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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 



 

IV 

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 



 

V 

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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2.3  

    

-

42

FC FD

FD1 FD2 FD3 FD4  

 
42  

2.3.1  
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43 α

h0 h1

R φ

FD1  

 

43  

dφ  

1d sinD CF BR d                        (2.3) 

B σC  

(2.3)

 

             1 10 0
d sinD D CF F BR d                    (2.4) 

2.2.2

Gibson [124]  

             
1

( )

( )F

F

y

y y z

n
y zF

E

h                    (2.5) 

σ ε E εy

εF εz
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Avalle[125]

 

             
1

( ) 1
1

m nE
AA e B                     (2.6) 

Avalle 5 (A E B m n) E

A Avalle

 

2.4

2.6  

  

1

1 0

1

0 0 00 0 0

1 sin d
1

sin d sin d sin d
1

m

m

nE
A

D

nE
A

F A e B BR

AB R AB R e BB R

     (2.7) 

43 dφ  

(cos cos )h R
h h

                         (2.8) 

2.8 2.7 FD1  

(cos cos ) 1 (cos cos )

1 0 0 0

0 0

(1 cos ) sin

(cos cos ) sin
(cos cos )

mER R
Ah h

D

n

F AB R AB R e d

RBB R d
h R

        (2.9) 

 

                            1 cosC CdF BR d                         (2.10) 

2.10

FC1  

1 10 0

1

00

cos

= 1 cos
1

m

C C C

nE
A

F dF BR d

A e B B R d
          (2.11) 

2.6 2.8 2.11 FC1  
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1

1 1 0 0 00 0 0

(cos cos ) 1 (cos cos )

0 0 0

0 0

sin cos cos
1

sin cos

(cos cos ) cos
(cos cos )

m

m

nE
A

C C

ER R
Ah h

n

F dF AB R AB R e d BB R d

AB R AB R e d

RBB R d
h R

   (2.12) 

2.3.2  

    

44

FD2  

2 0
2 sin 2 1 cosDF R d R                   (2.13) 

γ [126]  

 

2 0
2 cos 2 sinCF R d R                     (2.14) 

 

2.3.3  

    

44

υa υt

FD3  

 
44  
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V  

                                 

V
R

                             (2.15) 

 

2 sin 2 sin
2 2aV R V                      (2.16) 

                          2=2 sin
2

V V                           (2.17) 

∆s  

2
0 0 0

1
2

T s B R V d                     (2.18) 

∆T ρ0 B0 R

∆s W  

3DW F s                           (2.19) 

∆s W

 

2 4 2
3 0 0 0 00

3 12 sin sin 2 sin
2 4 8DF B RV d B RV        (2.20) 

2.3.4  

    

 

                        4 1 2( )D C C CF F F F                      (2.21) 

μ FC
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(cos cos ) 1 (cos cos )

1 2 0 0 0

0 0

sin cos

(cos cos ) cos 2 sin
(cos cos )

mER R
Ah h

C C C

n

F F F AB R AB R e d

RBB R d R
h R

   (2.22) 

 

2.3.5

2.9 2.13 2.20 2.21

 

(cos cos ) 1 (cos cos )

0 0 0

0 0

2
0 0

(1 cos ) sin

(cos cos ) sin 2 1 cos
(cos cos )

3 1 sin 2 sin
4 8

mER R
Ah h

D

n

C

F AB R AB R e d

RBB R d R
h R

B RV F

        (2.23) 

45  

    
  45  

 

                     1 2 2NCF L L G L                          (2.24) 

 1 2 12 MCF L L G L                         (2.25) 

2.24 2.25

 

2

1 2
NC

LF G
L L                            (2.26) 
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1

1 22MC
LF G

L L                          (2.27) 

FNC FMC L1 L2

 

α 2.20 2.27

FMC=FC  

 

DF mxx                           (2.28) 

m x  

 

2.4  

2.3

FAA FAA

50 727

4 727

496 151.18m 48 14.6m 18 0.4572m

46

Avalle  

 
    46 Avalle  
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4 727  

 
 

 
(knot) 

 
(Kg) 

L1 

(m) 

L2 

(m) 

H 
(m) 

R 
(m) 

B0 

(m) 

B727 50 61236 15.18 1.05 0.4572 0.62 0.439 

47a 47b 727

FAA

FAA

2.3%

8.4%

10%

 

   

a                         b  

       47 727  

 

2.5  

    2.4

EMAS

48 Avalle

A=0.32 B=0.238 E=40 m=5.91 n=1.21 727
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   48 Avalle  

 

2.5.1  

    

h=0.35m h=0.40m h=0.45m h=0.50m

64700kg

50 0.62m 49a

 

 

  a  
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b                   c  

49  

2.20

49b

0

α 2.20 α

49a 49b

85% 49c

 

 

2.5.2  

MLW MTW ZFW

727

12533kg 15129kg 17700kg B727
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0.62m 0.45m 50

 

   

a              b  

  
c                  d  

50  

50a 50c

50b

0. 8

0.8
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50d

EMAS  

 

2.5.3  

    

-

20%( 0. 8σ 1. 2σ σ

)

0.45m 0.62m  

 
  a  

   

b                    c  

51  



64 

    51a

51b

α 51c

 

 

2.5.4  

R=0.5m R=0.62m R=0.72m

0.45m

50  

 

  a  



65 

  
b                      c  

52  

    52a

52b 53c

 

 

2.6  

EMAS FAA

 

1
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2

85%  

3

 

4
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3.1  

FAA ARRESTOR [46] Heymsfield[50, 51] SGAS

Zhang[52] -

Avalle -  

EMAS

FAA 1991

727 680

48 18

50-60 727 1000

60
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3.2  

3.2.1  

    737-300

737 737-300/-400/-500 737-300

CFM-56

737 JT8D 53a

53b 53c 737-300

737-300 28.9m 33.4m 12.5m

3.53m 12.45m 737-300

38500kg  

 

a 737-300  

    
b B737-300               c B737-300  

53 737-300  
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    737-300

FAA 90% 70

737-300 40

20.58m/s  

 

3.2.2  

    

1m 1m 0.3m

140m 15m 0.32m

54a

140 15

2100

3m

0.05m 3 0.32m  

 
54 a b  
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    54b

JNLX

5m

737  

 

3.2.3  

3.2.1 737-300

38500kg

GPS

5

 

5 737-300  

737
 

 
EMAS

737
 

 
 
 

12

 

737
 

 
 

GPS  
 

EMAS    
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    GPS GPS

1575.34M GPS TTL(Transistor-

Transistor Logic)

GPS

GPS 40Hz 0.1m/s GPS

 

EMAS
[127, 128]

55a 55b

N1 N2 N3

55c 55d MR1 MR2 MR3

ML1 ML2 ML3

 

 
55  



72 

2000Hz

9

 

 

56  

    80m

56 1024 1024 300

54b 5m

737-300 P1 P2

Matlab P0 P1 P2

737-300

 

0 0

2
P t t P t t

V t
t

                     (3.1) 

0 0 0
2

2P t t P t P t t
a t

t
                 (3.2) 

1 2

1 2

cot
0 0

P t P t
t

P P
                     (3.3) 

∆t=1/300 P0(t+∆t) P0(t-∆t) P0(t) P1(t)

P1(0) P2(t) P2(0)  
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3.2.4  

    56

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

56  
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3.3  

3.3.1  

    3.2.3

57 737

57a

t=0 GPS 39.4

0.384s

57b

57d 57e

5.427s

57f 39.4

737 60.91m  

 
57  

58 737-300



75 

58c

58d

 

   
                       (a)                           (b) 

   
                       (c)                           (d) 

58  

    

5m 59



76 

 

 

59  

 

3.3.2  

    737-300 3.2.3

60

60a 60b 60c

737-300 N1 N2 N3 60d 60e 60f

737-300 MR1 MR2 MR3 60g 60h 60i

737-300 ML1 ML2 ML3

0.384s

57a 57b 10 N1

MR1 ML1 N2 N3 MR2 ML2 MR3 ML3

- 60d-f 60g-i
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60  

   60

6

0.008152

[129]

40 737-300

 

6  

    

1 0.004592 0.002075 0.002596 

2 0.008152 0.003519 0.003782 

3 0.007963 0.000469 0.000411 
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3.4  

3.4.1  

3.2 3.3

737-300 [52]

 

 

61  

61 -

FD FD1

FD2 FD3 FD4  

1
1

1 0
0

cos cos cos cos
1

n
n

D n

BkRF BR
n h

         (3.4) 

2 0
2 sin d 2 cos cosDF R R                    (3.5) 

2
3 0

3 1 sin 2 sin 2 sin sin
4 8DF BRV        (3.6) 

4 1 2D C C CF F F F                                            (3.7) 

1

1 0
0

1

00
0

sin sin 2 sin cos cos

cos cos cos d 2 sin

n
n

C n

n n

n

BkRF BR
h

BkR BR
h

    (3.8) 
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2 0
2 cos d 2 sin sinCF R R                   (3.9) 

R B β ρ0

σ n k

γ α

μ V

 

1 2 3 4D D D D DF F F F F                       (3.10) 

737-300

FND FNC  

2ND DF F                               (3.11) 

2NC CF F                               (3.12) 

FMD FMC  

    

- 62

 

1 10°  

2  

3  

4  

     
62  
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5 x

y θ yM yN

-

5

[53]  

2T ND MDM x F FNDx FNDF   (3.13) 

0 0( ) 2 ( )

( ) 2 ( )
F NG N N N MG M M M F

NG N N N N MG M M M M

M y k y y L y k y y L y M g

c y y L y y L c y y L y y L
NGy k (NG (k (NG (

N N N N MG M M M MN N N N MG M M M MN N MG M M M MM) ( )(() 2 ( )) 2 ( My y L) 2 ( )2 () 2 ( M MM) 2 ( ) y yy) 2 ( )2 () 2 (2 ( MM) 2 ( )2 (2 () 2 (2 (
  (3.14) 

0 0( ) 2 ( )

( ) 2 ( )

2

NG N N N N MG M M M M

NG N N N N N MG M M M M M

ND N MD M

I k y y L y L k y y L y L

c y y L y y L L c y y L y y L L

F H F H

NGkNG (k (NG (k (NG (

N N N N N MG M M M M MN N N N N MG M M M M MLN N N MG M M M M MN N N MG M M M M) ( )(() 2 ( )) 2 ( L) 2 ( )2 () 2 ( M MM) 2 ( )2 (2 (2 ( y y) 2 ( ) MM) 2 ( )2 (2 () 2 (  (3.15) 

0( )

( )
NG N NC NG NG N N N

NG N N N N

M y F M g k y y L y

c y y L y y L
N NCy FN NCFNC

N N N NN N N NNN)) Ny y L) NN) y yy)  (3.16) 

0( )

( )
MG M MC MG MG M M M

MG M M M M

M y F M g k y y L y

c y y L y y L
M MCyM MCM FMC

M M M MM M M MM MM)) My y L) M MM) y yy) MM)  (3.17) 

MT MF g I

MNG MMG kNG

kMG cMG cNG

LN LM HN

HM yN0

yM0 7 737-300

63 737-300

 

- Matlab
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7 737-300  

 
MT (kg) MF (kg) I (kg m2) L (m) LN (m) LM (m) 

38500 37244 1512752 32.18 2.76 2.84 

 
MNG (kg) RNG (m) BNG (m) PNG (kPa) kNG (N/mm) cNG (N (m/s)-2) 

110 0.305 0.197 1144 519 20506 

 
MMG (kg) RMG (m) BMG (m) PMG (kPa) kMG (N/mm) cMG (N (m/s)-2) 

573 0.508 0.368 1241 1301 20506 

 

  

63 B737-300            64  

                      -  

 

3.4.2  

GPS

-

Matlab

64

12.45m
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-0.42g

-0.4116g

 

65

a

b 0 1s

1s 4s

4s 6s

65a 66.73m

60.91m

9.56% 10%

6.06s  

 

(a) -                            (b) -  

65  

    66

 



83 

 

66  

 

3.5  

    

737-300

 

1 737-300

 

2

10%  

3
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4.1  

   -

737-300

 

    

-

- 3D
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4.2  

4.2.1  

   

67

 

 
    67  

   -

67

FC FD

FD1

FD2 FD3  

 

4.2.2  
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68

α1 α2 h0 h1 h2

R  

       
     68  

dφ

 

1 sinD CdF BR d                        (4.1) 

B σC  

    (4.1) 0 φ

 

1 2 1 2

1 10 0
sinD D CF dF BR d                 (4.2) 

    

69

 

     

0

0

,
( ) ,

d
C

d dk
                    (4.3) 

ε εd k

 

4.3
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4.2  
1 2 2

2
0 00

sin ( ) sinD dF BR d k BR d           (4.4) 

    
      69  

68 dφ  

(cos cos )h R
h h

                       (4.5) 

4.5 4.4 FD1  

1 0 2 0 2

2 2

2 2

cos cos ( ) 1 cos

cos1 cos 2 1 cos
4

D dF BR BR k

kBR kBR
h h

          (4.6) 

 

1 cosC CdF BR d                         (4.7) 

4.7 0 φ

 

1 2 1 2

1 10 0
cosC C CF dF BR d                  (4.8) 

4.3 4.5 4.8  

2

2
1 0 00

0 2 2 0

2 2 2
2

2 2

cos ( ) cos

sin sin sin ( )

sin 2 cos sin
2 4

C d

d

F BR d k BR d

BR BR k

kBR kBR kBR
h h h

           (4.9) 
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4.2.3  

68

FD2  

2 0
2 sin 2 1 cosDF R d R                    (4.10) 

γ  

 

2 0
2 cos 2 sinCF R d R                      (4.11) 

 

4.2.4  

    

 

                        4 1 2( )D C C CF F F F                        (4.12) 

μ FC  

4.9 4.11  

2
2

0 2 2 0

2 2

2 2

sin sin sin ( )
2

sin 2 cos sin 2 sin
4

C d
kBRF BR BR k

h
kBR kBR R

h h

        (4.13) 

4.2.5  

4.6 4.10 4.12  

2

0 2 0 2 2

2

2

cos cos ( ) 1 cos 1 cos 2
4

cos 1 cos 2 1 cos

D d

C

kBRF BR BR k
h

kBR R F
h

    (4.14) 
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2.24-2.27

FNC FMC  

68  

1 2cosdh h R R h                      (4.15) 

2 2cosh R R                          (4.16) 

4.16 4.15  

2cos cos dh
R

                       (4.17) 

    4.2.1

 

0 tanh h s                          (4.18) 

s h0 θ

 

FMC=FC 4.13 4.18

α1 α2 α1 α2

4.14 4.17  

 

4.3  

    

r -

70

-

LS-DYNA MAT24
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6m 3 0.5m

LS-DYNA

MAT63 LS-DYNA

 

 
70 -  

70  

 
71  

    71 b-c

72
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-

-

 

 

72  

 

4.4  

4.4.1  

3 1
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2 -

3 -

 

    
[130-132]

DOE [133-135]

4.3

Design-expert [136]

 

8  

 

  -1 0 1 

 ( ) A 0 3 6 

 (MPa) B 0.7 0.95 1.2 

 (m) C 0.2 0.35 0.5 

 

4.4.2  

    Design-expert

Box-Behnken D

Box-Behnken

8

h θ σ



93 

 

D

C

FDrag Ratio
F

                        (4.19) 

FD FC  

: 

0. 8

0.8

9  

9  

Run θ ( ) σ (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 



94 

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 

 

4.4.3  

    4.4.2

Design-

expert

P

R2 R2 R2

R2 R2

1 0.2 4

 

 

  

    10 F 203.51

p 0.0001 F 0.01%

R2 0.9913 R2 0.9391 0.2

58.501 4

 

1  

2  

3 - - -  

10 F
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A>B>AB>C>BC>C2>AC>B2>A2 73

 

10  

   F  p-  

 0.84 0.093 203.51 < 0.0001 

A-  0.55 0.55 1204.13 < 0.0001 

B-  0.16 0.16 350.12 < 0.0001 

C-  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 

C2 0.015 0.015 33.71 0.0007 

Final equation in term of actual factors 

R2 0.9962 
D=-0.23909+0.26989*A+0.29867*S+4.49694*C 
-0.14533*A*S-0.11833*A*C-1.933*S*C 
-4.5833*A2+0.13*S2-2.6944*C2 

R2 0.9913 

R2 0.9391 

 58.501 

 

   

     73  

  

11
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F 43.41 p 0.0001 F

0.01% R2 0.9550 R2 0.7862

0.2 26.810

4  

11  

   F  p-  

 0.12 0.015 43.41 < 0.0001 

A-  0.042 0.042 118.13 < 0.0001 

B-  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 24.33 0.0011 

AC 9.00E-04 9.00E-04 2.53 0.1504 

BC 2.07E-03 2.07E-03 5.82 0.0424 

B2 5.06E-03 5.06E-03 14.21 0.0055 

C2 1.20E-03 1.20E-03 3.38 0.1034 

Final equation in term of actual factors 

R2 0.9775 
D=0.47641+0.094761*A-0.99812*S+1.36034*C 
-0.06203*A*S-0.033333*A*C-0.60667*S*C 
+0.55368*S2-0.74977*C2 

R2 0.9550 

R2 0.7862 

 26.810 

 

       
        74  

 

1  
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2  

3 - - -  

11 F

B>A>AB>B2>C>BC>C2>AC 74

 

 

75  

 

4.5  

4.5.1  

    75

75 a1-b2
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75 a1 a2

75 b1 b2

75 c1 c2

 

 

4.5.2  

    76 76 a

b

76 c d

 

 
76  
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4.5.3  

 

1

2

0.8 0.8

 

0

0

1 ( , , )
0.8 ( , , )
. . ( ) ( )

Minimize f H h
DR h

s t x l x x u
                   (4.20) 

H DR x(l) x(u)  

    

 

 

4.5.4  

    4.20 Pareto

Pareto
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di (0, 1) di

di=0 di=1

1(+)

5(+++++) 0.1 10. 

     

1

0

i i
t

i i
i i i i

i i

i i

y T

U yd T y U
U T

y U

                  (4.21) 

Ti Ui t  

     

1

2

0

1

i i
t

i i
i i

i i
i t

i i
i i i

i i

i i

y L

y L L y T
T L

d
U y T y U
U T

y U

                 (4.22) 

Li t1 t2

 

    D

 

1 2 1/
1 2( ) im www w

mD d d d                     (4.23) 

wi  

 

4.5.5  

   4.4.3
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0

0 0

0.2 0.8
. . 0.7 1.2

0 6

DR HMaxmiaze D d d
m h m

s t
6

                      (4.24) 

 

    12

h=0.20m θ=2.20

σ=1.11σ0

-

3.6% 6.1%

 

12  

( ) (MPa) (m)  (m)  

2.20 1.11 0.2 0.7999 0.200526 0.95 

 

    

 0.799900 0.833 3.6% 

(m) 0.200526 0.213 6.1% 

 

4.6  

-

- 3D
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1 -

3D

 

2

 

3

 

4

0.20m 2.20

1.11σ0  
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5.1  

    

EMAS 67 109

12 284

 

    [137-139] [140-142] [143-145] [146-148]
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5.2  

    45

1

2

3D Gu[149]

77a

85 70 Mao[150]

77b

 

     
(a)                   (b)  

77  

78a -

-

78b
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80 5.588

60

5 [151]

78c

 

    

78  

    

78d

78e

 



106 

1 2

2
, cos cos cosy y

x

n n
Z x y f x n y

L L
            (5.1) 

x y Z(x, y)

nx ny X Y

L1 L2 f  

 

5.3  

5.3.1  

    LS-DYNA

79

79a1 a2 79b1 b2

79c1 c2

48mm 48mm 12mm

5mm 0.2mm 1060

ASTM 1060

80 1060

13 1060  

 

79  

13 1060  

2700 kg/m3 68 GPa 0.33 65 MPa 74 MPa 
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80 1060  

    79

81

2mm/min

8

4 Belytschko-Tsay 1

5

-

0.3mm×0.3mm  

  

81  
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    81

82(A1)

82(A3)

83

 

EASEA
m

                            (5.2) 

m EA  

0

d

EA F x dx                           (5.3) 

F(x) d  

 
82 (A1-A3)  

(B1-B3) (C1-C3)  
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    83

82

82C

 

 
83  

 

5.3.2  

ny=0
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