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Abstract:- In order to test the shock and vibration resistance performance of an airdrop vehicle,  one 
test way is by actual equipment airdrop ,but this way needs large human and financial resources and  
the experimental conditions can not be controlled well, numerical simulation analysis become another 
effective way. This article first built the dynamic model of the whole vehicle based on virtual 
prototype technology, analysis the airbag force at vehicle landing process by tools of finite element 
method, next did the dynamic simulation to the vehicle landing process and got the loads time history 
on the hull, then applied these loads on the finite element model of the hull and did the transient 
dynamic response to the model, got the stress and strain time history of the hull, last did the 
cumulative damage assessment based on the strain time history of the hull combined the Lemaitre 
damage model and the material parameter.The calculation results show that the damage variable D has 
a linear relationship with the number of landing times and after 6 times of limit landing process, the 
part of hull will failure.The research can provide reference to the shock and vibration test for large 
airdrop equipment.  
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1.Introduction 
Local war under the informatization condition has the 
characteristics of suddenly, high strength and high 
technology, airdrop operations is becoming more and 
more important for its quick response and strike 
capability.[1-2] To examine the shock and vibration 
resistance performance of the airdrop equipment, it 
must conduct the shock and vibration test to the 
equipment and do damage assessment to verify that if 
the equipment can work properly after landing 
process[3] . One way is by actual equipment airdrop, 
but this way has some weakness, one is the actual 
equipment airdrop experiment needs long time to 
prepare and costs much money, another is the 
experiment condition can not be controlled and it can’t 

systemically and comprehensive assessment the 
equipment performance under different landing 
conditions. [4-5] The use of simulation is not be 
affected by time and test environment and can 
analysis various conditions, so it is becoming an 
effective way[6]. 
The hull of airdrop vehicle impact with the ground 
directly at landing process and suffer large load 
from ground, so the article take the hull of airdrop 
vehicle as the research object. First built the virtual 
prototype model of whole airdrop vehicle based on 
the automatic dynamics analysis mechanical 
software ADAMS, got all loads on the hull through 
dynamic simulation. Then built the finite element 
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model of the hull in software PATRAN, applied all 
loads on the hull model and did the transient dynamic 
response to the model by NASTRAN software. Last, 
did the cumulative damage assessment based on the 
strain time history of the hull combined the Lemaitre 
damage model and the material parameter. The whole 
analysis process as shown in figure 1. 
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Fig .1 The analysis process 

 
 

2.The virtual prototype model  
The vehicle are mainly aked up by three parts, fire 
system, track system and auxiliary system[7]. This 
paper built the hull and track system by  ADAMS 
software and it mainly contain the drive part and 
suspension system not include power and transmission 
parts. The track system have two sides and there are 
one sprocket, five road wheels, three support rolls, one 
idler and ninety-six belts of each side. The final Virtual 
prototype model of vehicle has a total of 257 bodies 
and 1194 degrees of freedom. 
2.1 The main mechanical force model of vehicle 
2.1.1 Nonlinear contact force model 
The contact force of the vehicle mainly include the 
contact between belt and ground, sprocket, road wheel, 
idler and support roll, and the contact of two bodies for 
their clearance. 
Based on Hertz elastic contact theory, the contact force 
between two objects is a nonlinear function of 
penetration depth and can be expressed 

like n
nF Kδ= [8] , but the Hertz contact force model 

do not account the energy dissipation process that 

characterizes the contact-impact events in 
mechanical systems[9] . So the paper use the 
contact force model by the elastic Hertz’s law 
combined with a nonlinear viscoelastic element 
expressed as[10]  

max max( ,0,0, ,c )

n
n

dgF K g c
dt

c step g d

 = ⋅ +


=
       (1) 

where K and n are the contact stiffness parameter 
and the nonlinear power exponent determined from 
material and geometric properties of the local 
region of the contacting objects, g is the 
penetration depth, maxc is the maximum damping 
coefficient, maxd denotes the penetration depth at 
which the damping get full. ( )step ⋅ is the function 
approximates the Heaviside step function with a 
cubic polynomial. 
For the numerical value of the above parameter, if 
the contact between two spherical body then the 
contact stiffness can be expressed like[11]  
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in which iE and iµ are the Young’s modulus and 

Poisson’ ratio associated with each sphere.If the 
contact between a sphere i and a plane surface body 
j, the contact stiffness parameter depends on the 
radius of the sphere and the material prop ties of 
the contacting surfaces, being expressed as[9]  

*4
3 iK E R=              (3) 

The general number of n is 1.5, maxc is one percent 
of K and maxd is always 0.01 millimeter. 
2.1.2 Nonlinear oil gas suspension dynamic 
model 
Oil gas suspension are made up by a power 
cylinder and a accumulator, it transfers the pressure 
through the oil liquid and takes gas as the elastic 
element[7] . When the road wheel swing on the 
uneven road,  it transfers the pressure to the 
accumulator by the oil liquid and releases the 
vibration energy by compressing the gas. The 
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characteristic of oil gas suspension is nonlinear and it 
changes with the compressed gas’s trip. 
According to the characteristics of the oil gas 
suspension, there uses a two-way torque to simulate 
the suspension[12] . The nonlinear of the two-way 
torque mainly for the gas polytropic index. Supposing 
that the displacement of the piston of power cylinder is 
s , then the force can be expressed as 

2 0
0

2 0 1

( )mA sF p cs
A s A s

= − −
−

          (4) 

Where 0p is the initial pressure of accumulator, 

1A and 2A are effective action area of power cylinder 
and accumulator, 0s  is the initial gas length of the 
accumulator, m is the gas polytropic index, c is the 
damper. 
2.1.3 Nonlinear airbag force model 
The airbag buffer process involves the issue of 
fluid-structure interaction between the gas and airbag 
boundary, calculation about the effect of airbag now 
mainly depends on the finite element method[13-16]  
and it can’t simulate the airbag buffer process directly 
in software ADAMS. So the paper first did the 
simulation to airbag buffer process based on Control 
Volume(CV) method by software LS-DYNA and got 
the parameter of airbag such as airbag pressure, height 
and so on, then calculated the airbag force versus the 
airbag remaining height, and last built the nonlinear 
force model in software ADAMS to simulate the effect 
of airbag buffer process. 
The buffer system of the vehicle contains eight airbags, 
there are air inlet at the bottom and exhaust port at the 
side on each airbag. In the process of vehicle falling, 
the air inflating into airbag by the bottom air inlet, at 
the landing process, the airbag remains close in the 
beginning and generates compressed to absorb energy, 
when pressure in the airbag increases to a 
predetermined threshold, the vent port opens, the gas 
inside the airbag vent to air for the energy dissipates. 
The CV method has two basic assumptions one is that 
gas in the airbag meets the ideal gas equation and can 
use the classical thermodynamics equation, another is 
the temperature and pressure inside the airbag are 
equal everywhere. [17-20]  

In software LS-DYNA, the element type of airbag 
is SHELL163 and the material is number 34 
orthogonal anisotropic material MAT_FABRIC. 
The keyword defines airbag is AIRBAG_WANG_ 
NEFSK , and the link between vehicle and airbag is 
through the keyword of CONSTRAINED_EXTRA 
_NODES_SET, the contact between  airbag and 
ground is CONTACT_AUTOMATIC_SURFACE_ 
TO_SURFACE.[21-23]  
The whole finite element model of the airbag buffer 
system as shown in figure2 and the characteristics 
of airbag at landing process as shown in figure 3.  

 

Fig.2 The finite element model of airdrop landing 
buffer system 

0 0.1 0.2 0.3
0.8

1

1.2

1.4

1.6 x 105

Time(s)

P
re

ss
ur

e(
P

a)

0 0.1 0.2 0.3
0

0.2
0.4
0.6
0.8

1
1.2
1.4

Time(s)

R
em

ai
ni

ng
 H

ei
gh

t(m
)

 
      Airbag pressure    Remaining height 

0 0.1 0.2 0.3
0

100

200

300

Time(s)

E
xh

au
st

 V
el

oc
ity

(K
g/

s)

0 0.1 0.2 0.3
-8.5

-8

-7.5

-7

-6.5

Time(s)

E
qu

ip
m

en
t V

el
oc

ity
(m

/s
)

 
Exhaust velocity   Equipment velocity 
Fig.3 The airbag characteristics curve 

From the figure 3 we can see that, at the beginning, 
the airbag free falls with the vehicle and the 
velocity of vehicle increases gradually, when the 
time airbag touches ground then the airbag is 
compressed and the airbag pressure increases, 
produces the upward force to the vehicle and the 
vehicle velocity reduces gradually, when the airbag 
pressure rises to the  exhaust pressure then the 
exhaust port of airbag is open and the airbag begin 
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to exhaust gas to air, the airbag pressure reduces 
gradually, when the airbag pressure reduces to a 
certain point, the airbag force small than the vehicle 
gravity and the vehicle velocity further increases.  
Calculated the airbag force versus the airbag 
remaining height curve as shown in figure 4. In the 
software ADAMS, completed the airbag force model 
by the AKISPL function. 
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Fig.4 The airbag cushion force versus the  
airbag remaining height   

Last, the final virtual prototype model of the airdrop 
vehicle landing process in the ADAMS as shown in 
figure 5. 

 
Fig.5 The virtual prototype model of airdrop vehicle 

landing process 
 
 

3.The load time history  
3.1 The load time history of hull at landing 
process 
Through dynamic simulation analysis to the whole 
virtual prototype model of the airdrop vehicle landing 
process, got the 23 force load on the vehicle hull, these 
force contain the contact force between hull and 
ground, turret and track system wheels.The typical 
load time history on the hull at the landing process as 
shown in figure 6 and figure 7 , the figure 6 shows the 

contact force between hull and ground, turret, the 
figure 7 shows the torque at the joint of the first 
order road wheel of left track system with hull. 

 
Fig.6 The contact force 

 
Fig.7 The torque 

3.2 The experimental verification to the 
dynamic model of vehicle 
To verify the effectiveness of the virtual prototype 
model of airdrop vehicle landing process, took the 
typical landing condition of real equipment airdrop 
experiment as the test condition. According to the 
general landing velocity of hull, put the vehicle into 
height of 3.8 meter and dropped it down, Through 
dynamics simulation to airdrop vehicle landing 
process, got the shock acceleration curves of two 
typical parts, hull and turret, compared the 
simulation results with the measured signal of real 
equipment airdrop experiment, the acceleration 
sensor layout in the bottom center of hull and the 
back deck of turret. The comparison of the 
simulation and experiment acceleration results as 
shown in table 1. 
From the comparison of simulation and experiment, 
we can see that the peak acceleration and contact 
time of the test location got from simulation has 
high similarity with the experimental test, and the 
max error is not more than nine percent, it shows 
that the dynamic model of vehicle has a well 
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response characteristic and can be used for engineering 
simulation analysis. 

Tab.1 The acceleration comparison of  
simulation and experiment  

 Test location 
Simul-

ation 

Exper-

iment 
Error 

Peak 

acceleration 

Bottom hull 14.7g 14.3g 2.8% 

Back turret 16.8g 16.3g 3.1% 

Contact 

time 

Bottom hull 0.140s 0.152s 8.6% 

Back turret 0.150s 0.158s 5.3% 

 
 

4.Transient response analysis  
4.1 The finite element model of hull 
Imported the three-dimensional hull model to the 
software PATRAN, and used quadrilateral shell 
element to mesh the hull body, used tetrahedron solid 
element to mesh the column. The whole model has 
total 33390 nodes and 99456 elements. 
The Elastic modulus of the material is 7.02E10Pa, the 
Poisson’ ratio is 0.3, the Yield limit is 4E8Pa and the 
Damping coefficient of material is 0.005. Built the 
time dependent load case, and defined the loads and 
displacement constraint under the time dependent load 
case. Put the dynamic load time history in form of 
nonlinear field by nonlinear spatial fields in the 
PATRAN. For the torque in the figure 6, transfer the 
torque into force according to the length of balance 
elbow. Last the final finite element model as shown in 
figure 8. The figure 8 shows the loads condition of 
0.005 seconds after vehicle touch the ground. 

 
Fig.8 Finite element model of hull 

4.2 The transient response analysis settings 
The generalize coordinate expression of transient 
response analysis can be expressed as[24-25] 

M x C x Kx P+ + =
 

             (5) 

where M represents the mass matrix of system, 
C is the damping matrix, K is the stiffness matrix, 
P is the external load matrix and x  is the 
displacement vector. The mass matrix, stiffness 
matrix and external matrix of system are easily be 
confirmed, the difficulty is calculating the damping 
matrix of system, the damping matrix can be 
expressed as 

1 2
3 4

1
E E

GC C C K G K
ω ω

= + + + ∑     (6) 

where 1C and 2C are external damping matrix of 
system, G is the structure damping coefficient, 

3ω is the transformation coefficient which transfer 
the structure damping to viscous damping, EG is 
element structure damping coefficient, EK is the 

element stiffness matrix and 4ω is the 
transformation coefficient which transfer the 
element structure damping to viscous damping. 
For the horizontal velocity of the vehicle is small at 
the landing process and the friction is small, so let 
the 1C and 2C  be 0 and mainly considered the 
structure damping. Through modal analysis to the 
hull, got the first order modal frequency is 
78.369Hz, so 3 4 2 492.4 /f rad sω ω π= = = . 

Took the structure damping as 0.005. 
4.3 The stress and strain results of hull 
Did the transient response analysis to the finite 
element model of hull by NASTRAN solver, the 
simulation results shows that the max Von Mises 
stress mainly concentrates on the bottom of column 
and bottom surface of hull at the vehicle landing 
process. The max stress reaches the yield limit 
400Mpa and gradually decreases as the load 
decreases, at end it keeps about 375 Mpa remanent 
stress . The stress response results as shown in 
figure 9. 
Did the plastic strain analysis to the hull based on 
the stress results, the figure 10 shows the plastic 
strain results of hull. The calculated results shows 
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the hull occur some plastic strain at the normal landing 
process and the plastic strain of major area of hull is 
small, the large plastic strain concentrate on the 
column around and the max plastic strain appears at 
the bottom of right front column and it achieve 1.61%. 

 
(a) The stress       (b) The max stress 

distribution          time history 
Fig.9 The stress results 

 
(a) The plastic       (b) The max plastic 
strain distribution      strain time history 

Fig.10 The plastic strain results 
 
 

5.Cumulative Damage Assessment 
5.1 Lemaitre damage model[26-27] 
In 1997, Jean Lemaitre proposed a model of damage 
evolution based on a thermodynamic framework, for 
this model, in the case of isotropic damage, the scalar 
variable D  represents the ratio of micro-void area 

DSδ  to total area Sδ , /DD S Sδ δ= . 

0D = corresponding to the undamaged state and 

D equal cD corresponding to local failure. 
The evolution law of damage D is: 

0
0( / )sD Y S p=

 

            (7) 

2
2

2

2 (1 ) 3(1 2 )( )
2 (1 ) 3

eq H

eq

Y v v
E D

σ σ
σ

  = + + − −   
     (8) 

where 0S and 0s are also damage parameters, eqσ  is 

the Von Mises equivalent stress, /H eqσ σ  is the 

triaxiality index. p is the Cumulative plastic strain. 

According to the Ramberg-Osgood hardening rate: 
1// (1 ) M

e D Kpσ − =         (9) 

where K and M are also material hardening 
exponents. 
Put the equation (8) and (9) into (7) and we can get 
that 

0
022

2

0

2[ (1 ) 3(1 2 )( )
2 3

S S
H M

eq

KD v v p p
ES

σ
σ

  = + + − 
  

 

 (10) 

To metallic material, the M is large however 0s  

has a order of magnitudes with 1, so integral to 
equation(10) and we can get 

02
2

0
0

2[ (1 ) 3(1 2 )( ) ( )
2 3

S

H

eq

KD v v p p
ES

σ
σ

  = + + − − 
  

 (11) 

in which, 0p corresponding to the plastic strain 
threshold, when 0p p≤ ,the scalar variable D is 0, 

when cp p= , the damage achieve to limit and 

cD D= , so there is 

( )
( )

0

0
c

c

p p
D D

p p
−

=
−

            (12) 

In the uniaxial case of isotropic damage, for the 
large plastic strain, there is p ε≈ ,so equation (12) 
can be written as 

( )
( )

0

0
c

c

D D
ε ε
ε ε

−
=

−
           (13) 

where the 0ε and cε are strain corresponding to the 
damage threshold and limit. From equation (13) we 
can see that the damage D linear changes with 
strain and can be shown as figure 11. 

 
Fig.11 The evolution curve of damage under  

case of uniaxial stress 

To be identified the Lemaitre model needs four 
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independent parameters, 0D , cD , 0ε , cε and it is 
possible to obtain all of them from a single tensile test 
conducted using the procedure described in [28-29], 
Essentially, it is based on Young’s modulus estimation 
for each unloading cycle performed during a tensile 
test.This procedure allows evaluation of the reduction 
of Young’s elastic modulus while plasticization takes 
place. In fact, it can easily be shown that 

1 ED
E

= −



                (14) 

where E


is the elastic modulus of the damaged material 
that has to be measured during all the tensile tests. 
From the paper[30], we can get the damage parameters 
of the hull material as shown in table 2. 

Tab.2 Lemaitre’s model parameters for  
hull material 

0D  cD  0ε  cε  

0 0.304 0 0.0834 
5.2 Cumulative damage assessment of hull 
after many times landing process 
5.2.1Cumulative damage assessment of hull for 
normal landing condition 
To analysis the cumulative damage rule of the hull 
after many times landing process, used the method of 
figure 1, did 10 times simulation to the hull for normal 
landing condition. 

Tab.3 The damage variable D under normal  
landing condition 

Times 
Max plastic 

strain 
Change of 

plastic strain 
Damage 

D 
1 1.61%  0.059 
2 1.86% 0.25% 0.068 
3 2.10% 0.24% 0.077 
4 2.34% 0.24% 0.085 
5 2.58% 0.24% 0.094 
6 2.82% 0.24% 0.103 
7 3.06% 0.24% 0.110 
8 3.30% 0.24% 0.120 
9 3.55% 0.25% 0.129 
10 3.79% 0.24% 0.138 

Calculated the max plastic strain of the hull after 
landing process, combined the equation (13) and 
calculated the damage variable D, the simulation 
results as shown in table 3. The evolution of 
damage D for normal landing condition as shown 
in figure 12 of the curve a. 
From the calculation results, we can see that the 
plastic strain is not unchanged under the same 
impact load, but there is a trend of gradual growth. 
As the figure 11 shows, under the same impact load, 
the cumulative damage variable D has a linear 
relationship with the number of landing times.  
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Fig.12 The evolution of damage D  
versus the landing times 

5.2.2 Cumulative damage assessment of hull for 
limit landing condition 
In order to further research the damage of hull 
under the limit landing condition, according to the 
airdrop equipment index, the max impact accelerat- 
ion can not exceed 20g, so here assuming the max 
impact acceleration is 20g of limit landing 
condition, the acceleration curve as shown in figure 
13. 

Tab.4 The damage variable D under limit  
landing condition 

Times 
Max plastic 

strain 
Change of 

plastic strain 
Damage 

D 
1 3.23%  0.118 
2 4.39% 1.16% 0.160 
3 5.54% 1.15% 0.202 
4 6.70% 1.16% 0.244 
5 7.85% 1.15% 0.286 
6 8.99% 1.14% 0.328 

The cumulative damage assessment of hull for limit 
landing condition simulation results as shown in 
table 4. The evolution of damage D for limit 
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landing condition as shown in figure 12 of the curve b. 
From the calculation results we can see that after 6 
times landing process for limit landing condition, the 
part of hull will failure. 
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Fig.13 The acceleration curve 

5.2.3 The damage comparison of normal and limit 
landing condition 
To find out the influence of the peak acceleration value 
to the hull damage, now compare the damage value 
under normal and limit landing condition as shown in 
table 5. 

Tab.5 The comparison of damage under normal and  
limit landing condition 

 Peak acceleration 
First 
time 

damage 

Change of 
damage after 

first time 
Normal  14.7g 0.059 0.24% 
Limit  20g 0.118 1.15% 

Change  36% 100% 379% 
 
 

6.Conclusion 
1. This paper through dynamic simulation to get the 
loads, transient response analysis to the finite element 
model and combine the Lemaitre damage model, do 
the cumulative damage assessment to the vehicle hull, 
the whole analysis process can provide reference to the 
large airdrop equipment test. 
2. Through the transient response analysis to the finite 
element model of hull, we find out that the weakness 
part of the hull is the column bottom, this can provide 
the basis to the structure strengthen or weight 
reduction design of the hull. 
3. Through analysis to Lemaitre damage model, get the 
damage variable D linear changes with the strain of 
material. 
4. From the research, we find out under the same 

impact load, the cumulative damage variable D has 
a linear relationship with the number of landing 
times.  
5. From the table 5, we can see that when the peak 
acceleration which hull suffers changes 36 percent, 
the first time landing damage changes 100 percent 
and the change of damage after first landing 
process reaches 379 percent, so the damage of the 
hull is nonlinear with the acceleration which suffers 
but has a almost index increase relationship with 
the acceleration. So it is necessary to reduce the 
shock acceleration which vehicle suffers by buffer 
device at the landing process. 
6.The cumulative damage calculation results shows 
after 6 times limit landing process, the part of hull 
will failure, so the airdrop life of vehicle is not less 
than 6 times.  
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