 FERI A S A LB B S, P R R] DL RN

m&=>"F, (1.25a)
i=1
160 =" 1XFy0 + [ XFyg (1.25b)
i=1
MY, = —Fyru, + (Ferns, ~Waogie, ) C0S 0+ Py SIN O (1.25¢)

FHorbm M Fu o3 55 RALEE A R o DA LA FRAE SR & ARV SR KK BT o 1L 6, 7, Fotrucr
M Faragi 5393052 KHLABRALEC S AN B ERE . SROEAMAh i) b 2 . AL BUHLES
ORI ERE . B LRI IR B SBIRE . mi, i, Femasi, Waogiei 1 6 73 I FENLEE
JFE s ATRE N . AR LSS BT PR R DL A

A
INPUT

B IMAS gty

[«

O Asura® purscnns

. A
“ SGAS Code

Tre Rutting & Whee! Load
Avcraft Strut Foroes

& 19 SGAS - Hrii R
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%, AFES R LA R R Se b B RCR B A Pr 20 . 2811, ARRESTOR Al
SGAS £ BH FIIFE 1252 R T/ DB S 1) KL Dy 73R4 BHAR P A8 I VE ], Zhang!™]
SESEH TR LA B BE EEAL TN AL AR DUAA € KL 45 A A 2 B == B AR %
RHLE TR SR RE MR, 1A R RE S AR A T KWLV B A2 (K38 o s &
CAR AR . ZNIAHE A 8 1 WHLbLRe ik st E AR RS S 1E ], JF4n
TR LA T R B A B R A, AR R . BIUIRE . R
BE 77 LA BEHERE 77 o 5t BEL i B T YR VR 4 4 B R R 35t i 4 FH TS B o
KTy EE s BIYIRE R ALY AR OR IS = SRR AR T, VR LA PRI BT U oA Rl 2
HIBH 75 KB BE 7y A2 AR B R Fh i ok TR Bt LA RL RIBAE I B RS I BEL 7T, & FH )
IIESuSaw/ Il

BKR""[ cos 5 —cos(f+a) ]
(n+1)hy

Fo, = BRoy [ cos f —cos(f+a) |+ (1.26a)

Fo, =2yR[ cos B —cos(f+a) ] (1.26b)
FD3:pOBRVZ(%a+%[sin2(ﬁ+a)—sin2ﬂ]+[sin2(ﬂ+a)—sin2ﬂ]j (1.26¢)

Fo, = 1k, (1.26d)

o B, R, 00, VAT ho 73 I HRERRTEIE  HLEEFAR . JEIRABH IR 5 . HLAG B AT 4=
BELIAR PRI AT 46 vt

UnPE 21 ez, RATLRIPEATL B 45 M RS 7% 08 1T #1355 o I B e 4 55 K LAR AR AHAE
WA 5 AN BEE, B xo TEEARE yo (LG SRE O
MM A 6 LA TR SRR ZR AT RE A yur, yve IE,  RHUEESZ B R SRR 3025
BRSTT DL 5 AN TR R WKV [ )32 PR VR TR BT 1A 32 0011l
Jikes gt KM B0 A7 R« I RSV 283k BT 1R B/ 73~ 7 F DA S kS
Ve OREE BT A B P R e KRR e WU R B TS 2K A S AT AR 1
21b 25 iz FH PR B ME S AE RS, B AS RN TR KA LA
Lot 285 B 21c. B 21d KB 21e 70 hlga 7@ e FHINAE P 5 FAA BARLES
B RHLESE i B LK B A 45 R xS b S5 RER B = TR 7 5 FAA 7Y
BRI R EBAF. BAh, B 21 45 7 ANE RBLSE A LA TR 35t 5 2 ROV AR A4 R
XA BE B R
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77 e -
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NE BRI BT IIIRZE N 8.4%, 2 U T B3 far R /K T 3 fir (1 1% 22 {3
£ 10%, T ELA A ST H 0 AR AR AR m DUA 25t o i o 1 BT ROWL A2 LR RE
NARAGH AL W LIE 2 FH A S8 A A S (LB At

500 : = ; . : = : = = 180
- _ iah —=— FAA experiment
—a—FAA experlment —e— Theoretical value
s00 L —ea— Theorefical value F
120 |
=
100 -
= 400 =
-
g E a0 =
S| =]
= ol
o 300 o
= 60 =
@
> i 1 .
Hesult comparisons 40 |- Hesult comparisons
200 | FAA avernge value  203IKN | FAAaverage value  1IT.IKN
Analytical rexult IREIKN a0 b Annivtical result 1 81BN
Average errar 3% | Avernge error B.4%
100 s 1 . 1 ! 1 . L X o : i 1 L
i} 3 8 ] 12 15 0 3 3 9 12 15
Time (s) Time (s)
(a) EIHEMZE (b) FEAPTE L

B 47 P& 727 KN EEFERE L R UK LR R

2.5 KHERRSEL T

TE 2.4 5 HIE B 7 AR g 200 KL PR TN I B A R, BRI A T DL
TRWLIE T4 B R G S 5 0 Wi 72 v DA TH 29 A & P4 JAMRL S 20060 EMAS 2
BEPERERISEM . & 48 45 T AT SEU A B B Avalle 1A NG S 4
A4=0.32, B=0.238, E=40, m=5.91 U J n=1.21., ARIETWHH 727 YT T AFREME
PRIERE . JARMEIRAE . CHLE & DL RS R S5 i
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L —a— Test result
—a— Fithng result

Siress (MPa)

A=0.32, B=0.238, E=40, m=5.91, n=1.21

L 1 L 1 L
ol 02 o4 A 08 K]
Sirain

E 48 YARIBETHA B Avalle I &S24

2.5.1 EHEKEERENT

LA T P R G SR B YUE T WILHLAC E N AR IIREE, BRI, E2BHIR IR
JEESKTRALTE TR 42 BH 28 0 (R B 1 Be A 6 B IR o AR5 20 b7 1 DU J2 82 19 KL T 42
BHLARGHIFEF MRS, B £=0.35m, £=0.40m, h=0.45m LA h=0.50m. A T {R5FHi 47K
NGB EHE P R G AAT A, WAL SR 0 & 4% I R KB BT & 64700kg 45 7 1 .
TRALEE N TE TP R G0 BTG L 9 50 71, 1A KHLIHLES 4208 0.62m. ] 49a 45
H T B KON LAE R P R R R PR A BYDIREL g BEEEBE IR . B RS B
A, BEE CHUE TP RSB R R, SN B NEEBER IR R OR, &
AL IR BE A R BY D) PR Ay 35 2 1 o AER KON LR PH I R 2 2 1) R R B A S R AL
EEEAROG, DRI R ) A 2 B A 2 LR Hl 15 JE P P e T A A A A

B Crushing resistance |
y E Friton resistance

60.42 6578 71.06

1.54.94

64

Load (KN)
&

F

-

0.25

0.35 0.40 0.45 0.50
Arrestor bed height (m)

(a) #RH 7RG REPRGH BB B AR AL
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40

Adhesive resistance {(KN)
Velocity (m/s)

Time (s) Displacement (m)
(b B REL 7 Bk ] i A i % (¢) EEAH IR MLL
49 7 [FJHE FEL PR 1t 5 B ) TG 422 BEL 2R 4 BEL e R VP A

77 FE (2.200 Fiow, BF CHLAEIS B I 72 PRS2 BRG R B A7 5 T RLIR IR S A O
PRI, EFBE o 3 AL AR S e Rl B BEL A & — AR AR, T 7E I LGRS B BEL
BEAT S E . ] 49b 45 H A BELE AR rFoR B BEL 7 rg i T O R b 2, e o N TR 0 28 A,
TR T8 TE DR/ B 24 BORS B BR8N B2 00 BEAE AR B E FE I3 i, kAL
WS 5 IR VR A RE R AR AR A1 FH S N2 SRR TR BEBR K, TR e 2338 KA Vi vt
MEHS LA IE AT BOW R R0 o, ARIETTE (2,200 KEFHFH ) B O o 1)
FEINTEE K. R ELIE] 49a K &l 49b RT AN, AR TR st BH 0k i H # TE AL PR
AL I EEIOMER, EBRBEAIE RALHLEC A SZ IR BE T K2 85%. Ak, B 49¢ 4
HH T R BT PR ONLLE 42 BEL I R A [ 0 15 P PR 42 BEL AR X L P el E A e i 2, AL T
DA H, il 42 EL DR A 15 JEL B R o, KT R A 245 R B 3/

2.52 XHEZEHIE

KSR EE AR WA AWM ESE., R A EE ., Rk EE K Y E S,
T KAL) E B T R AR SR AR AR R R AR, Bl NTEIZ B I R T R FE . AR TR
Wk, KHTERS CECE R, KM RS2 1 T B B LI E R UE .
PR, KL B i BB e LA R N VL R TR T4 BEL R G ORI S5 3 T 4 B
RGN PR PEREAT B R R AN o AR ip RS T AR WL E & RRHEME
B (MLW). A& CEE (MTW) PLA RIS KT ERE (ZFW). 2R, KHLH
RNE KERELNT WK KSR ER. XS 727 WS, XERERE. &
K CE B LA oK TE I o A 12533kg. 15129kg P A 17700kg. B727 KHL
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HUEE 12 DL BRAR 1 FE 43 32 0.62m A1 0.45m, KATLHE N SEEe 4 FHIR BRI 46 3 FE R 50

e

—IjO

B Crushing resistance . Hori;:onlal drag (KN)
| [ Tearing resistance Vertical force (KN)
|| I Friction resistance 255 | [ Drag ratio

ZFW MLW MTW ; ZFW MLW MTW
Aircraft weight Aircraft weight
(a) ZFHATHE RHLEEKZR L (b) FEAILLBE CHLE B
ST 77— 717 77 "7 T 71 T T 7 40 T T T T ¥ T ¥ T Y
—a— Zero fuel weight
e by —e— Maximum langding weight ] |
g‘ —a— Maximum takeoff weight 30 |
] -
=4 w
s E
T Sof
4 3
@ (=]
2 5]
g >
§ 10 | —=— Zero fuel weight
—s=— Maximum langding weight
—a— Maximum takeoff weight
0

y T T T g T T T
0 30 60 a0 120 1580

Time () Displacement (m)
(e) KAPRBEIBE WHLE BRI (d) AR TR LR

Bl 50 AR CHLE BB T P R SR R AR R

K 50a 25t 1 i TT . BYUIRH I DL BEE B I 6 KL AR, B 50c 45
TOREBEBE RS CHLE B AR . IR RT LA, RS CHLE =R, Hliedt NIk
TREE L2 R IR DMK, 2 REUSBIE T . BIUIRE 7 DURCRG I B 8 . e 4,
KHLEEARE I, FNBIYLAE LR EEGTIE R, R& FBUEL M. & 500 45
TR R AT B B DU LA A, oy, BED R AR A
HUEE LR 7KP L) 5 3 B AT N LU AR, A 56 B IR 22 2 B rh it 1 — R T ROHLEERR
BERIAR R — Ok, B HOBOCR I R G ReR s, HE R, Tt
VB SR AR 8T i 1 T e 3 BUR TS SRS H A R o AR G B A 22 26 BRI E KL
BRI A P ARV 2R R KT A PR B iy 55 1 3 EL 2T 1) 0. 8 i, DR EE= FH AR S FH 77 bE Y f
HEN 0.8, MWEITRTLAE, BEE WHLE A, P HEATEIRIRRE LR
REGBOR, PAAERDKT B 2 B2 86K, 1 R 2ILES E 3 B8 g ok, ERME It
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AR R DRI WYL R RN & BEAR WHLA I RE R . 18 50d 25 1 38 A7 7% B e
2, MWETFRTLUE Y, BEE WHLEEREM, WL F R K, Bt T HEERR
HRBLAF TS, 7 2 E KA EMAS RS04 R HL i Th #2145 .

2.5.3 SR MREE RIS

AT T T VAR AR AL T P R Ge B PR RE ISR, KL T
BH R G5 R F W2 TR R TR e E AR 12 v B S AR LR T2 AR TR DA N AR =R
SRR B, RNSERRTF I EA ) F R S B —E i, iR kR gL
FLARM 1% SR e MO N - AR 28 BRI TR, AR 7T SR 50 A9 B R TR
+ BRI R Ay — AR B ZRAE 20%(B] 0. 80 AT 1. 20, Herh o F7n SZIG 15 A IR TR i+ N
JIE )T B P B X £ B R Ge R RE RO REI o 7E AR5 2 500k o0 M P 2 BELR 1A 4 10 R RE A
0.45m, CHLMEEREMEREMERL TN, PFFER 0.62m.

512

[ Crushing resistance
[l Tearing resistance
128 |-| [ Friction resistance

256

| 61.54 65.78

070 1.00 1.20 140
Material strength

(a) ZBH7TREEERAPRGH BB B HIZR AL

5 T T T T T T T 40
—=— 070

z 30 L
X
8 7
s £
@ Z0t
g E
@ ]
% L
< ——1.00
2 aE

—v— 140

0 L 1 L 1 L 1 . A
0 30 80 90 120 150
Time (s) Displacement (m)
(b)) K Phe BEL 7 ek ) i 722 i % (o) EEA LML

B 51 AN EIHL R AR 0 B X X T 2 FHL 2 478 FEL i 4 RE R RZ Tl
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P 51a 25 7 HLEC AR SZ A st BE 77« AR RE 77 DL BESR R T BE 2 KM Lt T 422 LA e
SEIEIAR . BT DA Y, B AR SR G0, rhdi B Se 8 e i . 2
TR R SR EERG NS, SHLHLAE HE N B BE PR TR FE 2y, IRIEAE AT RL SR 5 TR
TR I 22 [B) 0 FEAFAE B AR 2 B A6 45 R I PH ik BB RO R 18] 510 2t 7RG B BE o Bl i
IRARESREE AR, AN A R] DLAS oS T 9 FEBAR AV AR AL, HORS B BH 7 e it 58K
X IR R AR, AURE IE N A2 RH 2 (030 P ORRE i o8 HL IR A i B o ) e
o BGR, MRS B Sz oM 2 IR IKR R B S1c 4 1A FRIRF R 55
JER, RHURE R AR iR i 2. BRI LR Y, RPLAS2 A5 R B S E AN BB 4
TR NIRRTy AT W o PANVEY AN D) < B B SN A vk = p A R R
de PP 9 PR X RO LTE T 422 B 28 96 10 BELY 1 RE A % 2 5% EE R

2.5.4 HlEF=ZRIR0

TENLIA R EBE R CHLEL S AR AR, #m LR VE 22 1 RS )RS B A [
DR A 06 BEE 7T KA LATLAS A7) 10 T 42 B R S B M B A R . FEATT R 5 08 T =R
A K /NINLES 242, 4302 R=0.5m, R=0.62m LK R=0.72m. {EAT KHLE ML RS
IS E b, FEBHRH RN 0.45m, KOHLA)HE B2 1 R K Tl 3 45 2 11,
ML R IR BT 463 B 2 50 714

512
I Crushing resistance
258 - | [l Tearing resistance
128 | | [ Friction resistance
72.
: 56 65.78
32
=
< 16
® 8
o
|
4
2
1
0.5
0.25
R=0.50 R=0.62 R=0.72
Radius (m)

(a) BFHITHE CHLEE 2 HZRAL
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7 — T T T T T T T T T L 40 T T T T T T T

w
[=]

(3]
T

S
T

o
T
Velocity (m/s)
]

Adhesive resistance (KN)

n
T

-
T

o

Time (s) Displacement (mm)
(b s B B Bt i) P AR i % (o) FBERLRE TR MR
Bl 52 AR CHLHLES A0 T #2RE 3 S PRV 1 B A R
B 52a 25t T HLER AR SZ RIS BH 77« kG PR BEL 7 AR BEHEBH 7 BB AR HLAE AR AR AL

MBI UG Y, BEE LA AR RO N, HLAS LR 2 (0 I B 70 LSRG B BE 7 o 31X
JE T BEENLE AR R, HUAS R NIRRT FHIR IR BE kb, 5 B 24 BH T 193
Mo BEAN, B 52b FETS RGN B BELAE AR A S Y T IR S . B 53¢ 4a i
TANFIRIHLEE A2 T X L A A% R 2k, MBI rpa] DUE BB HLEE A2 3K,
Xk IV )42 BEL P 2 I 2

2.6 ZEip

AN TS WHLIE T 42 B A R R TR B 1) 0 2R Ve AT T A A SR aa it /e, 704 1
DRI AR HE A B 1F R B0 R AR AIE DL RE MRS, I 1 VI I B 3 N A
IR IR AR N SEI AT BR TR, REAS AR 7 3t S Wyt ik TR st A R
45 B SRS A0 T FAE o 10 KL IR VR EE L TE T2 P R Ge i ar 1 L PR AL R R
fti EMAS HF2ETERE . N 7 IRIEIZFS R A Rk, KBS TSR 5 FAA S2I63
PEAF LB 2 T B i — 2tk 2Tz WHUE 2R ST 17O TR B
KHLE R JEIRARLEREE A RALRE AR AR 50, B E S50

(1) AREGEAT TR RIS SN SEI 15 21 1 IR IR B LA R R A b
ARKRZR, RIS AT BR T B & R PR BOR S8 B T HE R S S I BE I T R . SR
TSR AIAPREN. 77 R AZ 28 5 BUA RS B A B BAREE R — 2, B0l 1 H 1& MAE A
RIHERA T .
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(2) ARSI T HUEeAE R B AR A A st B 77« BYDIRH A7+ %6 B BH 77 BAR BE R FH
TR, Jf H 5 BN PSS iR /KT B 7T LK 3 BT A A5 S R I o AEIX DU A
BH A, st B A0 K2 85%, 3 BN it tH T8 KL 422 P 32 EEAR R TV UR AR ) T 5t o

(3) ZHA BT aE KW, T BF BRI WL PR 2 5B b i
J& o FERHLLARE P b B LA 5 1R IR TR it A A S LU ST A8 T BoRt L F) 0 A B ARG,
1 EER A S KL AR O b B R BRI WL, BEN KB HR IR EOR, i
AR TN, AHAZAR A H s M B T B

(4). FEE UM R RN, HLAC A SZ BB AT LIS B s i)y, RIterE —
SE VO B N R B IR R A5, etV RCR B R R R St
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F=F WWLEEEERASENZASIEMR

3.1 5|5

It ] el s i o P vl e, YO T2 B R e 7E RIS 37 3 i [ 22 4 07 T
EEEKREZEEM. BEl, KT HUEME RS LAE R 2 P @ A3E 1)
TCHUHLEE 0 42 BEA R & 30 7 AR AL . L FE 00 BRI AR 28 BT LI Ay 3 T4 LA R
PARCHEBRIRARSG R ER . U J15 5S8R LR AR T, X CHLE R B R 138 5)
SREE L NI R DA R4 1 PR B AR B AT A RO TN, ORAIE K HLIE T4 B &R Go e 5 i

X 1 TKMLHEAT A R0 42 BEL 4 [ B SCRT LA 3 G gk DK P s JBE ) R L A 7 4 5 1) e e 17
TS o ITEEAESR, V2 S IR H T — R KWL T2 FH R G i B A R TR AR 7
45 FAA R ) ARRESTOR 4 FH A RAL M), Heymsfield™®SUEE4E H ) SGAS HETH
FERH TR FT . Zhang3245 £ 37 1) RO LFS -1 A VR 4% 42 B T 2 7 DA S A S o i
Avalle VIR AR HE H 1K) WLHLEC -2 BEHAD RS & 3 ) 28

T SR RIS B 12 P A 2R o 20 o 4 RO 2 L S B SR B0 R 36 IE , A g
i A i FH (2 BTN RAD B F EMAS KGR UL TR, 400, B4R
R AL A2 BE S50 75 B m K S B AR, D0 T N LIE 2 FH AR G SR B0 Bt FUAH 2 1 5
MR D AT, MERENE A TR A BB L IR 45 Ot FAA T 1991 E7E R E AR A K
= BrpLm il 727 CHUEAT (AL BE SR IR AT 7T . PRSI R K 680 B
R 58 48 BERLL K e 18 38 UMMy B VA P R G0, ABSHIE 142 B &R Goxt T 1E G BEAE
50-60 9 fREE 727 CHLHIFEEBR ST . SRie gl R W] 28 H 2P R 48 n] LAFE 1000 5
RZATEEEAFLL 60 5 B H BETE I WL, 245 2 )5 1 K HLRE B R UR 3 42 BH IR
Bk, JEEARSKE CHLEE S S B BIR . EREBE M BE 1 WL S,
A I R GRS IR AT B . BT R, DI SRR -4 A R CAE N A Befg 7
R IREAT o A 1 50 UE SR TR B 36 1 2 FH AR gt v ) M L 2 B
BE, BT R KB i S i 1 TR R A =] DA b [ AT R 30 7 B 72 L1
WU HEAT T LG T2 P ST . AT (1 32 L 252 KOLTE TR 422 B S 36 PR AH DR 48715 A 2
AFEEARIISEI TR KL, YOV BER BB B . S50 I 515 4% LA S S B0 25 B o0 it

o ARURKALIE T2 PH S50 B A N 5 PR AH 7 7 5 A5 [F) 2= A VR SE A, M 45 21 1 S 56 4%
/R

~Hﬂ
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3.2 KM HFR
3.2.1 ¥ FEPAKIGHI B

AR AR RS AL T2 PH S50 R A KLU AL 3 8 737-300 4L, %245 1) KAl
N AR 737 B, FEITE 737-300/-400/-500 R FNHIARHERL . 3% 737-300 1 FH 1
RN =i L CFM-56 e AU A B, B A 1 e LR 2 B 21 T R K I e
HAE A LR — AR 737 KHLFTEEH 1) JTSD K BIHLIKHE /T . Wl 53a Fis (2
FENLIZIE AT BH S50 A3 ) SIS Sl . 1] 53b LK 53¢ 2l i T 3% 737-300
RURHLAI AR AL DA S R, o ELE R A T 5 6 R S S50 R A DR A
Bo PE 737-300 H ALK R JE N 28.9m, KAWL N 33.4m, KHLEEEA 12.5m, HARTE
FER 3.53m, FIAE K EE 2 AR BN 12.45m. AV KHLEEBE 256 s i % 737-300 AL
(1) &}y 38500kg

(a) FPHSERAHRA RIS 737-300 2L KA

- - Ol 7T (NS ] - —

- . BEOT 0w el w) "

B 1T B B (RIS W) - 13 F7 & N
(arrac) B I{l.l:II L1

i
a2
L3
1

]
- W0 FT DN (1285 WY
S, E T

— 165 F7 7 IN (32.1B W) S |

',.11 3w
L'm

APPRDE B T (142 W) el = [

(b) B737-300 KHLIHALE (e) B737-300 KALIEXLFE & MR &
B 53 FERHSER KA KR 737-300 B KA R HE MR
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FEBER A RS Y LE R sese b, THRIPE & 737-300 LN B — e s A,
ST Y A VR LI T2 R 8 L R a3 T SRk B e 28 e 1k, 308 i e B A
TKHLEEPHILFE . FAA VAR 7838 K Z) 90% i i 1 K HLAEE 70 LA R, K,
FEARVAREE TN T ORUE CHLES 1224, WEBEE 737-300 KHLEGM IR 2 40 5
(20.58m/s).

3.2.2 TKALFE=PESEIGIE AR

ROWLAE T 422 BE AR 8 A BRI | 224 RS B T A PR RE AR R BV IR VR it =y Bl o
RV A, AN RTREE L 77 B RO 408 Tmx Imx<0.3m. 78 WAL [ 42 PH R 45 1 5k
B, TN BELR B B K B2 A AR B AT AL 4 AORAIE WHLASH BLR, AT A 22 4 IR,
VLR B B AR EE DY 140m, BV SEE N 15m, #FHKIEEEH 0.32m, K
54a 25 T WHLET RGN RS R EK . 1E WILET R g8 7 b
BT 140 47, WEILTEREE T BARE T 15 A, MR T 1 B R T R
I, B3R T 2100 BUEIRIEEE A BRI B i WK Beah, A TR
UEAE KL BELAE R 2 v R 52 1) A8y AN o 9 T 28 Ay DA R 9/ 422 BEL PR 0 S 7 SR £
WIAG i B WA, RS2 PBHIR A AT S 57 1 — MO 3m MG P . 2l rike

N 0.05m, VAP RGN 3 KN E LA 3] 0.32m.

(a)

High speed camera

Bl 54 WHLUEEEERS: (a) EEKRESHWTAEE: (b) SKRATAKEHEK
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P 54b 25 1 AR S TR A WLIE TP AR e, i & B SRHOPOH B iR
TREEEARIRIUONZE ph3 . D 1 B iR iR B LA R S P E A AR 3, WHLE R
FEPL AR SR 2 A AR TR B A4 R A S0 AR FEORE 1) INLX S ML BUIE R B AE it . AH20
(IR B 1 7 B 2 8] [ E LR R 4557 [ 4 AE i, DL SfE KL B R AR
BRI B LA RL T8 R A AR 3. A IRIR R L BB I R G L 5E i A
W BRI AT 5 7 CALE BH PR (0 2% 1T LRSS 1k A0 5 BR300 42 PR 51 e 00 aa it . b4,
A RHLEZ AR A — M AERR Sm e E —MRARAT B2 CHLIE ML R G AR s, LAE T
R B ACH I B E 737 WHEE LR I s oL

323 LWNERERMEESH

R 3.2.1 WHTR, AU B S5 T ) Se5e RHLAEE 737-300 B, 1%
KHLR R R 38500kg. SEE KL B22ds T 2R EGE SRR I Rk, SRR REEN R
4t GPS. NAZMEAL. FDMALE . 550G BN R G5 . AR
Hh TR 2 A ) S PR B 2 SRk T VP A VLR TR (4 B AR ) DA A BSE KL BE B 1
TR A Rk . 325 g 1 AEBL KA PRSI i M B Y 2 . DR ACE  ME T
DA AN 1A B 5

£ 5 ERSHEE 737-300 CHLEEBESEI0 I E R &

T W A BRI SRR B
] AS $:[H R4 1K
Wt 737 FHLE AL o LT EMAS SEHLASID
Py T—— SRR M, RFTE 737 B
LA
12 LS P 4 B R
RHLER A B AL S R S A BT A A
R F 7 R A T I U 2 R
s
I
WS HED
GO 73T LRI LA FEHEE R 6 P T P B
R L Beoh
GPS M3
EMAS JEL4 % 4 45 Bt B S R EL
LIRS H R S LR ELAE
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GPS WA & 5E T WA AR b L& CHLRIZ 3 77 18 BRI 18 3 5, GPS R4t it
SIS A BT R R A ARSI RN 1575.34M GPS £ 28 % Y TTL(Transistor-
Transistor Logic)$UH 115 i — B0 BRI A2 BE AR bR, ARG FERR LA —FD 8 R NIZ 3 H Ax
(RSP TE R o SEBR b GPS $HONLTE T 55008 By BE I FH 14 2 2 5 S o AT s B i
P KRR ER I R PR EN RENE S, A5 1%E 5@ myLR L
B FBE 2 LB Hh B M R 2AE T THEANUAR, TS5 S B0 T LSk
(I EdE RS2 - 1% GPS MIHE KR EMNR & 40Hz, FIREH/N 3 HER N 0.1m/s. # GPS
R G453 (LI P 5 1R1EAT AR 40 R AT 45 31 KM LE B S A2 i n i iz

FE RN B I 2 o s AR ASCR AR KA VA SR 45 R R BN A J 2 8L, B AR A
SR A B0 A ThRE 10 B FEBER AR AN, AN 32 T S0 B ) AR A A e Bl
SRPEICIRIETE, T LG S48 SR B A N AR AT R T YO LAS 7 2 45 0 7K 2 (1 2T
Afed Hrh #ug, E CHIE R SE i R A LA M I B A TSN T EMAS I
VA BB 271280 7 VR SR A R BT R A3 AT R B AR LR DA R R A s R
WUE T ALVE LGS NS R A . X T RIS AL, MR Al 55a BAK 55b Fs
[ N1, N2 J& N3, 0000 T8 S A2 B HAT KA B 43AT R0 . X T R vk
20, N AR 55¢ LK 55d FR i MR1, MR2 M2 MR3, Z»RIALFE okt B A%
FF R AT SEAT R M. [FIFE, 7T ML1, ML2 K ML3 A& RS AT LU T35 3=
ALTE LI BHAS 71 B o

B 55 KHLRE RS PR B B
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TEIX LEHHE f A B AR T WL TE 2450 e, FH BRI ] A R AR R U 7

ARIALE R, IF A RS RV A BE 5 ARl o 3 8 R AR 3 2 3] [F) A0 A
VTN AN SR B 7 W CoY T B S VA SN M E Ll E S S o A N e M
SRR BT AL, R ke B B R AR R G R I BREIE 2000HZ HRMESR, JF
HIEW TARRE TH 9 AN F TAE. Bk, 7EANR KALIE T2 RG890 Are
B R BN LR Y AT B R e R K

B 56 RHEBH

T E M SR KL TP A AN AR, AR RSEIRAE KA BR I M 80m Ab
JE T il 56 BT HEE R 1024x 1024 i 1) SRR, DAREFD 300 WRid s KALE
TR AT FE . BeAh, i 54b R, 12 CHLGE TP R G i) — I 5ERS Sm %8 T B
FUBEAR R RIARAT,  DUE T il 86 SO HERE IR P Ig 30 0. 5 T a4 sg
ACH) S5 P LA 737-300 AL 2 — NG T IALE P R E — N E T HINLE P,
@i Matlab FATH 545G 2] CHLE BRI AL E Po, [N CHLIIRT o] LUELD P 5 P,
(WL S T2 AR Ik, % 737-300 WHLES AL AR B I (1 KPS L sk
J& LB AR AT A AT LhoE s Gn s 2T AR 2

P, (t+At)—P,(t—At)

V(t)= At (3.1)
a“%:%U+AU—2%@)+%U—AQ (3.2)
At? '
_cot| AO=R(Y)
o(t) _CO{WJ (3.3)

HrPA=1/300 ZBURERS T 25K, Po(t+Af) Po(t-At) F2 Po(H)FmASEIN ZI B O AL B, Pi(d)
Je PuO)RRN CHLEE—AHLE AL E, Pat)fe Po(0) Fon KM —MHLE L E .
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3.2.4 X#$=PHSEIS TR

il 56 Fow, WHLIETZBH S0 KB 70 N =B SERHER B, THaa ML
SEIGRY B UL R S e AL BRI B, Horp, SERRHER R B WARSEI Ty i ie . KHLEERRR
(1222, SRR B e 4 (1 223 . PR SRES WAT S I I DA DL b SE B A LA N B3 14 7
T LARSE: I BELsSeIni Be: A CHL R 3 RPUFaGEAT KL H e A St A
PUTIEIC T SERHIR % . T A LR 2S5 N & 2 2 Xig)a, WHEAT £ 1k
BOE MG A, PR G B L P Se 360 BE MITaa RE N TR L, St A h AN R 3 KL
IRER AL M. WAL EE IR G P AIE AT, A2 WHLHLEE A2 R B TE 2 Hi %
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MRR AR R AT o 5 8 2] KA LAE G v IS Fe AR, AR b IR BE VR IR AR LN
FEROKR, I HSB 4 R R W] AL AR A X+ CALE T2 R G2, B
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BEATOR RO LW . & 68 45t 1 HLAE AL 6 P38 T 42 BH 28 8 IR BN K152 17
B, 20 WHLLEE rdy AT RERT 23 AN X R S X PR R R 5L X
XA DA L) O A 58 A an BT o, ho HEBRIR IS B, o B0 by 53 50
PURE 5 R SE X L R S DXCRE M B MR B 2, R LR At

& 68 HIBTERBIRTRINZInEE
MR A2 = i, VARTR B LR BAA R E FIAE IR E TG do B RI7K-FFE AT
FoRN:
dF,, =o.BRsinpde 4.1)
Horb B RWIFCTEE . oc /e IIRTREE TR R s A o
X RRADLE WAL SRR B LRl (0, o) BHATH:, HfikiRE L
PPRESZ e 7 A () e 35t B 8 -
Foo=] "Ry =" o BRsinpdg (4.2)
AR, VLA TR E S R SR PRI /81 B8 B2 T 43 A = I
B & B AR SE B HE MRV AR R AR 28 T LA, ik
B RS2 A BT L 7T LG o DRI, AT 2V TR TR ek A BRI G s it B, an ]
69 i, ¥R RAR - 25 0 R 6 X AR Z MR SR By, B 6 X5 ESEIX )
AL RN L A AL R R D R S VAR
DRI, VRV Bk AR I ) B AR il 4 ) T A AR R AT o A

o, yES &y 43)
. = .
o, +k(e-g,) ,e>e,

Horr, e RIS LA BRI RIAL , eq JUMEIRIRBE LA REXT R 0 TR SERAR & Lo e s B
IR o
B IARIR R A RHENLSE IS AR T B R A LR, 258058 (4.3) RLLTT
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1 (4.2) BVAT1F 2IHLEE K 52 1 5t B -
F, = J-:ﬁaz o,BRsiIn (pquJrIOaz [0, +k(e—&,)]BRsingde 4.4)

—=— Actual Data
—— Fitting Data

Stress

Stralin &,
Bl 69 AR S HLT f 7 77 B3R 4%
&R 68 Pt L o< 52, ToIR/INEIIEL do b T 45 A8 7] AR R 9

oo ATh _ R(cos goh— cosa) @.5)

KIiE (4.5 KRATTHE (4.4) RIA1G 2] CHIHLEE A2 S /T Fpio
Fo. = 0,BR[cosa, —cosa ]|+ BR(o, —ke,) (1-cosa, ) +

2 2
kBR (1—c052a )_kBR CoS &
h 2 h

AR R R 5925, IR I AR E TR 5t R P I T AL (19 38 B SCRF 0T 3RO :

(4.6)

(1-cosa,)

dF., =o.BRcospde 4.7)
XTTRE (A7) 1ERVE IR B LA R AT (0, o) BEATHNBIAT45 2/ FIAENL
e bR B, HRIE:
Foo=|," R = [ ocBReospdg (4.8)
Wk (43) DA (4.5 AANTIHRE (4.8) i, 3 EL#U i 25 RIA 0N
F.,= J: o,BR COS(od§0+I:Z [0, +k(c—¢&4)|BRcOspdg
=0,BR(sina—sina, )+ BRsina, (o, —k&,) + (4.9)

kBR’a, kBR? . kBR? .
+ sin2a, ————cosasina,
2h 4h h
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4.2.3 BIYIFEA

P HE NI IRIREE LA RS, 2 0 T 35 DI WL IRIR &E L2 IR,
68 4t T ITHLA R B R IR IR B 2 PR (BT D0 2k . PRIE,  RHLAES > BhRe Fe ik
DNIARFRI VIR RE 35 AT RE O Y BIE K WHLBhRE, RIS RE AR YD) K
P ERIABY IR AT Fpo.

Fo, = 2| yRsingdg = 2yR(1-cosar) (4.10)

by FRoRIEIRIR B AR AT I AR AE

[FIREH, % BY U170 3 B B Ros N

Fe, :ZI:yRCOS¢d¢=2yRSina (4.11)

4.2.4 EEYEPRR
— RIS KL E R AR, Pk, FEEH D70 ONLLE TE 42 BH 2 42 (0 BE i 7k
BEA AT S REM o RBLHLAC AR IR B4 R} 22 Ta) B4 G0 4 3 1 B 44 g A T R4 7
A T R ) LEC AN R 5 WL IR AT RL 2 TRT R R4 7, AN D JBE 452 73 72 "RALHLES 93 >l 1 5
VAR Z 8] ) BEHE 7 o TAE KL BRI R o T AR BRS80S
AT 00 T E T DA o DRI, AL 5 YR B AR 0 BE 5 T DAL -
Fou = 1R = u(Fey + Fey) (4.12)

Horr g NFEBEA RS HLEC TR I BEHE IR T, Fo NREINAE KHLHLES b 1) 2 B4
WHETHE (4.9) K (4.11) w15 EERE CHNLES b A0 1 B A3 .

2
F. =0,BR(sina—sina, )+ BRsina, (o, —ke,) + kBR o, +
2h
(4.13)
kBR? . kBR? : .
sin2a, — cosasina, +2yRsina
4h

425 BEFEBEKITHIFTE
FRPETTFE (4.6) (4.10) 2 (4.12), HIECAEIE T F2PHILFE 52 2 ) S BH S Al RoR A -

2

F, =0,BR[cosa, —cosa |+ BR(c, —ke,) (1-cosa, )+ kiﬁ (1-cos2a,)

(4.14)
~ kBR? cos &

" (1-cosa,)+2yR(1-cosar)+ uF,
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AP, %R (2.24-2.27) TR L1532 /E AR AT v 48 2 - e 75 22 i
HFe H 1) Fne M1 Farco
Ak, HRHEE 68 AIAR H AN R LA OE R

h =he;, =R-Rcosa—h, (4.15)
h,=R-Rcose, (4.16)
Ko (4.16) RANFHHE (4.15) a3 R e R

h-g,
CoSa, —COSax =

(4.17)

FHR 42,0 FTHRRIAEIA,  TCOURR T T R G5 R B 1 VLR VR AR R 2
TERAEAR . FERTE R MR RMEREI K, BRI RIA
h=h,+s-tané (4.18)
Horps R RMNWERIIALRE ,  ho /EBHEEIE I FH R SURHTREE LA R IVIG =, 0 /&b
JEE I P R G
PLRHLE) IR ZE NG, & Fuc=Fc RIEITIE (4.13). (4.18) RIA1RBEN IS 5t
PRV e A B A T b 52 B DL R TR S BN R 0 A an B ano B0 AR o0 AT o AR
ANBTRE (414> DK (417> FBEIRI A3 204E A HLBHLES B 7K-FRE 7

4.3 BhEEHEEAZHNARTREE

FE 5 T R I B I N RS 5 R A AR AR T S R P A R R L AR BN R 2L
DI, PR AE IS AU FEAN W TR AR AL, AL RIS RO A SV BEAR R &, AT B i
HIRE AN 3 o BT B IE NS BOR BENS IR A oAU PRI IR 10 J= B IR 35847 0 AE A3
P BRI 8 2 W RS S5 AR BEAT HE i S BN SR8 A BB A R T, SEIRAS B RIAS RER. /)
AR 1 24 5 B AP 2 1 B A AR S5 R — 5 BRIE 1 G N AUE T iR R .
DR, AT v BERN VAR WYL - TR IRTR B LA R & 1) =4 FROTE AR B
UEBRVR AR AL A7 Rk LS DAl ROHLBE BB T 42 B R SR B R fE . 1B 70 43t 1 AT o
SNV -BA R =4 A BT . 8 2 AL AR /E s IS e iR, ALK LR 1
NNIRLEEE, A LS-DYNA FHINIER R (MAT24), HUEERHINTHARSEAR A IT. Bl
Rt NTURIR B L 2 B IR S5 AN A R TTIE BIRS E FIRBIIRES, A R EE N TR 2R E

89



VU E B EE IR SR ERES 2 H st

BAERAE S HINLEE BIBE A, DRk, R @K B B B T A P R G (AT
BREETE TP R G MK SE N 6m, RHA N 3 B UL RAIIA RN 0.5m. YRR EE L4k
RS UL R AR — B Ognth, IR SR /2 LS-DYNA A 5t
HMEL (MAT63). HEIW TSR0, 78 LS-DYNA B AFH R Ao vt DU T A4 5 e EAT
A% EE R4y, T A TR BB A A P D T A B e

B 70 WHLYLE-BE BB T R A IR oA R
S8R ARG ARE, AL MU AE RS PR TR B — 0 2 —H AL LA
JNTFEEIR ] . O 7 ORUENLRS A 3 S5 N YRR TR e L2 R, AERLR Eatin 1 —MEE
HUE TN L, FEXTHLEEZE 5E 70 5 HIBTAGHE N B LA R AR B ) e K

<)

Bl 71 KAWL AERE OB £ R ARB AR T4 R
ME 71 (b-¢) ATLAE H, SALEE P9 00 T AR B 4 B e 7 A SURI AL, £ 2RI BT )
ARTEABLAR AT, (HR AL TR 1R N U7 I oRIR Bt A R BRI A 3. AT
FAEH] T RIR EE N T, AU R ORI I A LS. B 72 25 i
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B - R VAR TR o 2 B PR PR AR TR A DL B AR AU 5 9 20 Sl 45 B 1 P AE K
HUHLEE £ AT BH A AL 3 B, AP ] AU AADUT 545 3 1 45 SR 5 BER 2 B 7
MR SRS - BEE LR AR T = BR i Et— 2P iz sl LSRR A
BTN, PR R TE T4 P R G AT DA ROt LA A RS L, 3R 1T 4=
AGNERVE. Wiz BT DA B E AU A R LR T 45 R K, X2 T3
HAR R o 0 25 RE RLHLAC A 32 RGBT BE 7, (B P 2 1] B DR ZE7E A% S8V VS
CAPY o DRIE, AT S (B LEE - R TE 12 AR g2 T 52 A JF Hoal UM TR S 2 A AR
ot

80 T T T T T T T T T

3
T
>
-
>
o
b
-
g
|

s
o
I

1]
o
L]

—=— Numerical F.
—e— Numerical F,
—a&— Theoretical F,.
—v— Theoretical F,,

Load (KN)
B4
I

IS
=}
T

60 |

80 1 A 1 . 1 : 1 . 1 A
1 2 3 4 5 6

Distance (m)

B 72 FRAE R TRAUAR R DA R BT VA B Bk L) DA R Fe E AT

44 MR EAER
44.1 WRE G E

RBUBE RETE T 422 BE AR e xR GE = BE PR I — b eedt, T B30 A [ e T P KL
AT 2 W (ER BT R G LA UM R S H %, BNt Ra &
HHRICIS A G, Bk, WHBEEEmEE RS2 HArfite TAR AT g, ik
TSR — 20 TAR RS L Al AR AR A o AQEAR Y I 53 0 A 5 V20t 8 i it it
ATIE BCEA AR, Ot SR AN/ IMER T SORS P 5 e S FE SO AR (R T SRR P AR
Feil, oM BT TR AL AT P AR Y 58 i H AR s B AL T . — i =
ST B AHE 3 APER: (1D, Ml ARSI B 7 iR A ok T AR B
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FEA s (2) A I ks B BUF AR AR BRIIRE A 55 30547 20 T DASRAS S N - HE 4
P (3D kbt N -fay B HEAT 70 A, A A A B ASE 2R e e R A 77 R 0 A A B A
RUHEAT WG B AT

FERNUBR BB T B R RN 2 H AR R A, 8 FH AR e i S T 77 325 A i A PR AL
Ao e [ 7 VA0 PRLR I T SRS S A AR T, RS S T AR B AR S B A A
)R A LT 5 9% 2 AR SR I et AR B B ST AR B R EEE A DL B SR 4
R B . AT 58 b B2 T T2 BE P B 45 R0 A LASAGAK 5T S8 T 7 VA 57K
HUEZBE M N 5 Bt AR 8 2 (AR R o AT 7RI UM S8, D15 S8 L bR 2
AN BT & BTSRRI (DOE) KT kA E e AR BT Rl AR SE R A
Bk T B2 SRR AR o PRI, AR 55 i) 8 THI AR 7 3 DA R A B e B A
B e B LR BB T2 P R e 2 AR e iR ¥ 4.3 15 @ A BR o8l
BB 45 R L Ge vk 8 Design-expert i 8 FEAS B TE i 4 3700 B AR AR LT, 3%
IR 7 R L RGP 5 HA R ZH UL S U S R &, &a Y40
B S ECE I R RN B ES A S

2 8 I RR RSB BIHKF

)

Cang s A58 i L -1 0 1
R () A 0 3 6
MEREE (MPa) B 0.7 0.95 1.2
igs e (m) C 0.2 0.35 0.5

442 HEREITS

Design-expert 7 T80 P T VR 2 AT B0 E RUBORE 5325, il an o &30y
7%+ Box-Behnken 7715 LA D et 77155 . A 1A REARBETE AR % B [RTI CRAIE I B T
BRI RREFEE , AT L 1 5T = /KP4 K1 1) Box-Behnken 772 R HEAT 5256 it 73 4T .
R 8 4 HSRIR B T AL AR 5 DL KR R S B TE KT, b S AR 5 2 ) A BELR )
WIE e by BURHA 0 LA RIEARTREE L M RIREE o0 Bt A R X A)YE 135 78 0 %
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JE& TR LB T B R BT B o RVE BB AR A . O 1 RS B6 FE T T2 FH AR S R B VR RE, A
TR HURE 7 b PR B SE IR LA R L R . e, BH T LA 9Kk B 5 3 BT
MrbefE, Hegiksn k.

Drag Ratio = o
FC

(4.19)

Horp Fp Al Fe 0y 3o A AL CHLILEE B 7K-7BE 7T LK 3 B 3 AT o

BH 77 bE A e KL BHR B AR RE R — A L EE 4R R, B 5 WL MRANLIZE T 2
AR BE SR DR 1l — ok, FHLT LEABOR R B B R S sl g, (HPH T Bt oK,
TRLAR v SRR 32 R B A e ] RE - B R RS M BRI AR 5% [ BB A s 2 R A -
KBTI R AR AL v SR PR KT AR R B iy 2 55 3 B3 19 0. 8 7%, PRIUE42 P R Se
TR 0.8, FIEREIRRZE CHLFHEALRTREE LR R RIRIE,
HHLEE 0 B IR ELBORIN AR FAENLEE R80T T RE KR & 3 BUR T 2R A R 4
T o AR A S 56 BE T 8 HX A A s S S S (R BIR e R AT TSR0 A 45 21X o g Wi 2 £
R ZAT BN BRI UL B A Bk 9 s

R 9 LHBIHERE
Run 0() o (MPa) h (m) Depth (m) DR
1 6 0.95 0.2 0.33 1.22
2 3 0.95 0.35 0.277 1.03
3 3 0.95 0.35 0.277 1.03
4 3 0.95 0.35 0.277 1.03
5 3 1.2 0.2 0.223 0.86
6 3 0.95 0.35 0.277 1.03
7 3 0.95 0.35 0.277 1.03
8 3 1.2 0.5 0.221 0.85
9 3 0.7 0.2 0.32 0.96
10 6 0.95 0.5 0.352 1.23
11 0 1.2 0.35 0.193 0.716
12 6 0.7 0.35 0.55 1.57
13 6 1.2 0.35 0.2549 1.03
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14 0 0.7 0.35 0.302 0.82
15 0 0.95 0.2 0.165 0.594
16 3 0.7 0.5 0.409 1.24
17 0 0.95 0.5 0.247 0.817

4.43 MmN EEBAEST

WG 4.4.2 FrhEETRABT G BUERIUER, A58 EA A TR EUE
AV 5 TR A W) S A2 DA R e 13200 (Rl ki e B 2. o, BB RV A 2%
B2 T JE R RN DI RE . O 7 HER GRS BUE 45 RN AR S, i S Ay
AT 75 T2 AR 5 0 7 TS TR % I B TR 8k 2 1R A o e 2% e I UL 75 0 i R I B 7 L A
Lo iR IR (R AR A A2 08 AR PR AU S HAT BROTBUE AR S R o L), £ Design-
expert FEi 22 AT BT TR D5 22 0 M D5 oK SR UE M L T AR R (RS i P . T 22 r AR
gyt TN T 2o A AR AR TREIUR) S VAT DL N A, BAROY P AR BE
FHR . THBA M RE RBCR S TN R E R B R AR Te ARG o X T T 2 M4l
RVPAL, AN IESF BUR RN RS (R R E R LN It e R H RY $RIE T
1, HXWASEEMENEIE 0.2 LN, BRI TS AMERERT 4, A ReU B AR5 2
BRI AT

> RE 7 e B AR A

F 10 g5 H T I RIS HR AR B B I s v g R, Hob FAEDN 20351, &
ANIZAE AL W2 1) p (B4 0.0001 IR 1ZAE AL T A5 FE T BE K AR IHEZE R 0.01%.
T8 S5 B TRE RAR? 5% 0.9913, TR HE REL RZ 4 0.9391, XS 2B AE 0.2
PAPY . FERMERERE (f55 AR LB /& 58.501, FonH 7o R KT 4. Ik,
A LAUE B BE 77 bU ) IR AL i o 7 22 B R B TR b, AR S 30002 i 0 3%
e

(D fURHA - AR EE LA 46 R R — B RO

(2). WIhEwE . RS EE LR ABUR A R B RO

(3D AR -FORESREE AR} A1 - 06 v 55 DA KA ek o B -0 v o 1) — B R 5 R
10 PEI g T IR R A, AR A FAERY: IR
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i) & 25 [R5 7 9 A>B>AB>C>BC>C*>AC>B*>A%. & 73 A H1RH /7 AR () 45 B B A 45
15 R

R 10 FHAE KRR T Z 0T R

ik T Ll Y% F i p-1H
AR Y 0.84 0.093 203.51 <0.0001
A-F 0.55 0.55 1204.13 <0.0001
B-i J& 0.16 0.16 350.12 <0.0001
C-&/%E 0.032 0.032 68.89 <0.0001
AB 0.048 0.048 103.51 <0.0001
AC 0.011 0.011 24.71 0.0016
BC 0.021 0.021 45.8 0.0003
A2 7.16E-05 7.16E-05 0.16 0.7046
B2 2.78E-04 2.78E-04 0.61 0.462
C? 0.015 0.015 33.71 0.0007
Final equation in term of actual factors
R? 0.9962
— | %k % *
. 0.9913 D=-0.23909+0.26989*4+0.29867*S+4.49694*C
—— -0.14533*4*S-0.11833*4*C-1.933*S*C
T R 0.9391 -4.5833% 420, 13*$-2.6944* C2
e VERG 58.501
1. — I .
1.4 = e
=
E 1.2
zr
z
; 1.0
=
'E X
[N
-4 -

T T T T T T T
4 L (e L 1.2 1.4 1.

Actual drag ratio
&l 73 BH 77 LRt s
> FEEIRE N AR A
AR AH [R] B9 7R M B AR B A 2 1 R 11 Fron ) 5B R BT ZE i 4 2R,
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R FABON 43.41 ZoR AR B E 1 p AHY 0.0001 Lo izBM i TS FAE AT AE K
AR R 0.01%. %G E 28R 2 0.9550, TRV E 23 R? M 0.7862,
XA SHIMZELE 0.2 LI . R (S5 MBS /2 26.810, £RHA
SEVEREERT 40 DRIk, AT DAIEBA 2 3B VR B I — O R A 07

R 11 FERE IRERR T EZSTR

T S Y5 7% F {A p-18
AP A 0.12 0.015 43.41 <0.0001
A-FE 0.042 0.042 118.13 <0.0001
B-5R[F 0.059 0.059 166.8 <0.0001
C-= % 4.56E-03 4.56E-03 12.81 0.0072
AB 8.66E-03 8.66E-03 2433 0.0011
AC 9.00E-04 9.00E-04 2.53 0.1504
BC 2.07E-03 2.07E-03 5.82 0.0424
B> 5.06E-03 5.06E-03 14.21 0.0055
C? 1.20E-03 1.20E-03 3.38 0.1034
Final equation in term of actual factors
R? 0.9775
— | k4 * *
T R 0.9550 D=0.47641+0.094761*4-0.99812*5+1.36034*C
P—— -0.06203*4*S-0.033333*4*C-0.60667*S*C
ML
T R 0.7862 | 10.55368*52-0.74977*C2
e VERG R 26.810
(1
=
& 0.5
£
04
L.
E L2
Ll

T
0.2 03

1 T
04

Actual penctration depih

Bl 74 FER R E
BEAh, i ZE TR IR T IR, LT S B R R
C1)v MPRFSRE . WURH A LR AT v L R — B 28R 5
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(2)+ FHRLEFE R AT U6 i FE 1R — B 2808

(3. WIRHA-PRESREE . BORL- BT 46 = B LA AR - #1466 P ) B R 5 2808

R 11 HFEIR A T BRI RIS, AR PR A F R
FIELR R R (BTN B>4>AB>B*>C>BC>C*>AC. MIE 74 wJ %0 7 ELBEAY it 45 5 L
1w R -

L& 1.
Uil bockght by = 0.2 i} Il helghd Iy = 05 (m)

Liq  —e— = a7 A
oo e | I, (VIR

L4

:
L2
I.I'-]_
!
|
1

—8— = 0,7, (M)
v T L2, (MPay

Ihbrag ratln
-

[Frag rable
:

L3 i -
. L 3
LA LEE - = v
[ ://r e
ad (nll - imlp
¥ T T T T T L T T | T T T —
L] i [ [ B ] 4 & ik (1] L8] [ F [ 8] ihd [ né
IMpgring angle () Dappian ancgle (")
i ™ 1.di—
& Lwiwviial sivengils & = 85708 Fa) L Sladerial strongih e = 127 %101%5
=
el I e - 147 —=—n=n2m
L (3 = =Qu
s i3 *— = S “Tb_--"' ’ 5 T w b= 02 fm
B " £ ~a
;llﬂ r__.- =|I.I o
] & i = *
15 L] A R
w e -3
e Ba| "
04 ELE I i ih3)
T T T T T T T T T T T T T
i ai 2 [N wd nd i i (] nz [N ] nd ns i
¥ pupritg amgle i) Thipping amghe (')
L &
I¥pping amglen= 0.8} ! L
14| = h=a2im L e e
v b= WS () e o ~E
& a2t [ S
] I ——
PRAE .E LB - 3 -
- i
£ i - — = = - bt gl 1= o, B )
o b —— fy= 03 i
il
e L e — e I N T
hd- {el} Bd- {x2)
T T T T T T L] T T T L]
e, KT, an, Lo, LT, Lo, e, LN LL I, L, L2,
Wabrrial strvmarh { V1§ N Laterial snrensth i 0% §

Bl 75 B AR BN RE AT LR

4.5 Z Bt
4.5.1 & E PR IEL IS

75 S T URMA . AI0G R LSR5 R 22 TR KRS A DR BN BT LS, A
B 75 (al-b2) FTLLF i FH 7 EEBEAE BRS8N i AN TS K, 352 TR A 384 Kt
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7 B R KPS B AR S 7 )42 FELR SR P38 I e 28 2 57T L ALK BHL T B
WK BB WURHA I R 7> B RE AL RHLAYEE 55 fE, IXA A 350 o HH S R
. Bhh, TTEDIEREY] . LR =Rt AR, WUR A X B L T P R St
BRI i . L 75 (al) K (a2) ATRAE H, ARG T m o B v A TR 4t A
Z O (N YR R e e o NN 0 A ) = A SN S = MR U2 dunb 2 p R Y R g A EN TGRS
FAFEIRUINS AR SR BV R TR e 2 BH PR BE 7 EE R BRI, RO B FIAE (LU |
AP BAR. A 75 (b1D fe (b2) RTLLE MY, B F A FE AR 1 BH 77 b v T i
BELAR AR AT b, 3 A B R A2 BRI ML ) 5 S TR PR — 28, X6 2 R 7K1 BH A K
LB B IR ST o R DRk 1 ORI, 80 15 JE FEE R IR 42 LR R 2 (1) BHL g B e
MR8, I 75 Cel) 2 (e2) W RLE Y, AT 5 BEAE kR B ARl o FE S8 ,
BH 77 EEAE AN B i) o

452 W EENFERENFN

Kl 76 45 T WG &L . AORERE DL A BRI IR R S, A 76 ()
Jo (o) W LLE HEEAE AR SR EERIE N, "WHLHLAC I 2B R BE AR DN o (B ABURE A X 2853
TR R REIE A FEADRL R FE LIRS A e AR B ok, DRIk, T DA UG B ARL 58 B2 %o 2 25
RIEAERBBERE. B 76 (o) K& (& 4 H IR ILE R SRR X 2 & IR 1)
SN, 5 37 TR A A R BEL R 46 e FEE PRI SN i S8 0, AFL: PRk B ORI 2 tH 3AH Ji
MRS o BOKMBURE A 3 SI0B LB T2 PR 1) JEE BE RGN, e 2823 51 KHINLAS 2 B IR T
¥y

B 76 BTHREXN FERE IR
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453 ZEGMHLEE

b LB TR 2 B R S8 IS B0 o i A DT 7T 1 2 PR AT 46 = B ARESR B2 DL A M
RHA O BHRACR 2, (HR IR RS E]— R A RSB S rE = RS 1F
W REENIN R G EE T B, St rT DU RN & BRI S 8
& LR B AR 2 2P Dhae . B HARUACEVF 2500 T AR BIE A, (H 248 TR N
FOAZINEIFANSEH, BT DA b B[R N 25 18 22 Fif &5 S5 i BAR SC g BE i A . Rk, £ H
PROCALH B T SEBR ) TRE R 3K

FE YO LAE T 42 P AR RS 75 SR K S I Ay 0o 20U T e vk 3ar, BRI 260 b 4
T PRRE : (1) CHLE T RS 1 6 AURENS A2 I B T AN 25 51 4548 BAR AT 45
f3: (20 WAL VE SREE I Wb UK 32 1) 3 T ELE5 K Fe VRl o 5 O (E AT B2 5 Bk 3
HIRE ST o AT Z H AR DO 1] b B 2 Al BR o 2 v U, BRI KL % 2R B
KRR T Ho KREEN) 0.8 £, Bk, wlRHIIEEET 0.8 1R NG H AR, B4,
N T RIE R VR ZREE K ) 22 4, MRS HE NEZRHIR IR BE R i M . BRI, s 2L
LAY ZVSE

Minimize fl=H(o,6,h,)
0.8=DR(0,6,hy) (4.20)
st. x(I) <x<x(u)
Hor H A DR 53 5T EIRFE VAR T EE . x(DF x(u) 7 2 sk 2 s 1) B FRR.

FEA 8 o e BB R I 75 2 58 ORI S A TH AR, TR 7R SRR B OB AN [R) 4
RESEH, #Am XS AR r) @ A2 EOR Bk o (E A AR PR A TS m] AR KRR B2 b i /)
TR K o i SAE P DOl XS REA BT BT SRS 2, SR JE i AR T AR R A
R, S 2 A S ST R AR ASE TR ] DAAS 1A B i 2 8] A AT T o Ve S A

454 ZAWRRLEE

— B AP RO ERSRIE AR (4200 2 BEsfALIE: 5—Fl2 Pareto
BARAETTVE, FINENRG A B AR AT 2SR 519 3 — R AU AR AR, anfs s A5 2
JP iR TR Z B bR RAL I B 1Y) Pareto sl fifs 5o /b — o7 i indse i 2 B i, XK
Al T 12552 TR 25 FE &l H AR SR 5 AR B — A H AR R EOR S48 2 H AR AL In] BRI R A A o
2 L8 B Bl A RE VA T o AR E SRR DL R DU W Sl A SR P i R R
SE AR S CIIESA EEEipgyn
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VU E B EE IR SR ERES 2 H st

B R T IR G B VT 2 W B A R — N RN S E AR, 1R R R e AT R R
o ZITIENG O PAE RO TR NI BRI RS i, HIHEETEQ, 1. d BB RN 0 Y
EHHER, d=0 KR R BT, d=1 XML ST 5. 7 DO A &
18 B2 B AN [ P 2 DA S SR e S At i P R, LG o R AN AN L 1(+) B
R AEL) S(HHH), HAE A 0.1 2246 10.

BERTIEAN /MU B bR e B, A R R B R IE N

1 Yy, <T;
t
U.—y.
d =< —/Ji T<vy <U. 4.21
i [UI_TJ i yl i ( )
0 y, >U,

Hrp T8 U 73 R BEARE CA S B ERR, ¢ R E 250
BT H AR R BB N AR 8 /INIAE, H B 2 R BRI R IR KON
0 yi <L

(4.22)

t
(Elﬁ] T, <y, <U,
U -T,

1 y;, >U,
Forp LiRom R TR 00 A0 o B R A, XN R BT Al b T4k H FR A
M) S ) B 22T

AT LR R D A PTAT R R R A LT P AME, AT BADP A BT AT i L
Bk, HERIEAON:

D = (d*d} ---d" )“Z""i (4.23)
Horb wi R BRI 1

455 ZERLUHER

FEF 4.4.3 AT 10 o o AR AR ROR SR AR B RV vk TR e LB T P AR ST 2
PRUEA T, SRECE % 50N 5B UR P LA R 48 2 B T BE RS RO J3E 0 PR TR ok - i 22 L A%
Yio TR ETTIERIZ B bR i AU R 7 2 3R R 9
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Maxmiaze D =./d.;-d,
0.2m<h, <0.8m
st. 10.7-0,<0<1.2-0,
0<6<6

(4.24)

Forp s B T A2 B AR SR B P RE EER, DV BHIR ARG R . AR5 DA SR A
JEBRE TG A e ERMEZE BRI RE S, 9Pt AR 5 B R S i
THIRIMEZEE, (HZANHIHBE 1 HRARIIAE R 5.

R 12 ool 7 RHUBEEEE T P AR SN 2 B A R B i & S5 2R . TR RN
(2 BRI BT BERCR,, HX RA BETT A2 R 79008 h=0.20m, 6=2.20 LAK
o=1.11c0. A §IE CHLBEREE T R SR 2 BRI 4 RATA 2k, AR50
W BT B LA CHL-HLE B BV TR B L 2 BHR A IR oY, A IR o 45
5 L T RN S5 SR S ARG, BEATHE LR s IR L IR Z 0 N 3.6% L K 6.1%, )
FEREAZVEE A . R, R RLE B A SR TS Y

R 12 CHBEEEREERZEN S B AR ROBAE

WURHARE(C) | MEHREEMPa) | WIEEEm) | A | FIERE(m) TR
2.20 1.11 0.2 0.7999 0.200526 0.95
Pl 45 R I 5 IE
oL & i FLA W
BH I EE 0.799900 0.833 3.6%
2B IR E (m) 0.200526 0.213 6.1%
4.6 Ih25

BT AR A HO KL T2 B AR S AE I IE A PR I, A E SR 1A ReigdE
B2 AN R AL S WAL B LB A P R G o FE T B AMHLAR I R it BE g« BT UIRE g DA R JBE
PRRE S B ST 1 RIS - FEE Y AR VR 4t L T T 42 PHL R e AR & 1 FH I B AR A
HeF =4 HIENAA RTTINERNL 1 RS -H6 i iR iR e LB T 2P R 4e i) 3D AR
TUAR BRI IE AR B B0 TR B (A 24P . bk, Z5-8 SRIR BT J7 ik e S A R AR 1Y
PR BB AR T 5 8EAT 1 BB BB TR 2P R SE 80 2 A b4 BLERAT B (3 42 BRIk RE RO B
BT RS o8 7 ERAIGA R R LSRR EE AR5 B0 2 L EE B
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VU E B EE IR SR ERES 2 H st

Lo SEIRTE RIS o fi i 2 T T iR 5 ik 1 B I T 2 B R G 2 bl dl, 53
T HA A LR S N B TR B BB T2 P R gt . BRI RIS

(1)y EFHLFE AL B T K WY LHLRE T iR TR At T8 T 42 B AR e E R AR Y,
3D A MRTHUE S R S BB TR S5 R &8s, T ARSI RE TE 142 BH & S B 4 g
RIFIEIN, Dol LT T4 B AR G i) e SR LR IR S A

(2)+ BT HE K& 51k W LRSI ZREE R R R A8, T 4503 (R BE 77 B 3 DR 6L
B LB T2 B R SR BTHR AR, VR TR Bt AR 9 B DA S A2 BELR R R} A 20T BH )
ERSES: Qb Al

(3). KHLHLAE IS NI URIR 2 FHIR IR L R 2 WU AR A2 i K8, 1%
AT R R T ZR AR T AT I T e & SRRV R R A SR A, TR A 3R AT 6 P T 22 P
RGBT IR N AZAE TR R Bt /)N

(4). HT R R EINEIAT TR EOE I R G 2 AR, m&RIas R
RYAEFARKIVIAREZ Y 0.20m, BRIy 2.20 EELKIEIRIREE AR50 N
L1log i, ZFERH R GEHA /N EIR L UL e BT LE
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SBRE {75 NeFESAEE =AM & H e BRI ST

5.1 515

KWL T2 AR SR Db T i 2 () 2 Al Bk, R DA ROt B RSk
117 H T P BT A B, AT BE G 3o KL 3R B3 DL e M plitsi . F AT, SCE DREAT AL
PR A R 1) EMAS #2H RGTE4A 3 67 FEHLIAM 109 S MUl Foemedd. 24 WLIEm
EHAG CLMIEEE T 12 8 HiE R WhL, B3 284 BHLAN i KR 1 A fir
2R R, Bk, ALY RBUE TP AR S LR WIS BB BU 2 2B 7
TS 1 2B R . SRI, KO LIE 42 AR Ge e K A A A I A R B8 1 AN D
o = B PR R T IR 2 R R0 8 B RS A5 LA AR IR TR Bt AR 2 AL R A, 3
S i) LA AT A 51 R /K AR 33 1T 3 250 RBLE= BEAT R BE 3R A L {LA2 BELR B BBER
Ferpaa m = AR AL RGN T, HEIR TR EE LA RHC I B T = AR A B Il He 2
WAT N, JF HIRRIREE AR K PR, K2 R H T2 R e X Rg IR R = )
B REETEERR, RARX LB 42 R e B g AL AR tE4h,
FE LA B IR A LA 0 IR IR IR TR ot A BEADRE, B 0 MR IR IR Bt L RO 2 AE LA P el B
MAZBHR Pt O A A, XA BEE AR K RIRE M . DRI, B 2R i 2 FEA R
R H AT W LIE 42 P & G0 e .

TR GE B T S K AR R 171991 [ LR g G g U020 e g S g U13-1990 0 el 146-146]
iR I SR T B A DU A RE ECRE 7o ATSE T 07 28 IR BT (R B A S 5
S RAESRNPI /AR, SRR . RGP R s W R Ay S o
e B AR ARSI RS, T E ROLIE 142 B I R vt i R R 20K LBl R
FEFAPER L REFERL. RIE, T LR I Ee A% & 1) e S W 4 A AT S0 0 KL T 42 BEL
Mk ARRETOARBAE, 5248 R MRHT A B 5m K A DT i A8 B IS A M R R K
PR T RiOBUE AU A e AR S 1 o I AT FRITCEMEAR T AT U 1 X B SR
ZERAEHERE S BT AR RN WA S8 /15247 8 SARG I SR A AR B, XU 80
Gk Bt OB 52 VERE, S i EEIRE DA S BEAR B AR I B, BE 40 1 AE b il
R PSRRI A HIRIAE 0T BEAh, WEIT 1 IESZB S IR LU 254 JE X XL
e SO A O RE M, A T ER1G S LI S5 A S8, 45 21 RE B R SCER 2 HO XU St
2 o
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5.2 {75 SR SR Y T LA A

2 KIE 45 ALF MWL LURARIEST IR, BRI RS it LR
G, KL T A SR e GRG0 AR I FR TR RS T D B A i 3 m
MEE BRI T 2B fiste. HAr, 15 B RS SI R0 Ao A SR EEEOR . )
IR B IR LR TR SOR A 5F RO LA S TR BB Xk, R B
SRFEVRI AT AERF IR S A R A B B R BRSSP RL IR BT R il %
TR A B AR (1), 8 B 25 2R VI R R SR B A R DL AN
RIBFIRLFT R SE ) BhREs (20« 5i& B 2T A ileas 4 BT 25 RATI 4 NS P o (58
R BN, HRRSE AL IR 145, SN e =R A, AR A RS R ALk,
e = ALK, B B Z R . 2T 3D ATENEOR, Gul'™ISE S H 1A XA 4l
HWIEEMEL (K 77a Fr). a2Vl ge iz e e A R bR 8y e, Lk
ARG I IR R 85%, HUARGERI AT 4R S AP EHILT 70% . Maol OIEEiE I /MR
JER) AR50, TSR] & R IRAHUHEZE Eb AT e K, BBk N e
BRJR AR DT AR R, bl 72K PR B BRR A SeRA R (A 77b
F7s)e TS N AR AL 2 4L RN 2 20 17 45 H 5 RARE IR =y FEAREL, AR PR i B AT
W PE L r] 5 ARSI

\ 7 R e 1)

R
:

o o
%; ’
=’ S . . P
> PO g "\‘4‘:’;:- ; PR p—

(a) WHROT AT 45 (b) iR ERBREE TR
Bl 77 SLBL 07 A A Bb R

Vr2 HARFAEMOB R L ot S = RE I RE D B S MR e T SR AR K
B 78a P, 42 R MR M A2 — b A T B RE- PE KPR BRI 5% B B ARARRIEN B
SPEAR TR T R I S S VS A . AF DN R AR g, A R
WS PR 2 X SR AR i, HLl B o A i 2 BRI, e oA i U AR B, AR S U
MEINE CAnE 78b). e EERIT, IR REAL U TR SR DKL B
RENVIRIESE; e MBI, SCaT DU 5 SR R Y. 46 R i s (10 0 e v
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FARR 2, WARENESE, s, DISSAESRSETHE He sy, & nan2 538
2, X WA AL B IHE M F R R e B e &, R
RN M) AL X LE BNV e K A8 8 R MM Mr e A WIS, T 0 2 — B PR
RIS SfT 25, B G 80 TORER/INK, N 5.588 2K LR TA6 T
5, A AR RIS 60 TRt A7, W la] B AR A e T FE AR BV K E H
KAE. BLAh, 2RI MRAR AT b A i ah o, KEERE 5 700 A 2 ii i, (]
b, Ay LGE 5 A R R AR BB S R BT P B R L, SR AR SRR A R I
Pl BT A KA IR BE FT o 1B T8¢ 45t 1 4 R i R AT JRE AU O s A B, Heph v [X
= PR R A o ol TR S ) b o R LR i e SR SR RO v A IR R aU S
PR 1E IO ) 1 5 2 SO A F) A A7 A T 3 1 A 2 7 B I A P E 0 AL T
SRR . sEAk, IR SO RN 1 R EAEAR AR KL, i igm 7 HatE

Hithe

B 78 {5 A XX e SR S5 R B BE v

BT ORI, AT SR 7 —Aopr AL A XU SO DR SR R, TR e
WL P EE . B 78d a1 kT A R MM Y JB P N R S A v B X B SOt A
Ky, TR AT BB SRR SR A B 78e P, A5 R T2 b BRI, 1AL
IR SO 1 LA N JR TR R s o Ferh by 71 2 RO AR 1 1 2 it R o v ol T PR T
111 X I SRR 45 A8 A 496 4 R MR e v o J2 b e Bl 97 Zh g o Dy 1 B0 A XA
PR XU B SCHEA B AR A, I BRSPS 2% (DR S0 sl, 243 21
IWEESAWAE
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Z(x,y)=f {cos[ﬂ'ny Xj—COS(/Z’-nX):|-COS[27[.ny yj (5.1
L L,

Forp o A1y 90 59 s A R~ T A RO AR AR DL SRR, Zx, y) 2o T~ i 22 i i A X
Wsh Ja A7 R, ne LR my 73 50 X 05 18] DL Y Sl 1) e B IR 9%
MIANEL Lo A Lo 73 OISR A FE B R TERE S f O IR 52 IR -

5.3 19X ERE SR B9 A PR T = BY K SCUG 6 E
53.1 BIRTEE

AT R AL VA TR T LS-DYNA 57 1 07 42 X I 40 Je it 2 v B A i
B R AR N B AL . R T AREI B i SR AR S (R A7 2 R e, AT R
FESL T N 79 B 8 = MR ST R BL K IE 5% SO IR 25 M A AR R I #ac 18
A PR TREAL, ot ] 79al 5 a2 A= MIE ISR, B 7961 5 b2 NIEZ RSO,
K 79c1 5 2 N LI . T LA 4k BE, X =Rl 28 AL SO
HAARRAEEE, KRN 48mm, FERE34 48mm, AR A 12mm, JEAUH
PRIREI N Smm, BSHR RN 0.2mm. JEGHR ARSI 1060 44, BAAK
e EEBREE LA LU RIS o 418 ASTM FRUEREAT 1 1060 FE-& BAndE F R AR S8R, K]
80 45t T iE I B IR AT B 1060 FHA G Ny AR 2R, [FIR A T RIS A i bR
HERSE, R 13 A H T 1060 854 SR 1% 55

B 79 AN[E et R g5 4 K TR R BR oA A
£ 131060 S5 & &M BIIELR S1ESH

W SRR B TAFAEL JE RN Ag PRy
2700 kg/m’ 68 GPa 0.33 65 MPa 74 MPa
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& 80 1060 $5-& SR H LIS R

WRAEEL 79 B U S8 5 R SE T = MBI SUIGEMR . IE5Z SRR BA S X
HH % SIS A FROCRR, 25 R 81 Fm . ARSI AL T . R
ANNIERR 2 18], EJ7 RIEAR L 2mm/min 18 (938 B 6 B ) R R 4RSI, TR
J7 IR AAE AT FR UG RARFF B A . by FRANKITERR R 8 4 dlsfh s,
T SRR B /2 4 75 25 Belytschko-Tsay 7% 870, X AR A R BICE RN A 1 4
G mUMIR R FE T 1) 1A S ARG mie thdh, SR T 5E T MR v TR il R i 1 43 o
TG LAIRE S F Re AR A DL SRR E o SR B 3l B ARSI SO B & (AT, R
HI B Sl - AR AR AT, b R WA S i SO T A AT A o O 1 T R 53 A A
A% RN LA A2 980D T SR ) DA R ORUE R BRE FE R ER , AR HEAT T A WS S 2 BT e 4
EELT 0.3mmx0.3mm % KN

12 T . T v T - T v T v T

‘o — Triangle core
i Single sinusoidal core
- Doubel sinusoidal core
B
| A A j
e 1} Triangle 2} Singhe-sin 3). Double-sin N
2k g
of J

Displacement (mm)

Bl 81 =i SIS WL A AL i 2%
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Kl 81 45t T = RR SRS RAEME RIS R A8 260 N BT AL 2k . = MBI EUR
TEIEAE S AR b 2 DL IR WA 3 A7, 32 F T = TR I SO TE AR PR AR A B,
82(A ) FIT7 ot JZ IR Jt ol 27 A — AN A B o AEAEAN R RS R AR ) B B BB AL
73X A SRV 224 BRI S Z AR IR B 43, IX 020 o B R = G2 BV B 3
AN ER S EREE S E T R R AR BN 2 EORE TR (AT 82(A3)), BB R
FEAR AR I BAB AT o T IESZ I SOOI R A SR 5 E R AR b o & 7= 4 %8
YRR, RIS — BRI ) B 2 IR SRRSO 8 2 R 5, Rt B IR A
PR IRIEE . AT = AIBR ST LA R RS2 SRR, B I SO e R A
JE 455 ok P R 5 B 1 26 5 R I R, T LU I SRR AR S2 AR A B Ay BN
B 83 Atz )e 0TS92 Br AR A A i) e R USCRE B, A SR U R A A 1o R 2 X A R
[ 45 A) 3t RS T™ B FRIR AR 1477, 0T L % SCAR A R DAL A7 P X i 5 ST P 285 A
TRA AR 20045 1 AR oAb, AR il B 25 M SO R RE B R S RE 7 1 B B Ay, LLIRRR
TN R TR MR g, HRA -

EA
SEA=— 52
- (52)

Horb m FoRiZEHINE R, EA FonfErhid R rh af i B fe s, HAREAON:

EA:TF(x)dx (5.3)

0

Horb Fo) AR b iR FP AR IR S5 M) B8, d DIE I S AT S5/ AT ALY

(Al t=1ms

W

{Bl)t=Ims (B2) t=3ms (B3) t=6ms
(CI)r~Ims (C2) t=3ms (C3) 1=6ms

K 82 FIWBIFERAIRBAER: (A1-A3) =MHFBLTEH s
(B1-B3) IEZZPELCRM; (C1-C3) SUBHPESTER
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K 83 5t =ML 152 SR A K U it 5 S0 IR ) fE R AL
PERE LB M) DA HAR BT B PR R SIS A, O 8 SO AR ) LR fE
ARKIR =, WO REERIIERE 4o SRR T A 82 25 Hi i) =P S i AR HE R S
P B iR N AN FEB BRI R 2= AR 0T = A T IR SRS AR 1E 5% SO A
EAEPSUR I T i wp a) 7 A BB, (B X 3 S AR RS IR A T A7 A 0]
it AL B A AL AR 7Y, P BOZEH R 5 A BRI AR o X DA S A R AL AR
MK 82C H Rl BUE AR XU SRS B — i T A B 7k — A2
PEEL, PR EZ MBS 52 ERIRRE T, 28RS THAE E 2 e R,
Jir DA 5 S0 ) e BRSO E BE LI T = AT IR LA I 52 SRS AR

1600 ) . , . ,

1436
[ Initial peak force (N) N
[ Specific energy absorption (J/kg) | |

1030 ]

1200

800

Parameter value

400

Triangle Core Single-sin Core Double-sin Core

Bl 83 BIKBUIUAR G514 B RE J7 R B itk e LR

532 BRTEREIE

R IN 7 R AR A 2 A 5 42 H R 7 2R XU e SO R S, (HAZ, 4 ny=0
I, XU IR SO T LARPRFALE Al 2 B AL N AR 52 SRR, T AR SR IR A LA RS AL
N5 Z A IGPEIEHI T U RFAE R A AL BRI, 2% R8RSR AR TN T3 7 12,
AT = APPSR S 960 GOR I UEAT R TR B R . = A8 2
K 1060 8 e AEANIE 84a JTom HOREAR T il 46 T Al 285 58 21 = LI SURUR E 5
Wi, AR R B LR Ak 5 T 80 B LT R A AT AN R o R S o ok 245 7R =
TSRS b R 06 4 TIOR3 20 258 Bl o B 2611 2545 30 10 = A TR IR U 45 14 U 1] 84b
Jos e = SAIBIREUI R B [T 4 S B0 AE AN ] 84e s i) MTS M4 RHASG ML E3EAT,
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HAn#GE AN Imm/min. & 85 45 1 = MRS EHRHERS SR 485088 5 A FRe i K
1SR A2 A% th 2R LuAs, MBIl DA A PR TR UL 45 R 5 T 28 S 36 45 R W) 5 80
DR, AR o SN = f i SO O HE S S IR AT R TR AL w58 11, T T 38
A FUTEE LTI

B 84 =AHMLFERMHERSEHINELELY: (a) =ABESTEERINTHEL,
(b) ZAPELIHREW; (¢) MTS MEHRIEHL

12 T T T T T T T T T T T

—— Experiment data
—— FE Simulation

Load (kN)

Displacement (mm)

Bl 85 HEEHAS RN SL I 5 FRu i B8 B EA AL th 28 L

54 FENHESROSHL T
o AR A 5 S 5 R0 A 8 ) A 7 S o AT T L
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BOFSRARR — SRS R, B, AT A B T2 R TR 7007 A 8

OHREFI I EIEDE FC . R 14 23 T AN S AL AR B SUR BT A 1) LT 544
RFAE, B R SR . BEAL S PSR SR o 75X X 3 SOhR 51N — Fob i 44 JE U
NmAn, Hr N A4 735K LRSI IRIE, 10 m A n 73 5 7< BRI PR IR
KN AEA T PR B RRIR UL, U SO A5 I B )R 2O 0.2mme. 15 55 73 B XL
BB R AZA, IR 5 PR TCIBESCIRMG « ERCA L 435 K J5 PR 0 i i SR e B
L RE PRI S

R 14 7[RI i SRR 254 B LA AR AE

SR SO LT 7
- i i
"
mji T e
F‘VAV‘"*Q A A a A
A=3mm A=dmm i ! A::nm U Q
I
I
A A A
AvtvAA AvavAvh) Aydyivhy
Aromm A=7mm A=8mm
\
: AL LA
5 "\ / '\ '
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5.4.1 EESERBEREER

AR W T SO S M AEAE B S R 4 38amr 7 F T e e 224k, 18 86
U S IEOIR BB T s T, HASTE AR B A ] 88 S = R A I R, B 4
i IR DL R R . W] 86(a-c) BTN, N4A4 XU SURAE HE &
R R O TR () A RB A R O, AT 4A T 2 SO B AR T R G R, AR
86a I A SR AE AR S R AG BT, RN TR AL E 2= AR . Bl S TE I
WAL B S ER B LR, A B A B MRS T BT A N, AL E
(IR W 2 L7 1) o) B9 J o B, R SOBOIN 2 B i KA A I BNk e B
WAL BT R .

0 m=05ms

Deformed single cell of N8AT

B 86 X HiI I SR =P 1L 70 B 2 R
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K 86(d-DZ Hi T NSAT MUk SR I S B LA K FERT I 5z /) B Jf 435 44 (1) 728 T
AR, A RT LA % SRR A R R SO st R 4 R, B it — P Tk
45, RAFEAEA R A, thah, B 86(g-1)4h H T N8AT XLk I i i) 2k
R LA B FEKT R B /N B 5 44 (7B T S B, LR SUHRIE > 8mme [R]T 1E =08 A A 20k
AL, FRAEINE IR AR B B 2 18 X0 Tk SO 138 06 5 30k A7 B 3 P R R g v o (HR B S
nlEl 86h s/ =A T HRJE MBI H . FRECSESR T o ERE), BE L.
TGS R A R il D I ER F 52 R A T R AR S A ) R I AR 5,
I i O HH 9 SRR AT S R 7 52 4 3 vy B 42 5 4 PRSI, %0 il 9 SRR B 28 (1 AR T AR =
Bl 861 FiT7m o ik AR UL R SURR 45 46 1) SR B 20 L T LARTRFIE AT O, X T EE “~P3E7 1)
XU B SRR 45 K 2 7 AR T AR A S RO, TR T LR R X SRR Sl H 2%
PEAEREAR RO R o IX R AT LA R E X R SRR RS T 5 R AR N
PAARAL, o TR AR FUBR (M IR 25 5 AR A S it (LR T KA LM B 45 5
AW AR A R AS R SR AE X i SO P AN TR 1R SR RO A A hod i
WS SIRIGIILLE T/4 RHAE « T HE Sl SO 0 R 380k, &1 87 A TR
(5 Jo 393 B AN [ I M ) R it 8 SO PR 2R SR A 0 AT o 2 TVA>1.5 I U g SO R A i it =X
AR 2 1.3<T/4<1.5 W KA R AR 2 T/4<1.3 IR A B4R il B =X

T T T T
ol @ Full-folded mede
* Transitional mode
® Global buckling mode J
8- a @ ) - - *
5 7F e e * . * .
a
£
=
S 6 @ ° o * . .
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&
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F e ) @ L) * -]
4= o 2 9 L) L °
3+ ] ? - o - ] " ]
1 L 1 n 1 " 1 L 1 1 1
3 4 5 6 7 8

Wave amplitude (mm)

B 87 XI5 SRR KRB A B

5.4.2 friExSaE 2 RULIE BERY SN
AN EBIET 53,1 7 A AL A S SORAT BR TR R AT FE I S X X i SO
JEGEPERERIRZM . [ 88a 45 HH T IR A IR 1R) S O\ F) B0 = 56 B I 5208 RO XU i I8 SRR AE
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HEFRASBATVE TN A3y B2 2, 00 I SO X T3 Ar A% i 2 K ER] 70 08 = Be: (a)
LeF LR B () I T 6B (o) IRSEB. IXMEMT AL 45 Gibson F AL A )
TRAH R AR AR AL, BRI AR HANEBR AN [FIIR0E 19X 8 SO0 B 1) 28 4my A2 4%
LA EAFNAAL . X T 4=3mm {900 S0 b T B H e R I A 15 1 hi %
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6.4 RO ERIRISIRR

AT A R B AR AN R AR W VE AR B, NI S0 B3 A M A HE S T
TR Bt /1A AT N BRI 58 45 A I Tt A Hh AL ) A e B 5 T B4R
AR AT RL AT AE AL AE . P AU 58 S5 AL Y = A0 i AN ST B, R L Al 1) P D52 AR T
a0 7 S5 AT SRR RAAIE o 7 TR 5T RE FP i S0 53 S5 A AR I A e ml RA) i
SBGERLRE R = A EREIRE R . £ D e BN RE T, =8 LIS
AU B B RS TP X IS I P S T TR, AT DA L e 3 45 M RE IR L RE AT R DA
9 b 2 B AT A5 2 2 SR e O,

\e
Ae

78 yB ] B

A 101 X ITHER ) E A I TR

6.4.1 HERFERHBER

FEIE 25 1 A vh C4E B 7 XA e A A A 6 38 A 57 1E 5% I S0 IR o T A Y
L1OST DRI, AT [ SR FH OB e A 2R o 2 3 8 80 e 35 P I SRR 465 )~ 350 R S5t 8 119 22
WAL & 101 25 RS MTE RSO AR b A5 DU e Y, AB BONPRIT 1, 2R
T A RZ&IET B s BCBOYHIT 1L, IR T B & IET C . DB 0E
e, FERAN KSR HIT (AB BBl BC B FI=AFSBIER (R0 T A
R BRBAK C fO. Bl B X o8t #2 0 s NBBL, e 7T e Lt gt
NS FE . B 102 45 T o T 5 skt e gk s, AB Bk AL & 46
FSE XN a0, W B fiA C g4 T EORIIRIEA E (EPE] 102b 51 o 1 e 26
B, LS MMEEN nx2H, XA SR bt 2 SUR iR, H,
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n BAARNER 7, 2H RIONEEAREAL R K H LR IA U
2H = IT \/1+ 47[22A2 cos’ (2—7[ xjdx (6.4)
0 T T

FHorb A A0 T 73 53 A P SO ) A s LABe J 34 o

2H

me2H D (em2H
- L] -

o 2 H

{ - Anx e 2
\ 1 ' > “ %N o n2H o . |
\ me 2l | (1-m)2H
Al 3 \ e -
L \ > 102l
N A
\\ - \ ‘K\“(l
N \ N
N \ B N
/’ B LI P >, ™
,/" ” / ! \\\
b " )
T 2N
74 [ | Y
c 4 / 4
l/ P\\ /
ATA /
/ | /"' ',.\\
A ’
= r ,/,
e ’
(a) (b) (¢)

Bl 102 R TOAER BT ST ARSI R (a) Wit XA R oS ROR A ;
(b) XETRBRFIMALE: (b) RPERERREAE
MRAE B 102b R LSS R, AB BrSK-PAL B HIHTAR IR 7 A L oo 7T R 9

m-2H +n-2H
2H

sin g, =a/1—(m+n)2 (6.6)
Hodr m NP SRR RO T, 8 T A S A R
BHE & I SRRSO FE 4k 22, BRI A WIRE T IA R N5, BHE C vE
Ekiash, RSO RERE—AE, HIUTRRWE 102¢ s, H o F1 B LT 25
KA UUIERRA:

cosa, = m-+n (6.5)

2H -cosa, —(m—n)-2H
2H

CoS f3, = =C0Sq, —M+n (6.7)

WA B X TAE RS, AR AT LIRIR A

a, -sine,

pr= (6.8)

\/1—[cosa1 -m+ n]2
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FERTT T KRS E s Ja, B0 1T TP B RUR AR . &1 103 45 1 #c
TR 3 28 4 2R O A S s Y, &) 103b Fo, 8t 1T A6 A0 B 5 7K~F 77 1)
(K1 A15E SO Poo [AIFRTE T F-AL, HIURAISE o W RRN:

(1-m)-2H +n-2H

cos 3, = “1men o
B o 69)
Sin f, = 1= (1-m-+n)’ (6.10)
2H
m2/ | (1-m)2H
- e
| o—te- 2 .
s 7N J
w2l .- p, v,."‘ ! |2 -
] I: mo_IH.L(J_'mBHJ
i | "4‘* L w2 l
X O e s
".b.
C
; ‘ \ D
oD \
(a) (b) (©)

& 103 S TTHE b BT RE RARBAE R (a) Wrgt R4 s oS SRy,
(b) XHETCIRBIFHIHALE; (b) RSB ERTHALE
WK 103¢ Fras, oo F By Z [B] ) JUART R I R AT R R N :

2H -cosa, +[ (1-m)-2H —n-2H |
cos B, = =C0Sa, +1-m-n (6.11)
2H

a, =arccos(cos B, —1+m+n) (6.12)

FIRE, XA (5.7 MM TAKE RS, MAE w BRI ERRI:

g, = p,-sinp, (6.13)
\/1—[cosﬂ2 —1+m+n]

FECLNN B AR AL Syt BT RIR SN JUART O 2R 0KAT 3 BB B i FE U e
PR A PEFEHIRE -
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> BRI i ARRLAE
FEP ST 5 S5 4L T ip SURAE — D Se BAR SIS A, PEER B 025 il RE B AR R AT LA
RINN:

E, =Y LM, (4] (6.14)
HoA LBV B, Mp=Yh*/4 JE AT K EE B PR IR 255, Y A A 4351 2 3 S0t
(1 BRRE g RS M L, ) SR BB EAR i A e %

FE— R BRI R T, 2RO R AE = DN IEPERR, X = AN IR VEBOHXS I [a]
I zh %y

0,~¢, (6.15)
0,=c,+p, (6.16)
0, -4, (6.17)
DRI, R0 B3 Hh R SO R 25 i e B B 2R W] AR AR
E, =2L-M (e +|4)) (6.18)
SRR (5.18) XHFHFEAE (0, ¢ EHHATRIRIAT 15 3025 Hh A -
E,= [ E,dr= j° E da (6.19)

X F B ICIFIRE SRR, A on AN ao 28403 0. KL, MRPE 5 HRE (5.19) A DA
— GRS i tE, HEREAXAN:

0,. 0 a, -sina,
Ey=2L M| [ Jas|der+ [ \/1—[cosal—m+n]2‘daj 620
=2L,-M, -[arcsin (1+n—m)+arccos(n+m)—arcsin(2n) |
[FIPE, AR A w2 ZAEH] 0, 2~ AMEAGEIREFH S dh R TR R -
E,, =2L,-M, -[ arccos(1+n—m)+arcsin(n+m)—arcsin(2n) | (6.21)

ReJiRE (5.20) A1 (5.21) AHBNER TS B = AN PR 74 2h i A AR I A2 25 i
e, HRARERIEAN:

E, =2L,-M_ [z —2arcsin(2n)] (6.22)
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> BribFERAE
IAVERLZ (B T A AR B 22 R AR T e AR R RE &, O 1 i E R FEBRe Ay
KH TS RoniEll B 104 45 T IRSURON oA i BRI, RS AL
2 1) B T AR HIUR) i B 0ot v DX T AR AT AR 7 RE AT 45 3], FL g 2R ke R
[R2IE N
E, = [ YhdS =2¥hs (6.23)

Forr S ONRAd s /g B o AR, HERIB N S=eH; & F1 2H 73 5l i A i 77 58 0 i) T AR
REFIRBG K

Extensional membrane
element

l’l.hlx: hinge
B 104 S0 AN B TOAR T R 2 R X

WK 102 FioR, RSORS00 B o= A . R, B e i
FERLAE Ep FIRLARFERLAE En 7T LA2S AR A

Epp, =2NoL, -M [z —2arcsin(2n)] (6.24)

N
E,, = Z E,, =2N,YhS (6.25)

Forfr No 2RISR P I S, BRIk, BN SUORE IO B e B T LR IR 9

E, =2N,L -M -[7—2arcsin(2n)]+2N,YhS (6.26)

6.42 ZREFEMEEE

G o VR B 58 Ay ) TR 35 102247 N, Wierzbicki A1 Abramowiczl'7VEE ST 1 4 105 Fiw
ERBASERY T30 o I BRIR o BT A B TG 4 R 35 0 22 Y, W DU T e B 254 1Y)
PRI o bt FR B R S e B AT DLROR N

2
E, =MP[16|1%+27rc+4|35) (6.27)
r
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b Ly, ) BA I(y , o) RN

.G dx T cos B(a)
l, (v, ) =sin a_[o \/tanzv//+cosz - {E—z//—arctan [Wﬂ (6.28)
L (v, a)= tarfy/ Ioa cosw\/tan2 v +sin’ ada (6.29)

Horb L RS K, h 2R R R, r RSN ]I AR 217,
c RZMEMILK. A, T =A%, aTbhdid AN (5.28) F1 (5.29) #fiE 11=0.33 LA
M L=0.61,

Q

B 105 =fEREGRBAER

6.4.3 P EEE
W BUHE 5 435 R E TR 5t R B L R B PT DL SE I I SUNRCRE IR L e AN = Ay
BRI S ReEAINR R, HRIAA:
E=N,-E,+N,-E (6.30)

Horh Ny AT Ny 23 D9 S0 8 45K T i SO L R = A A AN B K A3 (5.26) J (5.27)
FONETTHE (5300 7, FEILHY A RERN:

E =N, -{2N,L,-M [z - 2arcsin(2n)]+2N,YhS | +
(6.31)

2
NZ-MP[16|1%+2M+4|3£}
;

FE—ADE B GOERE T, U 5 S5 AR S RE R T T IR P 1Y
Ty, Hp:
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P,-2L,=N,-{2N,L,-M, [z - 2arcsin(2n)]+2N,Yhs | +

2 (6.32)
NZ.MP(16|1ﬂ+zzzc+4lgi]
h r
AT BT NAR, AP R Em 612 r S EEET 0, BP:
oP
m=Q 6.33
o (6.33)
R, RYE R (5.33) AI LS5,
I,L,h
= 6.34
' 41, (6.34)

BEAL, ARAEAT PR IC 4l A P ip S B8 4540 (1 R R Rt AT 0 A, Al AR 3 Lo=2H. %
S B S5 R 38 T B A R R IE O

Pm:%{NOLl ‘M, .[7;—2arcsin(2n)]+NoYh5} +
2
6.35
41,41, o
I;h

N2~MP[8|1%+7Z'C+2|3

6.5 LESRFTIE
6.5.1 BIRTLERFMIBILIEEEIRTEL

S8 o 249 s 35 BT R VAR R R A PR T 47 R 4 1 8 A 00 5 485 T
EIRERFTAR 16 PR, S S S A I E A 20mm, L AMSUR K, ¢ H=H
BHK, b WS E ISR . WEPTTLAE . A R TR 1 A5 3 T3 R
PR 5 2 T A VRS B (0 T3 R SRR T B R TS5 SR S 1T, KR %
H11.5%, SRS, TR e T R B TA R H g 8, X2dT
A B LR X i S0 5 P R R BICHEAT A0 MTIN SR B AL AR, A T I SO S =
) )R 5 T B ML B o

% 16 FILTRIIAISE 07 B B T4 R Skt

L(mm) | c(mm) | h(mm) | M P, N) | BHIEHH P, (N) | 2% (%)

5 1.732 0.05 928 832 11.5

5 1.732 0.075 1535 1614 4.8
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5 1.732 0.10 3084 2790 10.5
4.5 2.598 0.075 1789 1639 9.1
4 3.464 0.075 1791 1645 8.8

6.5.2 TEIEEEMRITHENL D17

N 7RI AS T 4R s B B A L5 1 SRR, AR T IR s e B A
RHLTC T ALGNDICIEE . = A a5 DS SUE B3 (1 77 A1k g . 181 106 251 1 4%
GUNILTCUE T« — A G 50 53 DL SR SUIG 3 AR VRS TR 5t 8 /R Y I 48 (R A% 1A 28,
MBI AT AT RS S0 B3 5 = A G s 5 (a8 T B SR A AR AL, (HRAHEE T =
B ORIE R SR, SUIE R SR T AR AR B A R b, TR AT DLIRE S A R 2 il
BT IR PO IR Y H ARidE ™ EIRIAG IR T . SRS NI R A L, ST
AP a2 TARKKISE S, B2 nT Redd Mg &= S5 MR RE BRI RE ). — BT & K i BE
LR 5N AR SU AT HIRE ER MBI, 2 451245 K i KB I G5t i ek LR 85 4 1) 3 A
T 6, (HREROUE R SR RN 5IN T =M S5, X0 Tl 53 454 () B A K Bk 2
TSR RCR . I, PaUE s BoA L i /1 2 P R

L S —

—=— Hexagonal honeycomb
—e— TTR honeycomb
—a— Ripplecomb

Force (kN)

i ’ Dis;Iacement (:thm) ¢ N

Bl 106 7[RI 5 B AT LS il 2%

RNT W TAGUNIDIVIE S . = E G s 5 DA S0 5 AE HE RS T 5 a8y 1R
PR R P AR . AR AR AT LR IS 5 1 LU REDY 7.56/kg, AL FARSE I /Nd
T B SR BE T 73.8%. DRI, —AIE M RENS BT et 5 S5 A4 (11 5 BA LU o
REEMNISRE o T 7N IL TR 58 G5 AL LA S U S0 3 25 K O W AR AR A7 70930 D9 1418.5N LA
L 1649N, I At S5 4 PR A7) W 80 R AN AR ], (H A e S0 83 S5 ) (X0 38T R 92.3%

135



SE/NEE PEOUIRE B B T 1 B AT R AR R CRE

1A% Gi 75 1T 0 8 S5 I AT SR 36.3%, WAL I 0 5 485 W) R 28 Amr R K KA
AL = A e g ol 5 454, I SUiE B (K LI RERA /N — 18, (HR =i B 1 o 58 45/ (X 40
RV EL AT ) L2 0 S0 5 WA U (EL BT I, DRI, ) DA X = R e 3
LR, PR AU B AR BAT S R RE RS IERE . B4, B 107 45 i T AR SN RIS S
= AE G SRIG B LIRS B AR HE R S T e E R AR RO R . S R A
TSI T IEZ S EE BRAME A BAT A U 1 R Wi, I HLmT BLdE i e
AR S ] L AR A i AR I e 5 TR IR A~
R 17 =R G5 R AR LB

e 25 WIGRUEAEIAT(N) | “FPIEBREATN) | 207 808 (%) LI fE(1/kg)
INILF 1418.5 515 36.3 435
ARG 2623.5 1570 59.8 8.26
WS 1649 1521 92.3 7.56
Time=0ms lime=8ms Time=16ms

(a)

(b)

()

B 107 RGNS =AERRIER DRI EUE R AT R MO0E R

6.5.3 PRIENT KA S 6 EMILIERERI RN
AN A PR T EUE A VERT U 1 IS0 B3 254 P LR 52 5 AR i o g Bl
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VERERISEN, FEZEHRE 1 DURIRIE BB S0 R 454, B 4=0, 4=0.3mm, 4=0.5mm LA}
A=0.7mm. B 108 45 i 13K DU R A7 ()95 S0 63 205 1 45 o 7 485 e 4 48 1 R (R 38y o7
M. AR, —MESHRTI LSRR EIE R SR G, AT ERE
5o LA, P I EUE 8 S M AR A BRI AR IEAE BT, X ORI B bmikt 21
REF IR B 14 25 W 7 A R IR0 A9 S0 5 S5 A LR HE RS &5 IR A B 1F L h i Be
EVERESR PRI LU . AR EE TAE G NI IR 88 S5 KL, IS0 3 S A8 B BT R KK
P . W ET S5 A I LI RERE S IR IE ARG NG N, 5 7Ni0 0 B a5 AR Lo il s n
60.7%, 73.8%LAM 83.7%. {EFEREFEIRNENIHE K, IS0l B3 45 M) I A dn I 38y T
RAER KA

12 T T T T T T T T T

10

Force (kN)
(2]
T

0 4 8 12 16 20
Displacement (mm)

B 108 A [FIFR IR SO 5 454 BT AL 5 i 2%

10 T T T T T T T T

I cFE ]
I (PF(kN) 7.99
8 | SEA(J/Kg) 7.56 1

Crashworthiness Indicator

CHH A=03 A=0.5 A=0.7

B 109 A [FIFRMEIE SO B 45440 FOT 48 P A EL AR
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6.5.4 SEEITRLIE S AL 2 UL BRI 220

H T30 SO R (R N B2 R A 40 iR e 0 5 4 (R e IR AU PR R, T — YR 8 A 4
ol R 2 K T ER TG T 4 A i 17 A LE S B E s, T e e 1) T 5% 9% (1 K
H At n] LB el R skt . DRIk, AR 3 BRI 5 5l ) 43 A1 1 5% 38 PRI 50 X S0
B AT R IR, RS T VYRR B i s g5k, BT N=0, N=5, N=8 L} N=10. K
110 45 H T A [i) 33 B0 1) ke S0 33 5 M TE VR B s PR T /B R I mr S RS i 2%, MAET R
A DL W7 H T HH SO SO FT 6 B RO A 00 AR 0T A o EE R, o o O A 4
TN AE WA H AT AN AT T G 2. B 111 45 B 7 AN IR Ko Suide 58 25 4 1 Bk Bk
PEBEFERR I LA M LG TN I A0 B8 40, = Pl ip 00 5 (R 80 A3 23 I BN 1 155.6%.
161.1%LL J% 166.7%, 1 LR FE 7 A3 T 73.8%, 76.3%LA M 110.8%, FF Hig s 541
LR i B A ik 5P 18 I T 384 0

12

—a—CH
—e— N=5
—a— N=8
—v—N=10

Force (kN)

1 i 1 i 1 L 1 i L i
0 4 8 12 16 20
Displacement (mm)

B 110 AN [R5 B SO % S5 44 B AT LR i 4%

¥ ] v T
- | CFE 1
10} ‘- IPF(kN) |

. SEA(J/kg) 9.17

7.56

Crashworthiness Indicator

N=5 N=8 N=10

B 111 AN [R5 5 S B 45 4 O T 4B P AR PR
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6.5.5 B XTSRS e 2 UL BERY 2T

B T IR B B 1 SR E AR A, e 5 S AL (0 5 R B e T ORI, ki
SEHIRE R NAT A E HE R . R, AT BRI T AN [F TG RE SR I 5T 4
R PR SEN . 2B RE T =R R B atg s 454, [ =0.050mm, ¢=0.075mm L
S t=0.085mm. & 112 25t 1 AR S B B SUE & S M B bk i 2k, T DLE
T TR I St 5, HER T G LR, (HRREE SR N, T A
B I T B I R o 1 113 45 H T AN [ B 2 1A 50 3 45 ) 4 1 F A L
B IR LS e S50 SR BE IS 0, B S0 e IR B far ROCR S I IS I o R
9 0.085mm I, I8 S0 5 45 M T AR VA A AR DR IR I, o LT 48 1k e b 4 97 T 4 5
Wi SMATE, BEE SRR R RGN, o s R — B

14 T T T T T T T

12 - —a—{=0.050mm .
—e—1=0.075mm
1oL —a— {=0.085mm i

Force (kN)

1 1 " 1 1 1 n 1
0 4 8 12 16 20
Displacement (mm)

B 112 N7 BB 5 S0 1 5 ) O SR Aer B P 4%

L | cFE ]
1o | | IPF(kN)
B SEA(J/kg) 9.27

8 - 7.56

Crashworthiness Indicator

T=0.050mm T=0.075mm T=0.085mm

B 113 S[R3 45 # PO T8 ek e v L
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6.6 I\

25 B AL SR U B3 G5 R e ) A R RSO 8 DA B A% B U 5 ) 7R 32 o o 8 A 7
ABARMIIGG AL B AT D0, ATSEH T —Alopr R A S0 5 a5/ e, Rl LABETT
A e ISR RESR bn SE 4 (MR B . I B0l B3 Al Mg h IR % SN SR 5 = B A &1
T T A e A o BT BROTEUEL D AR ST, 1 MR A R 4 iy 1 T AU 5
WA PRI, WD 7E 1 Ui & (K 71447 N LA R RE Bk . 45 Lo A1
YRl B~ DAL BE S R AR AL B, 5 T B AR S AR R S 57 1 AR AR TR SR TN 7 i
SEBEAAE N PRSI EAT 1 5 B S EAL IR FUIR SR RS
F DAL e 53 25 R 1) J5 JEE T 122 0 S0l B3 I FE PR AR i . 2 B4R 3 1 A R 458

(1) A EE R ISR & S5 M A5 & 1A GENIL e 5 45K LA R e SUE G5 A0 R 1
L& e (1 e B RE /0 A S BRI R AR VA B iy, SRR AR B8 e D7 VR B R] PRAIEAE 7K
S P IR T e o IR A R RE R, SORT DA G AR H AR T 4645 1 5

(20« FEF IO IR DS 7 LUK JBE 25 440 X8 AP HIL B S H 1) i S0 58 45 A A v
A 4V T B2 I dt B A R AR 70 A A AR m] DRSS N 3L 772247, 13 8101
Y8 e i e Ay AR TN 45 R 5 A IR T4 R W) &8

(3). WU 5 S5 A6 (1 EL IR RE Rl 5 I SCBL H + S SUHIR I LA B 45 46 J5E FEE PR 388 v 486K
(B2 HAT MG G B R AR 2 BEE B 0. BRI, FEHEAT Re B OCRE E i N e B 25
B REWAL. PRI LUK B JEE (5
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HZRERE

LR AT RS R T R A R S, AR S BRSO ER AN T R
Flfo ARl R D AT R LR A A R B TE B 42 A 0 i S A T 2 10
Jas, PREEILALN SRR A i 2 4, SRR P s o RBL Al #4520 o B2 1Y
. [HBR AT RERG S HERE 7 — PERIRE LI RS, Ao ROhFAAE i i B IE 1Y)
LT AS GRS AT KBLA MR IR e BEXIX — TR 5%, A SO 2238 T WL AR )
MBI R GEEAT 7 RGBT AT DL A RGE WL RSB 7T, IR Es T
AR ] P R TR R L IE P ARG A AL, SEH T R EA 05T BE R ROCRRE AL
BB R AT R SR @

(1) 3t CHLE 2 E AR G BE AT RHE TR e L AT 1 R G HERF S R 46 15
FAVE SRR 7T, 20 AT IR R AR R A . BRI DL & e RO LR . IR
K L X A% Rl 73 T3 v B R DL Y TR TR Ut R T N T R 7 A 1 ) S 5
RONE, TR PR 1 A% Y R AR AR AU S MG PRI R KA AT DI 7 A f) I o W A
il T Avalle JEIRAFIRAE T WHLHLRE 5 iR TR EE LA RIS & B 7 fr i
B, S TAVRAERE P AR TR 2 10 IRt R 0« BTUIRE Ao+ R RN BH D DL BERERE 5 60
PR ZAR R R] DAY RO LA B I R A R b R AR AT R T
TR L= RSB At 78 7 BRI R L. AR . WL B LSS
(GO ESYERERE A=A T

(2) 82 CHUIE T 42 BH 28 4t 10 4 RO B2 FH S5 56 2 A6 560422 B AR BHL i 78 i 1Y) B
BFBL ASCLLBHE 737-300 WHLAEERE F bRk 1 B A E s RS S LIE T 42 BH S 56
MIWETE. VR4 T WHLE TIPSR i Segn 58 RALA, RBLEZ R4 Sk
S B e DA S S Be A5 SR M SE, WS Ja KA LIE T 2 LR S Se 38 (1075 SR BT AN R
Rt T SH b T IZEER SIS R, IR AT BT X H HE 1R
PR FH AR R 1 T FE

(3) GUFH RS I 1 OHLER BETE M= P AR S8, A 2 KL T 42 B R Gons A
AR5 1) RBLEBEAT 2 = BH A 5K o T KUY AE S B R PR S 8 R BEL R A
SL T RHIHLRE -56 B2 v R VR o - THT 2 PR G R S A PRS2 o 25 18 381 B 2 X A% R
TERLAD i PR V6L K = 3 e ot PO ek, T =4 & N A R IC VRN T KL LAE -
TR e LB T2 R G 3D A RR TR, AT DU AN [R]85 L2 LI A 7K 32

141



gig5RE

PR B o A B A HEAT AT RO o 45 g vtk i L A QB AR DA S A A
UTERAT TR GBI AR SN 2 AL, 155 1 H & i B 77 b LR s/ IR TR
JE I LB T = P R 5t .

(4) 324 R AR A B s K A ot o BE BSOS M R A, ST 2R 1 AR g
T R R A R R S 2R SR A o I8 IS A BR e BB AR T VR I 1O R Ak
R A AEMER S A 1 R BV AN RS 12T . SR GRS AR L, XU 5
SUNR S A BAT SEONUBRER 2t RE . SE i B e DA S SEAR I ah A 3er, 38 4 1A
i R O g R S IR AR I T, e DR DB R A TE T BEAL R, Tl Gy
T ARG B s (A1 7K A BLR A DR 7] 7L

(5) $2H 7 A i 152 PSR -5 = A8 45 MR 45 6 F s Y A R B 1R N3
TR BT B S0 B3 454, R 20 (R I L 2% G 06 8 45 R v ) e R WA VE B DA A S
BARKIFIURVEAE BT o SO T IRIE A5~ AL AR A LR, T B AR W 2R A Y
SR NT BRI AR IR ORI A HE R A st i 1 R PR R

AT 5E R T IR ik YOV LIE 2 AR S L -4 B AR 5 3 70 22 AR O 7
SRS KM E T 42 BE S5 A R TE = AR SE 0 Bg EAR5 22 F AR oAb L AGH ALE
EEM BT A SE TR, EEAAR 7L

(1) MW RBUHLEE- 1R TR 2B R S E R p R, SRR LA K 52
IRE A e st B 77 B DIRH AT RGP BE 77 DL BEE B A, BRI R L) 85%,
RTINS o B TE RO PH 2 B TR R B35t . S B el R W] X4
B FEBURHIHZ IR 2 SR BRI iR B2 o 4 B h A R PR B 0 5 1 TR TR e A
FAVEE AR BOG B R L A B AR G, SRR IS KL B G, W T EEE
RERHL, HEN KB PR IR BEBR K, e 28 LB A et (S BEL 7 B B 4
NEE. FEEVLURAT BRI, LR ARSE S /KT B AT e g nJa s/ o

(2) JEIRTRARE L CHLIE T2 B R ST RE W R v tH BB RS 737-300 B epl s 4t
AR, I HASRE LR 0 B G918 AT 440 . 7 KL= B R Aol v SR 45
FARZ A AEBO RAATVE I LA . KL BESE IR S B RIS S A0 N B2 AR 1k b
LORHUEE R S L AN S R &8s, IRZIILE 10% AN .

(3) EALHKHLHLE-HE LI IR IR e B T R G Be AL 5 3D A IR T BB 5
RSB AR AT DU T PN T8 T 42 B AR e B PR R . BT B K PR
TRATIATLES He N VR VR #5822 BEL PR PRI i K38 A RIS 7R 25 K I A, 7T e 2 i

142



AR MR KA R 2R S

ROTE JLGE R AR R B RETE T P R SE 0 2 H bR A0 25 B3R B 2 BH IR W0 4 i A
0.20m, fHAHH S 2.20 UL RIOERTREE AR SREE A 11100 BN IZF2 P R G B A B
R 2F IR FE L S e I BE T LG

(4) 55000 = M TGk SUICER LA E L SURGHR S5 AH TG, XU i SO 4544
HA HAMRIRI S5 PERe . 5w 1 L R DA S SE AR R AR WA A o RS TEHERR S TR
AR EATAE R R4y = R 0 e A, BT QR 4 e RO = e I R A = B,
J R S i R ki o 6 F A 0.2mm (XU SR, 2 T/4>1.5 X i 8ok & A=
W AR M 1.3<T/A<1.S BERADE R Y 1/4<1.3 IR AR il 5
o MPE N=6 5L 7 HIRIE 4 7F Tmm F| 8mm 2[RI, Xl i 204546 BA 55 K E i
B -

(5) WG T S5 S5 6 T AR\ TV I 5 G540 UL S SUE S5 M Re R, A& e
(¥ RE B RS RE T DA S B IR AR VAR B AT, S0 bR 14 1 v D7 ¥ B ] (RAIEAE 7 52 v o K
i AR TR A R A e B i, AT DUGEE G R H AR R AR 45 . e S S AL B
W BB IS B SURIR LA S 45 04 JE B8 (P 3 I 36 K, L O A e A 28k 4 [ 2
BB, DRIk, 7EIEAT RE RIS B BT N AU A S R PRI LA R R 11
SN .

RSO0 AU T4 PH 2R G AR B AR A F S IO RF AT HEAT T S B ATT, SRR TR AL T
PR RGMITR, (HRMA A RSk, Flan, 76 KN Sk iR s LR R &
1E P IR -PEENLEE T 77 23 TR VR e LA RHFEAR, (R TE N5 SRR B LA R
JVERGERR IR F R AL, R A E R AE LSS B BE s 1EEAT
R T2 B S 30 R A o e TS 42 BE PR 1 3 DA B T A o i A A
RUAGHATT 40 THENEZRIHEBRSEES, &SI EE A —E R MR SCh4e
T RURR BE TE T4 PH AR 40 a2 B TR A DA Je = 4G IR IT /i, AR I8 EAT 1
JEE 8 THI 2 FH 2 G ) S 56 50

143



S 2530k

SE

[1] David R.E. Location of commercial aircraft accidents/incidents relative to runways[J].
Federal Aviation Administration, Washington, DC. 1990,

[2] Federal Aviation Administration. Airport Design. Tech. Report 150/5300-13; 1989

[3] A1 B R s e ey i AL ) BB [ R IS A 20 B 14,51 [M]. F Br R H
fiizs 2024, 1990:

[4] *zt, BEE, Bk, b WM EE RS 8 hwa ], 55 stk
2007, 29: 21-23.

[5] XBBE, EBRZE, TR RLEAE R0 B2 42 15 R G R VA BB 7 0], b st s
LR K 22441 2011, 37: 171-174.

[6] 358, BREE, k. fi0od= I AR s 0T B R is sl B sk (1], PR3l 5 b
2012, 31: 183-187.

[7] #Flte, 7R, #iflrlr. CHUEEBR S RRERT T[], Wi A4l 2013, 34: 833-839.
[8] Kirkland I.D.L., Caves R.E. New Aircraft Overrun Database, 1980-1998[J]. Transportation
Research Record Journal of the Transportation Research Board, Washington, DC,. 2002, 1788:
93-100.

[9] Schonefeld J., Méller D.P.F. Runway incursion prevention systems: A review of runway
incursion avoidance and alerting system approaches[J]. Progress in Aerospace Sciences. 2012,
51:31-49.

[10] Hu D., Song B., Wang D., Chen Z. Experiment and numerical simulation of a full-scale
helicopter composite cockpit structure subject to a bird strike[J]. Composite Structures. 2016,
149: 385-397.

[11] Yang X., Zhang Z., Yang J., Sun Y. Fluid—structure interaction analysis of the drop impact
test for helicopter fuel tank[J]. SpringerPlus. 2016, 5: 1573.

[12] Kirkland I., Caves R.E., Hirst M., Pitfield D.E. The normalisation of aircraft overrun
accident data[J]. Journal of Air Transport Management. 2003, 9: 333-341.

[13] HallJ.,Jr. A., Wong D., Appleyard A., Eddowes M., Shirazi H., Speir R., Pitfield D., Caves
R., Selezneva O., Puzin T. Analysis of aircraft overruns and undershoots for runway safety

areas[J]. Airport Cooperative Research Program (ACRP) Rep. 3, Transportation Research

144



AR MR KA R 2R S

Board, Washington, DC. 2008,

[14] Ayres M., Shirazi H., Carvalho R., Hall J., Speir R., Arambula E., David R., Gadzinski J.,
Caves R., Wong D., Pitfield D. Modelling the location and consequences of aircraft accidents[J].
Safety Science. 2013, 51: 178-186.

[15] 28/, 3T+ A Bk w0 b B8 S g vk dr (0], o E RIS 2009,
37-39.

[16] i 5z, &F~F. 2 RH Bt i Hh B8 S BB 70 A ()], oh [ 22 2R 22 4. 2009, 19:
38-44.

[17] AR, Bk, VE&. BT A OISR WL i b H B IE SO R R T T[], %
A 5 TR 2015, 22: 99-104.

[18] ALZrde, SKERIK. R ©AT ST KRR 2 #r )], Tl 4s 534, 2016, 42: 17-
20.

[19] &5, FpMEMAHE AR SE(EMAS) B H o 55 15 vt 2 )], AR5 2017,
239-241.

[20] Cook RF. Soft-Ground Aircraft Arresting Systems. DTIC Document; 1987.

[21] Bennett D. Engineered materials arresting system (EMAS) for aircraft over runs[J]. US
FAA advisory circular AC. 2005, 150:

[22] HE RN, SR ARST]. N RSO E AT AT L bRHE. 2015,
[23] San Filippo WK, DelLong H. Engineered materials arresting system (EMAS): an
alternative solution to runway overruns.  27th International Air Transport Conference June 30-
July 3, 2002 | Orlando, Florida, United States2002. p. 1-12.

[24] Barsotti M.A., Stevens D.J. Developing Improved Civil Aircraft Arresting Systems[J].
Acrp Report. 2009,

[25] Kriiger W.R., Morandini M. Recent developments at the numerical simulation of landing
gear dynamics[J]. CEAS Aeronautical Journal. 2011, 1: 55-68.

[26] TR&%, 2R, WHLEERECAHEEIPII]. REU7H AR 2005, 17: 831-833.
[27] AR, FB CHURTERIZ) 2@ B R AT R[], ARG E ). 2006, 18: 1434-
1436.

[28] R PE, FMEM, voKRI, TS, CHUEVE 28 7 22 g A L o5 Bl E AL I 2 73 B [0].
fii 2% 541 2016, 37: 1228-1239.

145



S 2530k

[29] Pacejka H. Tire and vehicle dynamics[M]. Elsevier, 2005:

[30] Ran S., Besselink I.J.M., Nijmeijer H. Application of nonlinear tyre models to analyse
shimmy[J]. Vehicle System Dynamics. 2014, 52: 387-404.

[31] Eilite, Jopd. AT E 2 9sh 7122 0 R IR B R 2R5R 1], IR % AR,
2004, 26: 162-167.

[32] EARL, BRI IE I FEIUIR SO o ] #R Tl 2005, 52: 58-63.

[33] Von Schlippe B., Dietrich R. Shimmying of a pneumatic wheel[J]. TM-1365, Aug. 1954,
NACA, pp. 125-147. 1954,

[34] Moreland W.J. The story of shimmy/[J]. Journal of the Aeronautical Sciences. 1954, 21:
793-808.

[35] Collins R.L. Theories on the mechanics of tires and their applications to shimmy
analysis[J]. Journal of Aircraft. 1971, 8: 271-277.

[36] Kilner J. Pneumatic tire model for aircraft simulation[J]. Journal of Aircraft. 1982, 19: 851-
857.

[37] Phillips N., Cook R. Aircraft Operation on Soil Surfaces—Computer Routine Revisions
and Improvements[J]. Volumes I and II, University of Dayton. 1984,

[38] Badalamenti J.M., Doyle J.G.R. Radial-Interradial Spring Tire Models[J]. Journal of
vibration, acoustics, stress, and reliability in design. 1988, 110: 70-75.

[39] Karafiath L.L. Tire-soil interaction model for turning (steered) tires[J]. Journal of
Terramechanics. 1986, 23: 153-169.

[40] Doyle G.R. A review of computer simulations for aircraft-surface dynamics[J]. Journal of
Aircraft. 1986, 23: 257-265.

[41] Saliba J.E. Elastic-viscoplastic finite-element program for modeling tire/soil interaction[J].
J. Aircr. 1990, 27: 350-357.

[42] Pi W.S. Dynamic tire/soil contact surface interaction model for aircraft ground
operations[J]. Journal of Aircraft. 1988, 25: 1038-1044.

[43] Kraft DC, Phillips NS. Landing Gear/Soil Interaction Development of Criteria for Aircraft
Operation on Soil During Turning and Multipass Operations. DTIC Document; 1975.

[44] Gwynne G. urea formaldehyde foamed plastic emergency arresters for civil aircraft[J].

London: Her Majesty's stationery office. 1974,

146



AR MR KA R 2R S

[45] Cook R. Aircraft operation on soil prediction techniques[J]. Technical Rep. ESL-84-04,
US Air Force Engineering and Services Center, Tyndall Air Force Base, FL. 1985,

[46] Cook R., Teubert C., Hayhoe G. Soft ground arrestor design program[J]. FAA Technical
Center, Atlantic City International Airport, NJ: Technical Report DOT/FAA/CT-95. 1995,

[47] Heymsfield E, Hale WM, Halsey T. A parametric sensitivity analysis of soft ground arrestor
systems. Proceedings of the 29th International Air Trans-port Conference, Irving, Texas2007.
p. 227-36.

[48] Heymsfield E., Halsey T. Sensitivity Analysis of Engineered Material Arrestor Systems to
Aircraft and Arrestor Material Characteristics[J]. Transportation Research Record: Journal of
the Transportation Research Board. 2008, 2052: 110-117.

[49] Heymstield E, Hale WM, Halsey TL. Optimizing low density concrete behavior for soft
ground arrestor systems. Airfield and Highway Pavements The 2008 Airfield and Highway
Pavements Conference2009.

[50] Heymsfield E., Hale W.M., Halsey T.L. Aircraft Response in an Airfield Arrestor System
during an Overrun[J]. Journal of Transportation Engineering. 2012, 138: 284-292.

[51] Heymsfield E. Predicting Aircraft Stopping Distances within an EMAS[J]. Journal of
Transportation Engineering. 2013, 139: 1184-1193.

[52] Zhang Z.Q., Yang J.L., Li Q.M. An analytical model of foamed concrete aircraft arresting
system[J]. International Journal of Impact Engineering. 2013, 61: 1-12.

[53] Moon F.C. Applied dynamics: with applications to multibody and mechatronic systems[M].
New Jersey: John Wiley & Sons, 2008: 188-191.

[54] BRttEe. B 2R W BAEIM]. S5 20A iR, 2001:

[55] F3Ci, BasRs. sh&hde NSRBI 1A 8], ka5 ki, 2005, 24: 49-52.

[56] £ e ity ohRefiib it it[D]. KER T K5, 2007.

[57] SKBrE, xR, SREME. <5l o3 AORL AT P ol i S AT e ISR IR 0], DR
Kl 2013, 44: 2143-2147.

[58] Zhang Q., Yang X., Li P., Huang G., Feng S., Shen C., Han B., Zhang X., Jin F., Xu F., Lu
T.J. Bioinspired engineering of honeycomb structure — Using nature to inspire human
innovation[J]. Progress in Materials Science. 2015, 74: 332-400.

[59] Han B., Qin K., Yu B., Wang B., Zhang Q., Lu T.J. Honeycomb—corrugation hybrid as a

147



S 2530k

novel sandwich core for significantly enhanced compressive performance[J]. Materials &
Design. 2016, 93: 271-282.

[60] A=A, TIUBA. g es Jo B S A AR E TR N (1], IRE L2 5MRL
2003, 30-32.

[61] MR, %, Ba&A, MER, Wk, HERIRINEHCE 522 i LA 25 B 14 58 2
[J]. FEMisF3R. 2008, 29: 1729-1732.

[62] MTEIR, B, sREEAR. MUBERT AL 2 00 GO b LU RO 0 3 Az Bl 47 25 A4 [0, A0 S
it 2015, 35: 243-248.

[63] Xing Y., Yang X., Yang J., Sun Y. A theoretical model of honeycomb material arresting
system for aircrafts[J]. Applied Mathematical Modelling. 2017, 48: 316-337.

[64] ZFM, R, ke WWHEN ZEEHRGEER S RD] EEHE iR
K2R 2010, 36: 945-948.

[65]1 £z, FB/NF, WRARED, WhIRDL. RN BRI R Geah /1 A BT, i e R et iik
(FZREERR). 2010, 1109-1113.

[66] E£4E, FUL CHLERELARGEBIHTI]. FE RN AAR. 2009, 27: 10-13.
[67] K&, MR, RMFEIEHRGER —MRT R, EEM )72 2011,
[68] Bolarinwa E., Olatunbosun O. Finite element simulation of the tyre burst test[J].
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile
Engineering. 2004, 218: 1251-1258.

[69] Baranowski P., Malachowski J., Mazurkiewicz L. Numerical and experimental testing of
vehicle tyre under impulse loading conditions[J]. International Journal of Mechanical Sciences.
2016, 106: 346-356.

[70] Ebbott T., Hohman R., Jeusette J.-P., Kerchman V. Tire temperature and rolling resistance
prediction with finite element analysis[J]. Tire Science and Technology. 1999, 27: 2-21.

[71] Cho J.R., Lee H.W., Jeong W.B., Jeong K.M., Kim K.W. Numerical estimation of rolling
resistance and temperature distribution of 3-D periodic patterned tire[J]. International Journal
of Solids and Structures. 2013, 50: 86-96.

[72] Sk, 1R, B35, SRE. ARSI FBERE[1]. R Tk,
2005, 52: 501-511.

[73] EWEZE, Z)h, IR TS0 i BUE S R sh R 6 A8 2SI 3 B A IR 75 73 B

148



AR MR KA R 2R S

[J]. L6415, 2005, 20: 1-9.

[74] Fervers C.W. Improved FEM simulation model for tire—soil interaction[J]. Journal of
Terramechanics. 2004, 41: 87-100.

[75] FAEMF, SKHR, TRGE, EATAR. ela-sth s S 3l i A IRocar [J]. #eia Tolk.
2000, 527-533.

[76] MIANES. B a2 fh A2 70 b 55T 7T [D]. PUALRMBHEIR ¥, 2012,

[77] Behroozi M., Olatunbosun O.A., Ding W. Finite element analysis of aircraft tyre — Effect
of model complexity on tyre performance characteristics[J]. Materials & Design. 2012, 35: 810-
819.

[78] Kongo Kondé A., Rosu I., Lebon F., Brardo O., Devésa B. On the modeling of aircraft
tire[J]. Aerospace Science and Technology. 2013, 27: 67-75.

[79] Guo H., Bastien C., Blundell M., Wood G. Development of a detailed aircraft tyre finite
element model for safety assessment[J]. Materials & Design. 2014, 53: 902-909.

[80] Yao S.L., Yue Z.F., Geng X.L., Wang P.Y. Finite element analysis of aircraft tire for safety
assessment with CV and CPM methods[J]. Multidiscipline Modeling in Materials and
Structures. 2017, 13: 501-518.

[81] miW i, WAF, HAES Ra-Fat A BAF A Rc o). S TaEk. 2002,
23: 150-154.

[82] XU, Z=NNUR, Mo ot. Fein St i) @l AR L AT IR T e i (0], B 12222
. 2001, 18: 141-146.

[83] HH/INEE. A fiath i AH BLAE FH W EUE 17 5 [D]. EF R R A KRS, 2012,

[84] Xia K. Finite element modeling of tire/terrain interaction: Application to predicting soil
compaction and tire mobility[J]. Journal of Terramechanics. 2011, 48: 113-123.

[85] AEXL, FKRRH. FEMR-d i e B AR A IR 5 e 2R [0]. I E AL 4. 2010, 40-
42.

[86] H M, PR, ERA, BRigT. RIG— T3 TAE RO R LR ] RHLHTA.
2013, 35: 243-245.

[87] 2K, BT, MiER. RMR-VD LA AR RN S aliewt 7e (7], AR ML LR
#42. 2000, 31: 8-10.

[88] #AZE T, BN, BeJG 5 LA TAE A B~ R R S IR BF FT[)]. 1 T RS 24k

149



S 2530k

(HEAFRIERR). 1997, 110-114.

[89] SKIEPH, FhaEfE, VEEHE, BRFS, PO, =5 RS A8 TR PR 10 2 s T R 5 R 4
RIS 5 B [T]. HLBR A4, 2009, 45: 212-217.

[90] Hambleton J.P., Drescher A. Modeling wheel-induced rutting in soils: Rolling[J]. Journal
of Terramechanics. 2009, 46: 35-47.

[91] Hambleton J.P., Drescher A. On modeling a rolling wheel in the presence of plastic
deformation as a three- or two-dimensional process[J]. International Journal of Mechanical
Sciences. 2009, 51: 846-855.

[92] Shi Y. EMAS Core Material Modeling with LS-DYNA[J]. 11th International LS-DYNA
Users Conference. 2010, 16: 21-36.

[93] Matthew Barsotti M.S. comparison of FEM and SPH for modeling a crushable foam
aircraft arrestor bed[J]. 11th International LS-DYNA Users Conference. 2010, 16: 37-54.

[94] Barsotti M. Optimization of a passive aircraft arrestor with a depth-varying crushable
material using a smoothed particle hydrodynamics (SPH) model[M]. ProQuest, 2008:

[95] B3, SFTF, BRigH, REMN, ZEM, £, SRR AU T O,
AR S AT T[], S E AU AR 2000, 11: 210-214.

[96] ZEAEN, A&, D4R, Hd Mg BORDT SRt e [)]. RNV BT S R
4. 2006, 18: 1789-1798.

[97] SKICHI, XM, TRNI. =ZESCOR RRS B & N R e A [T]. HURCC AR 223, 2009, 45:
266-270.

[98] MockE, k&0, MEiK, INERE. WL AR Bt L8 i+ FH 2 4t 0 B BE BT 7T
[J]. Fe T2k, 2017,

[99] Lee Y.S., Kim C.S., Ha W.J., Han J.H. A Study on Evaluation of Aircraft Rapid Arresting
System Using the Numerical Analysis[J]. International Journal of Highway Engineering. 2011,
13: 185-195.

[100] Bade E., Minter E. Soft Ground Arresting of Civil Aircraft: Scaled Model VC 10 Tests in
Gravel and Sintered Fuel Ash Pellets[M]. Royal Aircraft Establishment (Great Britain), 1971:
[101] Cook R. Soft-Ground Arresting System for Commercial Aircraft[J]. Soft-Ground
Arresting System for Commercial Aircraft. 1993,

[102] White J.C., Agrawal S.K. Soft Ground Arresting System for Airports[J]. Soft Ground

150



AR MR KA R 2R S

Arresting System for Airports. 1993,

[103] FLARRR, LWL, HZEd, WhEE. Hpih2 AR G 2se it i Bt [)]. SE96
%.2014, 29: 83-88.

[104] KL=, FLAFER, LU, HZEB. WHLERH RGBSR /1], T2
J1%.2015, 32: 243-249.

[105] Haimes Y.Y. Risk modeling, assessment, and management[M]. John Wiley & Sons, 2015:
[106] Stroeve S.H., Blom H.A.P., Bakker G.J. Systemic accident risk assessment in air traffic
by Monte Carlo simulation[J]. Safety Science. 2009, 47: 238-249.

[107] Janic M. An assessment of risk and safety in civil aviation[J]. Journal of Air Transport
Management. 2000, 6: 43-50.

[108] Shyur H. A quantitative model for aviation safety risk assessment[J]. Computers &
Industrial Engineering. 2008, 54: 34-44.

[109] FhERIE, FME, £k, ZERE. 5T Bow-Tie HAR M RN %42 K43 B F BF 7
[0]. HREZ A RHEERR. 2010, 06: 85-89.

[110] Kirkland I.D.L., Caves R.E., Humphreys .M., Pitfield D.E. An improved methodology
for assessing risk in aircraft operations at airports, applied to runway overruns[J]. Safety
Science. 2004, 42: 891-905.

[111] Wong D.K.Y., Pitfield D.E., Caves R.E., Appleyard A.J. The development of a more risk-
sensitive and flexible airport safety area strategy: Part II. Accident location analysis and airport
risk assessment case studies[J]. Safety Science. 2009, 47: 913-924.

[112] Arnaldo Valdés R.M., Gomez Comendador F., Mijares Gordun L., Sdez Nieto F.J. The
development of probabilistic models to estimate accident risk (due to runway overrun and
landing undershoot) applicable to the design and construction of runway safety areas[J]. Safety
Science. 2011, 49: 633-650.

[113] Trucco P., De Ambroggi M., Chiara Leva M. Topological risk mapping of runway
overruns: A probabilistic approach[J]. Reliability Engineering & System Safety. 2015, 142:
433-443.

[114] Ketabdari M., Giustozzi F., Crispino M. Sensitivity analysis of influencing factors in

probabilistic risk assessment for airports[J]. Safety Science. 2017,
[115] SKIGE4s, ZERKsk. T WBA J5iA M ) B S s B & B 7E (0], o [ 2 el 2

151



S 2530k

#4R. 2012, 22: 67.

[116] FfilE, #EIRHr, . 2T Bow -tie FHY [ IALA Mt #TE RS 70 #r[7]. Tk
74 5IR. 2015, 4-8.

[117] 8777, BTG 0m . J S O A DL 307 10X 2 0 ROPL AR ol 3 XU 23 BT 0], 224
5B AR 2014, 14:

[118] Ho C.H., Romero P. Investigation of existing engineered material Arresting system at
three U.S. Airports[J]. Proceedings of 50th Annual Forum of Transportation Research Forum.
2009, 94: 491-502.

[119] BXRh, MR, %, A, 85 — MR PO IR G L5 AT R 05
WEFEI]. SE58 775 2012, 27: 354-360.

[120] Flores-Johnson E.A., Li Q.M. Indentation into polymeric foams[J]. International Journal
of Solids and Structures. 2010, 47: 1987-1995.

[121] ZE434R, B 56 55, B4k, ANSYS 10.0/LS-DYNA FERHFH ¢ 5 T RSz [M]. K
A7K F H AL, 2006:

[122] Flores-Johnson E.A., Li Q.M., Shen L. Numerical Simulations of Quasi-Static
Indentation and Low Velocity Impact of Rohacell 51 Wf Foam[J]. International Journal of
Computational Methods. 2014, 11: 1344004.

[123] LSTC L.-D. Keyword User's Manual, v971[J]. Livermore Software Technology
Corporation. 2007,

[124] Gibson L.J.A.A., Ashby M.F. Cellular Solids: Structure And Properties[J]. Cambridge
University Press. 1997,

[125] Avalle M., Belingardi G., Ibba A. Mechanical models of cellular solids: Parameters
identification from experimental tests[J]. International Journal of Impact Engineering. 2007, 34:
3-27.

[126] Olurin O.B., Fleck N.A., Ashby M.F. Indentation resistance of an aluminium foam[J].
Scripta Materialia. 2000, 43: 983-989.

[127] Currey N.S. Aircraft landing gear design: principles and practices| M]. American Institute
of Aeronautics and Astronautics, Inc., Washington, DC, USA, 1988:

[128] Federal Aviation Administration. Part 25-Airworthiness Standards: Transport Category
Airplanes[J]. U.S. Code of Federal Regulations, Federal Aviation Regulations (FAR-25-473),

152



AR MR KA R 2R S

Washington, DC, USA. 2005,

[129] Tao J.X., Smith S., Duff A. The effect of overloading sequences on landing gear fatigue
damage[J]. International Journal of Fatigue. 2009, 31: 1837-1847.

[130] Hill W.J., Hunter W.G. A Review of Response Surface Methodology: A Literature
Survey[J]. Technometrics. 1966, 8: 571-590.

[131] FE/KFE, ERCE. Rk i B8 5 N ] o e B R 5 4 (B AR BE 7 o).
2005, 14: 236-240.

[132] Khuri André 1., Mukhopadhyay S. Response surface methodology[J]. Wiley
Interdisciplinary Reviews: Computational Statistics. 2010, 2: 128-149.

[133] Lenth R.V. The Theory of the Design of Experiments[J]. Publications of the American
Statistical Association. 2000, 97: 924-924.

[134] XUEGT, KMV, [Z2E, B B0t M i 7 iEt R 0], LR 54
#2010, 27: 52-55.

[135] Chen D. The Theory of the Design of Experiments[J]. Technometrics. 2012, 43: 497-497.
[136] Stat-Easelnc. Design-ExpertsoftwareV8user’s guide. Minneapolis, MN:Technical
Manual[J]. StatEase Inc. 2010,

[137] Guillow S.R., Lu G., Grzebieta R.H. Quasi-static axial compression of thin-walled
circular aluminium tubes[J]. International Journal of Mechanical Sciences. 2001, 43: 2103-
2123.

[138] Liu K., Zhao K., Gao Z., Yu T.X. Dynamic behavior of ring systems subjected to pulse
loading[J]. International Journal of Impact Engineering. 2005, 31: 1209-1222.

[139] Morris E., Olabi A.G., Hashmi M.S.J. Lateral crushing of circular and non-circular tube
systems under quasi-static conditions[J]. Journal of Materials Processing Technology. 2007,
191: 132-135.

[140] Yin H., Xiao Y., Wen G., Gan N., Chen C., Dai J. Multi-objective robust optimization of
foam-filled bionic thin-walled structures[J]. Thin-Walled Structures. 2016, 109: 332-343.
[141] Hussein R.D., Ruan D., Lu G., Guillow S., Yoon J.W. Crushing response of square
aluminium tubes filled with polyurethane foam and aluminium honeycomb[J]. Thin-Walled
Structures. 2017, 110: 140-154.

[142] Sun G., Liu T., Huang X., Zhen G., Li Q. Topological configuration analysis and design

153



S 2530k

for foam filled multi-cell tubes[J]. Engineering Structures. 2018, 155: 235-250.

[143] Zhao H., Gary G. Crushing behaviour of aluminium honeycombs under impact[J].
International Journal of Impact Engineering. 1998, 21: 827-836.

[144] Ruan D., Lu G., Wang B., Yu T.X. In-plane dynamic crushing of honeycombs—a finite
element study[J]. International Journal of Impact Engineering. 2003, 28: 161-182.

[145] Hou B., Zhao H., Pattofatto S., Liu J.G., Li Y.L. Inertia effects on the progressive crushing
of aluminium honeycombs under impact loading[J]. International Journal of Solids and
Structures. 2012, 49: 2754-2762.

[146] Cui X., Zhao L., Wang Z., Zhao H., Fang D. Dynamic response of metallic lattice
sandwich structures to impulsive loading[J]. International Journal of Impact Engineering. 2012,
43: 1-5.

[147] Fan H., Qu Z., Xia Z., Sun F. Designing and compression behaviors of ductile hierarchical
pyramidal lattice composites[J]. Materials & Design. 2014, 58: 363-367.

[148] Liu J., Pattofatto S., Fang D., Lu F., Zhao H. Impact strength enhancement of aluminum
tetrahedral lattice truss core structures[J]. International Journal of Impact Engineering. 2015,
79: 3-13.

[149] Gu G.X., Takaffoli M., Buehler M.J. Hierarchically Enhanced Impact Resistance of
Bioinspired Composites[J]. Adv Mater. 2017, 1700060.

[150] Mao L., Gao H., Yao H., Liu L., Coélfen H., Liu G., Chen S., LiS., Yan Y., Liu Y., Yu S.
Synthetic nacre by predesigned matrix-directed mineralization[J]. Science. 2016,

[151] Yaraghi N.A., Guarin-Zapata N., Grunenfelder L.K., Hintsala E., Bhowmick S., Hiller
J.M., Betts M., Principe E.L., Jung J.Y., Sheppard L., Wuhrer R., McKittrick J., Zavattieri P.D.,
Kisailus D. A Sinusoidally Architected Helicoidal Biocomposite[J]. Adv Mater. 2016,

[152] Wang H., Yang J., Liu H., Sun Y., Yu T.X. Internally nested circular tube system subjected
to lateral impact loading[J]. Thin-Walled Structures. 2015, 91: 72-81.

[153] Lin T.-C., Chen T.-J., Huang J.-S. In-plane elastic constants and strengths of circular cell
honeycombs[J]. Composites Science and Technology. 2012, 72: 1380-1386.

[154] Lin T.-C., Chen T.-J., Huang J.-S. Creep-rupturing of elliptical and circular cell
honeycombs[J]. Composite Structures. 2013, 106: 799-805.

[155]HuL.L., He X.L., Wu G.P.,, Yu T.X. Dynamic crushing of the circular-celled honeycombs

154



AR MR KA R 2R S

under out-of-plane impact[J]. International Journal of Impact Engineering. 2015, 75: 150-161.

[156] Xue Z., Hutchinson J.W. Crush dynamics of square honeycomb sandwich cores[J].
International Journal for Numerical Methods in Engineering. 2006, 65: 2221-2245.

[157] Zhang X., Zhang H. Theoretical and numerical investigation on the crush resistance of
rhombic and kagome honeycombs[J]. Composite Structures. 2013, 96: 143-152.

[158] Liu W., Wang N., Luo T., Lin Z. In-plane dynamic crushing of re-entrant auxetic cellular
structure[J]. Materials & Design. 2016, 100: 84-91.

[159] Mukhopadhyay T., Adhikari S. Effective in-plane elastic properties of auxetic
honeycombs with spatial irregularity[J]. Mechanics of Materials. 2016, 95: 204-222.

[160] Billon K., Zampetakis I., Scarpa F., Ouisse M., Sadoulet-Reboul E., Collet M., Perriman
A., Hetherington A. Mechanics and band gaps in hierarchical auxetic rectangular perforated
composite metamaterials[J]. Composite Structures. 2017, 160: 1042-1050.

[161] Qiao J., Chen C. In-plane crushing of a hierarchical honeycomb([J]. International Journal
of Solids and Structures. 2016, 85-86: 57-66.

[162] Hou K.W., Yang J.L., Liu H., Sun Y.X. Energy absorption behavior of metallic staggered
double-sine-wave tubes under axial crushing[J]. Journal of Mechanical Science and Technology.
2015, 29: 2439-2449.

[163] Baroutaji A., Sajjia M., Olabi A.-G. On the crashworthiness performance of thin-walled
energy absorbers: Recent advances and future developments[J]. Thin-Walled Structures. 2017,
118: 137-163.

[164] Zhang X., Zhang H., Wen Z. Experimental and numerical studies on the crush resistance
of aluminum honeycombs with various cell configurations[J]. International Journal of Impact
Engineering. 2014, 66: 48-59.

[165] Jiang W., Yang J.L. Energy-absorption behavior of a metallic double-sine-wave beam
under axial crushing[J]. Thin-Walled Structures. 2009, 47: 1168-1176.

[166] Tran T. Crushing and theoretical analysis of multi-cell thin-walled triangular tubes under
lateral loading[J]. Thin-Walled Structures. 2017, 115: 205-214.

[167] Wierzbicki T., Abramowicz W. On the Crushing Mechanics of Thin-Walled Structures[J].

Journal of Applied Mechanics. 1983, 50: 727-734.

155



T 1 2 0 S0 ) A HO F 7 B R

BUE TR ARAE ES RS RLR

[1] Xianfeng Yang, Jialing Yang, Zhiqiang Zhang, Jingxuan Ma, Yuxin Sun, Hua Liu. A review
of civil aircraft arresting systems for runway overruns. Progress in Aerospace Sciences,
2018,102:99-121. (SCI i3%, IF= 6.814)

[2] Xianfeng Yang, Jingxuan Ma, Yingli Shi, Yuxin Sun, Jialing Yang. Crashworthiness
investigation of the bio-inspired bi-directionally corrugated core sandwich panel under quasi-
static crushing load. Material & Design, 2017, 135:275-290. (SCI Y%, IF=5.77)

[3] Xianfeng Yang, Jingxuan Ma, Yuxin Sun, Jialing Yang. Ripplecomb: a novel triangular tube
reinforced corrugated honeycomb for energy absorption. Composite Structure, 2018, 202:988-
999. (SCI Yit3%, IF=4.829)

[4] Xianfeng Yang, Yuxin Sun, Jialing Yang. Out-of-plane crashworthiness analysis of bio-
inspired aluminum honeycomb patterned with horseshoe mesostructure. Thin-Walled
Structures, 2018, 125:1-11. (SCI it 3%, IF=3.488)

[5] Xianfeng Yang, Zhiqiang Zhang, Yun Xing, Jialing Yang, Yuxin Sun. A new theoretical
model of aircraft arresting system based on polymeric foam material. Aerospace Science and
Technology, 2017, 66:284-293. (SCI Y& 3%, IF=2.829)

[6] Xianfeng Yang, Zhiqiang Zhang, Jialing Yang, Yuxin Sun. Fluid—structure interaction
analysis of the drop impact test for helicopter fuel tank, SpringerPlus, 2016, 5(1), 1573. (SCI
ek, IF=1.13)

[7] Xianfeng Yang, Jingxuan Ma, Shoubin Liu, Yun Xing, Jialing Yang, Yuxin Sun. Exact
analytical solution for thermoelastic response of clamped beams subjected to movable laser
pulse. Symmetry, 2018, 10(5), 139. (SCI Y%, IF=2.143)

[8] Xianfeng Yang, Jingxuan Ma, Yuxin Sun, Jialing Yang. Crashworthiness investigation of
the bio-inspired double-sine-wave corrugated core sandwich panel. 20th international
conference of composite structure, Paris, 2017.

[9] Xianfeng Yang, Yun Xing, Zhigiang Zhang, Jialing Yang, Yuxin Sun. Theoretical analysis
and multi-objective optimization for gradient engineering material arresting system.
International Journal of Crashworthiness. 2017, 22(5), 41-55. (SCI Y%, IF=1.317)

[10] Xianfeng Yang, Jingxuan Ma, Yuxin Sun, Jialing Yang. An internally nested circular-

156



AR MR KA R 2R S

elliptical tube system for energy absorption. Thin-Walled Structures. 2019, 139: 281-293. (SCI
i, IF=3.488)

[11] Xianfeng Yang, Xulong Xi, Qifan Pan, Hu Liu. In-plane dynamic crushing of a novel
circular-celled honeycomb nested with petal-shaped mesostructure. Composite Structures.
2019, 226: 111219. (SCI I, IF= 4.829)

[12] Xianfeng Yang, Xiaochuan Liu, Xulong Xi, Chunyu Bai, Yuxin Sun, Jialing Yang.
Crashworthiness design and energy absorption mechanism of helicopter structures: a systematic
literature review. Progress in Aerospace Sciences, 2019. (SCI &%, Q1 [X, IF=6.814, Accepted)
[13] Xiaochuan Liu, Xulong Xi, Chunyu Bai, Jialing Yang, Xianfegn Yang*. Dynamic
response and failure mechanism of Ti-6AL-4V hi-lock bolts under combined tensile-shear
loading. International Journal of Impact Engineering. 2019, 131: 140-151. (SCI Ui 3%, IF=3.173)
[14] Yun Xing, Xianfeng Yang, Jialing Yang, Yuxing Sun. A theoretical model of honeycomb
material arresting system for aircrafts. Applied Mathematical Modelling. 2017, 48,316-337.
(SCT Y3, TIF=2.617)

[15] Jingxuan Ma, Xianfeng Yang, Shoubin Liu, Jialing Yang, Yuxin Sun. Exact solution of
thermal response in a three-dimensional living bio-tissue subjected to a scanning laser beam.
International Journal of Heat and Mass Transfer. (SCI Ui5%, IF=3.891)

[16] Yuxing Sun, Jingxuan Ma, Xianfeng Yang, Shoubin Liu, Jialing Yang. Thermo-elastic
response of a simply supported beam irradiated by a movable laser pulse. Canadian Journal of
Physics. 2017. (SCI Y&, TIF=0.983)

[17] #pdet, skE0R, MFIE, VR CHLIEURIR RE L8 1= FH 2 G i BE i 1 e AT ¢
FL T 2R, 2017(s1):155-162. (EI YGE)

[18] #3%k%, BpdeE, SispsT, VK. —MMERE TG Z RN ICRE . hHE,
Z1.201710235215.5. (B 5 & WL F))

[19] %30, e, XIpE. —Fb R T RHLIE 42 P AT L0 5 S0 OBl 37 25 «
HiE, ZL201710703383.2. (1F 5 & W% F)

[20] M3 R%, Moo, BLEAK, IhEEE. — Pl i SUE & S DA P i Re e & . P,
Z1.201811292765.1. (E 5 & W L)

157



Hogt

gt

H 2013 4 9 FIERBEANICHTLR, B4 B S5 il L 2oR A, S8R 1 AR
T SR 1800 24N H HAKH, fEX AT wm., e miEss, W
AR BORRER K . 2015 45 9 H 9 HIEUSCh — &1L 5 AR T LR T1E, 2016
F4H 13 5REEREFIITISARIL L, 2017449 A 3 55—k ESINERER
2 2017 29 H 15 HE— VORI L E XY 4. LR I AmE s, ik
FLIEH B R B B SO, TERMI Hh 5 23 J % T 1] st

RERF R, 2 B Im, B, RERGIR I S 5 AR, &
SCRTEMZ IR LIRS R e MitSOES, TIERI R CFERE L —ANEREY
FZ 0 B IRAINE IR 0 . B2 IR A DR FUSER A R A
JE UL BE R B4 & RIRIRYT i, 225 HEHR, AWOARIRF NEM . Rl
ZIMBEEAE D NEEH, TR RIONT, TP, B Rcg
RN T B AR BT U, — 20— /MHIENRRALARIT M AT B LR IRZ 25 % & . M2 ITsh T 75
MR B ERAEIRIFTIA R S R R E 2 T s s fe th i & 0, 18301
RIS S Re e UK . AL B R X 58 T 22 AF R 0 5 R 55 s 0 R SRR

JE R A 0| R RN R BB R 3%, T 7 2 T A RV i DA R 8 S S /R
AT OAHE B . PNEITIE N =8I+, FIRIN IS B84, 1B I
W2, BRI SR . xR, Bl DEA L TR
s AR B A B, KE. XIEE. FERG. MR, 220 RER., &
Gy XSt SR Bttt e, ARVLUE . SRIER. RSN LA . RN b ik &
it ol R0 R Tl L AE R LA b S SRR E AT ) i A 1 A R B Rl 3R — ke
IR R B K SRR 520 3 S [R]  5) AR RS R 45 FR 1 O AN Bl

Al R A R ) SRR U PR AE AL A TR K 2 (iR SR A e
[7 5 SR SR R I OGO S R B S A DL E R LA A 5
W13 FR AP A LR PRI ) 0 1R L A o 5 1 55 ) 2 A A A R B

B SRR R ACRE. KA AR R IRIRSEITA RN, MR 22 4E R I S
A e S, R AT OO RR R L L IR B 5 A, W b, IR
IR A REFI R AFE RS TR N, FRIC LA TR

FROBH T B BRI RIS A 2 T[] 2 |

158



B8 S P N4 S = L AT

fE& &

Wdee, 55, 1988 4 10 A, UK, WIHEEFEEKT A 2009 4 9 H £ 2013 4 7

Ay EPE AL T RS2 5 b AT # T 5 TR T 3], SR8 T %407, 2013 4F
9 HREAAC AU MR KSR 5 TR B CAT 3 S5 M50 R BUA L2440, 2015
FERGT I R T AR O [ 4 7 1l 2 b, BEF T R i sl o S R R IR S A . 1l
S IE) AT DL R

2019 409 A dbE s ik R LA E K

2019 12 ) AEERIUE AR KRR 4

2018 4 03 . LASHEIQIHT R4 — 5%

2018 AE 01 A LBt e i R R A 2 2 B A1 75 3¢ R

2017 4F 12 F AERHUSHUR KRS 2017 SR REALFHE 7R AL

2017 4F 09 H AERUMTAS MUOR R 2 1 AR [ 5 2y

2017 4F 09 H AU MR R A — S ol 2

2017 4209 A dEECHU AR K2 2017 SF R T AE L5 5 AR i S0

2017 4F 05 A BRI AR R 27 1 b A bk R R 4

2016 €F 12 F AEEHUEHIR KA 2016 F LT E

wxe

!

159



