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Abstract: Solid propellant rocket engines are submitted to dynamic loads during its transportation from its factories 
to its launching sites. The loads in transportation phase usually are different from the launching and flight ones, but 
should also be taken into account in order to prevent damage in the propellant grain. The Institute of Aeronautics 
and Space (IAE), has developed a small satellite launcher VLS (Veículo Lançador de Satélites). In a typical VLS 
launching mission, the solid propellant is loaded in the rocket engine cases (manufactured in another site) in an IAE 
facility in Jacareí, São Paulo. After that the engines are carried by a truck to São José dos Campos airport where 
are shipped into a military cargo aircraft to São Luís, Maranhão. Finally it is carried by truck again to Alcântara 
base where the VLS is assembled by connecting properly the S43 engines, the S44 engine, the payload and other 
launcher components. Since a part of the rocket engines path to its launch site is travelled by road, the dynamic 
loads which occur in this phase should be evaluated. In this work the vertical dynamics of a tractor-semitrailer with 
a S43 solid rocket engine as payload was analyzed. A mathematical model of the vehicle was built in a MATLAB 
routine. The model for the whole vehicle was obtained by considering the tractor and the semi-trailer as rigid bodies 
connected by the fifth wheel. The vehicle response to a sinusoidal road profile (described by time domain function) 
and to a road quality profile described by power spectral density function was calculated. The influence of a 
deviation in a vehicle parameter (tire stiffness) on the dynamic response of the semi-trailer center of mass was 
estimated. 
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INTRODUCTION 

A launcher rocket vehicle used for suborbital or orbital missions is subjected to strong dynamic loads throughout its 
operational life. During the conceptual phase these loads must be taken into account by the design team in order to 
design a rocket capable of fulfill its mission completely. An obvious first step is to estimate the dynamic loads by using 
numerical modeling, semi-empirical methods or by comparing with similar vehicles. 

Solid propellant rocket engines suffer dynamic loadings also during transportation from the engine envelope loading 
facility to the launching site location. Intense accelerations and motions can affect the propellant and propellant- 
structure junction which may result in failure during engine operation. Once these loads are different from the 
operational ones it should be estimated and monitored, like done by Camargo (2013).  

Performing computer simulations allows one to estimate the engine dynamic response to loads typical of land 
transport and evaluate if this loads could be harmful to the engine. Then, if necessary, measures to reduce these loads 
could be taken. 

The present work aims to perform dynamic analysis of a terrestrial vehicle (a tractor truck) and the transport carriage 
of a rocket engine during ground transportation, extending the work of Romero and Souto (2016). 

 

TRACTOR SEMI-TRAILER - ROCKET ENGINE SET ANALYZED 

The set tractor semi-trailer-rocket engine analyzed in this work can be seen in Fig.1 and its dimensions are displayed 
in Fig.2. 
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Figure 1 – Tractor semi-trailer-rocket engine analy zed  

 

 
Figure 2 – Tractor semi-trailer dimensions in mm  

 

 
The dynamic characteristics of the tractor semi-trailer were taken from the characteristics of a similar vehicle 

analyzed in Plaxico et al (2007). Table 1 displays the vehicle’s dynamic properties considered. 
 

Table 1. Tractor semi - trailer characteristics  
Mass (Kg) 2631 

Moment of Inertia - pitching (Kg.m²) 13709 
 
The tractor suspension data is displayed in Tab.2. Some subsystem data info was not available in Plaxico et al 

(2007) and so other references were considered. The items marked with * were taken from Deng (2009) and the ones 
marked with ** in Tabs. 2 and 4 were taken from Elmandany (1987). 

 
Table 2. Tractor suspension properties  

Suspension Stiffness 
(N/m) (*) 

Damping (N.s/m) Axle mass 
(Kg) 

Tire stiffness 
(N/m) (*) 

Tire damping (N.s/m) 
(**) 

Front 200000 6570 544 980000 700 
Intermediate 200000 7790 1043 980000 1200 

Rear 200000 7790 1043 980000 1200 
 

The trailer dynamic properties are displayed in Tab.3 and its suspension data is listed in Tab.4. 
 

Table 3. Properties of the set trailer/rocket engine  S43/Wooden box. 
 Set total mass (Kg) 19955 

Moment of Inertia – pitching (Kg.m²) 0.27498e+6 
 

Table 4. Suspension properties of trailer  
Suspension Stiffness (N/m) 

(*) 
Damping (N.s/m) 

(*) 
Axle mass 

(Kg) 
Stiffness (N/m) 

(*) 
Tire damping (N.s/m) 

(**) 
Front 1000000 30000 1043 980000 1200 
Rear 1000000 30000 1043 980000 1200 

 

MATHEMATICAL MODEL  

 
A mathematical model with two bi - dimensional rigid bodies connected describes the vertical dynamics of the 

tractor - semi-trailer. The model was obtained by coupling a two and a three axle vehicles. Both vehicles models can be 
seen in Fig. 3. 
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Figure 3- Two axle vehicle                            Figure 4- Three axle vehicle  

 
The equations of motion of the two and three axle vehicle were described in Bayrakdar, 2010 and are listed 

respectively in Eqs. (1-4) and Eqs (5-9) below: 
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)*(*)(*)*(*)(** axaxcauaxcdxaaxkauxakdaxmpa &&&&&&& −++−−−++−−= θθ  (7) 

)*(*)(*)*(*)(** bxbxcbubxcexbbxkbuxbkebxmpb &&&&&&& −−+−−−−+−−= θθ  (8) 

)*(*)(*)*(*)(** cxcxccucxcfxccxkcuxckfcxmpc &&&&&&& −−+−−−−+−−= θθ  
(9) 

 

For both vehicles equations described in Eqs.(1-9), m is the vehicle mass, Jy is the rotary inertia about the y axis 
(orthogonal to the paper), a is the distance from the center of mass to the vehicle front, b is the distance from the center 
of mass to the vehicle rear and u is the displacement imposed by the pavement on the tires. 

The dynamic properties (stiffness and damping) of a tire are represented by a coil and a damper in the same way as 
for each wheel suspension. Each wheel is represented by a mass. 

The equations of motion of the vehicles can be written in a matrix form: 
 

[ ]{ } [ ]{ } [ ]{ } { })(tFxKxCxM =++ &&&  (10) 

 

For the two axle vehicle the matrices and the coordinate vector are: 
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{ } { }TT bxaxxx __θ=                       (14) 

 

For the three axle vehicle the matrices and the coordinate vector are: 
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{ } { }TT cxbxaxxx ___θ=                      (18) 

 

The complete vehicle model is shown in Fig.5.  

 

Figure 5- Tractor semi-trailer model  
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In Fig.5 A, B, D, b1,b2,b3,b4,b5 are dimensions of the complete vehicle. The tractor mass and rotary inertia with 

respect to axis y (orthogonal to the paper) are respectively mt and It; its center of mass vertical and angular 

displacements are respectively xt and ϴt. In a similar manner, the semi-trailer same properties and coordinates are ms, 

Is, xs and ϴs. The displacements imposed by the road on the wheels 1 to 5 are u1,u2,...,u5. The tires, wheels and 

suspension stiffness and damping properties for each wheel are organized as in Figs. 3 and 4. 

By coupling the equations of tractor (two axle vehicle) and trailer (three axle vehicle) one can obtain the equations 

for the complete vehicle: 
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(19) 

 

The coupling among the vertical motions of the two vehicles in the junction was not included yet in the equations 

above. This coupling can be deduced from the geometry displayed in Fig.5 (Elmadany, 1988):  
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Equation (20) can be rewritten as: 

xt
D
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(21) 

 

To consider the coupling, Eq.(21) must be included in the system of equations in Eq.(19). To avoid redundancy of 

variables, only two of the three variables in Eq.(19) should be included in the full set of equations. The new vector of 

variables will be: 

 

{ } { }T
vehiclecomplete xxsxsxxxxtx 54321_ θ=  (22) 

 

In order to obtain the full set of equations of the complete vehicle a coordinate transformation should be applied to the 

matrix system in Eq.(19) in this way: 
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The transformation matrix [T] can be obtained by considering the transformation from vector { }*
_vehiclecompletex  to 

vector { }vehiclecompletex _  : 
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{ } [ ]{ }vehiclecompltevehiclecomplete xTx _
*

_ =  (24) 

The matrix [T] is given by: 
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ANALYSES PERFORMED  
 

Calculation of modal parameters  

 
By solving eigenvalue problem given by: 

0}]){²[]([ __ =− XMK vehiclecompletevehiclecomplete ω  (26) 

 

one can obtain natural frequencies and mode shapes for the complete vehicle.  

 

Dynamic response to tire random displacement   

 
The road profile varies randomly and so should be described by using its power spectral density. The forces power 
spectral densities can then be obtained: 
 

  i=1,2,...,6 (27) 

 
The off diagonal terms can be neglected and so: 
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The matrix of power spectral densities of structural responses ([ ])(ωxxS ) can be calculated by using the relation among 

the matrix of power spectral densities of applied forces ( [ ])(ωffS ) and receptance matrix ([ ])(ωH ) (Petyt, 1990): 

 
[ ] [ ][ ][ ] T

ffxx HSHS )()()()( ωωωω =  (29) 

)()( ωω uuififi SkS =
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The receptance matrix is given by: 
 

[ ] [ ] [ ] [ ] 12 )()( −++−= sistemasistemasistema KCiMH ωωω  (30) 

 
And its complex conjugate is [ ])(ωH . The excitation applied by a specific road profile is (Renhberg, 2011): 
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(31) 

 
Where no=0,1m-1 , v is the vehicle horizontal speed and Gd(no) is a parameter related to the road roughness. In ISO 
(1995) roads are classified from A (very good) to H (very bad). The better the road quality, the smaller the parameter 
Gd(no). The expression in Eq. 31 can be used as  in Eq. 27. In this work the value used was Gd(no)=256x10-6 m3 

the same used by Renhberg (2011). 
 
Dynamic response to harmonic displacement applied t o the tires  
 
The travelling over a specific road profile defined by a deterministic function can be simulated by applying prescribed 
displacements to the tires. The force vector in this case will be: 
 

{ } { }TFFFFFF 54321 000=                                (32) 

 
By considering that the tires were always in contact with the road, the forces can thus be calculated from the 

displacement ui(t) imposed by the road:  

 (33) 
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 (37) 

 

A road with a sinusoidal profile has the form (Bayrakdar,2010): 

{ } ( ) )cos(Re)( tYYetu b
tj b ωω ==  (38) 

Where the frequency of excitation ωb is dependant of the vehicle speed (v) and the road wave length (L): 
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By inserting Eq.(38) in Eqs. (33-37), one obtains: 
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The nodal displacements can then be calculated by using: 
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RESULTS  
 

A MATLAB routine was created to calculate the eigenvalues and eigenvectors of the system, its dynamic 
response in the coordinate xs (displacement in the semi-trailer center of mass) when the vehicle travels on roads with a 
profiles described by Eq.31 and Eq.38. 

The matrix system described in Eq.19 was assembled and the modified equation system without the redundant 
variable was obtained by applying the transformation described in Eqs.(23-25). The matrices thus obtained were used in 
the calculation of the eigen frequencies and mode shapes by solving the eigenvalue problem (Eq.26) and to obtain the 
response to the road profile applied on the tires. A speed of 50 Km/h was considered. Three conditions were simulated: 
tires stiffness of 80, 100 e 120% of its usual values. 

Natural frequencies are listed in Tab.5. The first four mode shapes can be seen in Fig.6. In Fig. 7 is displayed 
the power spectral density of vehicle displacement when travelling in a road with a profile given by Eq.31. 

 
Table 5. Complete vehicle natural frequencies  

Mode Frequencies [Hz] 
1     1.10 
2     1.43 
3     2.14 
4     5.36 
5     5.44 
6     7.00 
7     7.04 
8     7.43 

 
Mode 1.10 Hz  

Mode 2 1.43 Hz 
 

 
Mode 3 2.14 Hz 

 
Mode 4 5.36 Hz 

 
Figure 6 – First four mode shapes for the tractor semi-trailer system 
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Figure 7 – Power spectral density of the displacement of the complete vehicle center of mass 

 
The response to a sinusoidal road profile (displayed in Fig.8) was also calculated and is show in Fig.9 The same 

three conditions were also considered. 

 

Figure 8 – Road sinusoidal profile 

 
 

Figure 9 – Response to a road sinusoidal profile in the semi-trailer center of mass 
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CONCLUSIONS  

 
As should be expected for a heavy vehicle, the natural frequencies are pretty low. By observing Figs. 7,8  and 9, one can 
conclude that the vehicle suspension absorbs efficiently the road excitations, minimizing the displacement of the semi-
trailer center of mass. A deviation of -/+ 20% of the tire stiffness has very little effects in the harmonic and random 
responses. 
In future works, a more detailed sensitivity analysis considering the influence of other vehicle parameters in the 
dynamic response can be performed. Also, models including flexibility in the vehicle and in the rocket can be 
considered. 
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