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Abstract: A mine dump truck is exposed to heavy load and harsh working environment. When the truck passes over the road bumps, it will cause the body to tilt and the 
tires to "jump off the ground" (JOTG), which will affect the stability and safety of the truck, and will cause impact damage to the body and suspension system. To avoid this 
situation, a kind of Novel Single-side Coupling Hydro-pneumatic Suspension (NSCHs) is presented. NSCHs consists of two cylinders in parallel, which are connected to the 
accumulator by rubber pipes and mounted on the same side of the dump truck. Theoretical analysis and experimental research were respectively carried out under the road 
and loading experimental condition. The experimental results show that compared to the conventional single cylinder hydro-pneumatic suspension, under the loading 
experiment condition, the maximum overshoot pressure of the NSCHs was reduced by 0.4 MPa and the impact oscillation time was shortened by 4.13 s, which plays the 
effective role in reducing vibration and absorbing energy. Further, it is found that the two cylinders are coupled during the working process, and the NSCHs system can 
achieve uniform loading and displacement compensation, thus the novel dump truck can avoid the occurrence of the JOTG phenomenon. 
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1 INTRODUCTION 
 

Mine dump truck is exposed to heavy load, complex 
working conditions and poor road surface. When a truck is 
driven on uneven road, it causes the body to tilt, affecting 
the vehicle driving stability seriously, and will cause 
rolling over. When the truck passes over a convex platform 
on the road the tire "jump off the ground" phenomenon 
may appear, landing will produce a huge impact force, 
which will cause damage to the body. The suspension plays 
a key role in reducing vibration and absorbing energy. In 
recent years, hydro-pneumatic suspension with its 
advantages of nonlinear stiffness and nonlinear damping 
has been widely used in vehicles, and scholars carried out 
in-depth research.  

The ride comfort of the vehicle is an issue that people 
are very concerned about [1-4], the suspension is a key 
component that affects the ride comfort. Anirban. C. Mitra 
et al. [5] established four-degree-of-freedom model and 
used the simulation software SIMULINK to analyse the 
ride comfort, optimized vehicle ride comfort with Genetic 
algorithm. Kyuhyun Sim et al. [6] to improve the ride 
comfort of an agricultural tractor, a hydro-pneumatic 
suspension model with a semi-active suspension control is 
developed with computer simulation, and the effectiveness 
of the suspension is evaluated before the vehicle is 
equipped with the suspension and placed into production. 
M. Zehsaz et al. [7] studied the effects of different vibration 
frequencies on human health. By using experimental 
measurements and finite element analysis, the purpose of 
improving the riding comfort of tractor was achieved by 
changing the suspension parameters. Enlai Zheng et al. [8] 
established three-dimensional dynamic model of the 
wheeled tractor/implement system with a front axle hydro-
pneumatic suspension. Consider the effect of implement 
and passive rub cabin suspension as well as front axle 
hydro-pneumatic, Investigation into the vibration 
characteristics of agricultural wheeled tractor-implement 
system with hydro-pneumatic suspension on the front axle. 

Hydro-pneumatic suspension parameters will affect its 
stiffness and damping, and it is very important to choose 
proper parameters to improve suspension performance. 

Lalitkumar Maikulal Jugulkar et al. [9] analysed the 
influence of stiffness and damping on the vibration 
damping performance, and verified through the simulation 
that choosing the appropriate stiffness and damping can 
improve the ride comfort of the vehicle. Jugulkar L. M. et 
al. [10] presented a variable stiffness system, which 
comprises two helical springs and a variable fluid damper. 
Fluid damper intensity is changed in four discrete levels to 
achieve variable stiffness. Numerical simulation results on 
the real size model indicate the peak acceleration will 
improve by 15% in comparison to the conventional passive 
solution, without significant deterioration of road holding 
ability. 

The accumulator is a key component of hydro-
pneumatic suspension, the gas in it plays an elastic role 
[11], and some scholars have done special research on it. 
Yuming Yin et al. [12, 13] studied the emulsification 
phenomenon of hydro-pneumatic suspension, and 
concluded that the higher the pressure is, the more gas will 
enter the oil and the emulsification phenomenon will be 
more obvious. Finally, the effective stiffness of the 
suspension increases and the damping decreases. S. 
Francois van der Westhuizen et al. [14, 15] compared 
different gas models to calculate the spring force of the 
hydro-pneumatic suspension. This study compares the 
performance of three ideal gases (IG) with the energy 
equation, Benedict Webb Rubin (BWR) equation with and 
without the energy equation (EE). These models are 
compared with experimental results. Both the BWR and IG 
models with the EE offer a significant improvement in 
correlation compared to the models without the EE. The 
real gas BWR approach offers a small improvement over 
the IG approach under the test conditions.  

The above referred scholars carried out simulation 
analysis and experimental research on the hydro-
pneumatic suspension, and evaluated the influence of 
different parameters of hydro-pneumatic suspension on the 
suspension stiffness and damping, as well as the vehicle 
riding comfort under different working conditions. In order 
to improve the performance of the suspension, active 
suspension and semi-active suspension are proposed [16-
19].  
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The structure of traditional single-cylinder hydro-
pneumatic suspension (CSCHs) is simple and easy to 
install, because of its advantages of nonlinear stiffness and 
nonlinear damping, it can reduce vibration and absorb 
energy at different loads of vehicle. But the CSCHs cannot 
solve the following problems: (1) Vehicle body tilting 
when the vehicle is driving on the uneven road. (2) When 
the vehicle passes over a convex platform it will result in 
tire off the ground, which will generate huge impact force. 
Therefore, this paper presented a kind of novel single-side 
coupling hydro-pneumatic suspension (NSCHs). The 
output force and the stiffness of it are studied by theoretical 
analysis, the vibration and energy absorption 
characteristics of NSCHs are researched through road and 
loading experiment. 

The present paper is structured as follows. In Section 
2 we introduce the structure and working principle of the 
NSCHs, and analyse its output force and stiffness. Section 
3 designs the experimental schemes of the road experiment 
and the loading experiment. Section 4 analyses the 
experimental results, obtained advantages of the NSCHs 
by comparing with the CSCHs. Finally, Section 5 presents 
the conclusion and future work. 

 
2 HYDRO-PNEUMATIC SUSPENSION STRUCTURE AND 

ANALYSIS 
 
Based on the conventional single cylinder hydro-

pneumatic suspension, a kind of novel single-side coupling 
hydro-pneumatic suspension is presented, and its output 
force and stiffness are analysed theoretically. 

 
2.1 Conventional Single-Cylinder Hydro-Pneumatic 

Suspension (CSCHs) 
 
The internal structure of the CSCHs is shown in Fig. 1. 

It is composed of cylinder, piston rod and energy 
accumulator. The piston rod is connected to the wheel, 
which has a damping hole and a check valve to act as a 
shock absorber. The suspension consists of three cavities: 
I ~ III. The cavity I and cavity II are filled with oil, cavity 
III (energy accumulator) consists of two parts, the lower is 
the oil, the upper is the inert gas, the gas and oil are 
separated by an airbag, which can prevent the inert gas 
dissolving into the oil at high temperature and high 
pressure, the inert gas acts as an elastic element [20].  

 

 
Figure1 Internal structure of the CSCHs 

The truck is driven on uneven road; the cylinder 
reduces the vibration absorption energy by stretching and 
compression. When the CSCHs is in the compression 
stroke, the oil in cavity I flows into cavity II through the 
check valve and the damping hole, at the same time a part 
of oil flows into the accumulator through the rubber pipes 
and then compresses the gas, which results in the increment 
of the gas pressure. The energy accumulator plays an 
elastic role. 

When the CSCHs is in the stretching stroke, the oil in 
cavity II flows into cavity I through the damping hole, and 
the check valve is closed,  producing a large damping force 
and quickly absorbing energy attenuation vibration. 

The initial pressure of gas in the accumulator is P0, the 
initial volume is V0, Pc is the pressure of the gas in a certain 
state, and Vc is the volume of the gas in the corresponding 
state, r is the poly-tropic co-efficient. Ignoring the 
temperature change of gas, according to the ideal gas state 
equation, one can get: 
 

c c 0 0 constr rPV P V           (1) 

 

c 0 1 2( )V V A A x                                          (2) 

 
where A1 is the area of the cavity I, A2 is the area of the 
cavity II, x is the displacement of the piston relative to the 
balance position, the upward is positive direction and the 
downward is negative direction. 

Substituting Eq. (2) in Eq. (1) one gets 
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The output force of the CSCHs is as follows: 
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Differentiate can get the stiffness coefficient of the 

CSCHs: 
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It can be seen that the stiffness coefficient is related to 

A1, A2, P0, V0 and x. For the deterministic suspension A1, A2, 
P0, V0 are constant, so the stiffness coefficient and x are 
nonlinear. 

 
2.2 Novel Single-Side Coupling Hydro-Pneumatic 

Suspension (NSCHs) 
 
The NSCHs is made of two cylinders in parallel, 

mounted on the same side of the vehicle, as shown in Fig. 
2. Cylinder 2 and cylinder 3 are connected to the 
accumulator by rubber pipes, the accumulator is filled with 
high-pressure N1, which is separated from the oil by an 
airbag to prevent the gas dissolving into the oil under high 
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temperature and pressure. 
When the wheel connected to cylinder 2 passes over a 

convex platform on the road, Cylinder 2 is in the 
compression stroke, some oil in cavity A will flow in three 
directions simultaneously due to the piston thrust forces. 
That is, one part of the oil in cavity A enters cavity B 
through damping hole 1 and check valve 1, generating a 
small damping force; another part flows into the 
accumulator through the rubber pipes, compressing the gas 
in cavity C; and the other part flows into the cavity E 
through rubber pipes, resulting in a stretching stroke in 
cylinder 3. 

When the wheel connected to cylinder 2 passes over a 
a concave on the road, the cylinder 2 is in the stretching 
stroke, the oil in cavity B flows to cavity A through the 
damping hole 1, the check valve 1is closed, which can 
generate a big damping force; at the same time, the oil in 
both the accumulator and cavity E flows into cavity A 
through rubber pipes, which result in cylinder 3 being in a 
compression stroke. 

Thus it can be seen that the motion direction of two 
cylinders is always opposite, so they cooperate to absorb 
energy quickly and compensate displacement. 

 

 
Figure 2 The structure of the NSCHs 

 
In order to compare the performance of the NSCHs and 

the CSCHs, the following experimental conditions were 
selected: Cylinder 1, cylinder 2 and cylinder 3 have the 
same structure and size. The accumulator of the NSCHs is 
the same as that of CSCHs, the gas initial pressure is P0, 
initial volume is V0, and the change of gas temperature is 
ignored. One can get from the ideal gas state equation: 
 

d d 0 0 constr rP V P V          (6) 

 
where Pd is the pressure of the gas in accumulator at a 
certain state, and Vd is the volume of the gas in the 
corresponding state. 

The compressed volume of the accumulator is as 
follows: 
 

d 0 1 2 f r( )( )V V A A x x            (7) 
 
where xf is the displacement of cylinder 2, xr is the 
displacement of cylinder 3, upward is positive direction, 
downward is negative direction. 

The pressure of the gas in accumulator at the 
corresponding state is as follows: 
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The output force of the NSCHs can be obtained as 

follows: 
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It can be seen that the size of Fd is related to parameters 

xf and xr, because when cylinder 2 is compressed, cylinder 
3 is stretched, and vice versa. 

When the compression of cylinder 2 is the same as 
cylinder 1, x = xf, Fk > Fd. 

The stiffness coefficient of the NSCHs can be obtained 
by solving the partial derivative of Fd with respect to xf. 
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The two cylinders of NSCHs are connected in parallel, 

it is equivalent to two springs in parallel, and the spring 
stiffness coefficient is the same, which can play a role of 
uniform load when working. 

 
3 EXPERIMENTAL SCHEME DESIGN 

 
In order to analyse the vibration damping performance 

of the NSCHs, a 6  4 mine dump truck is used for 
experimental research, as shown in Fig. 3. The front 
suspension of the truck adopts CSCHs, while the middle 
and rear suspension adopt the NSCHs.  
 

 
Figure 3 Experimental prototype 

 
Fig. 4 shows the layout of NSCHs: The accumulator is 

fixed on the bridge which is connected to the cylinder 
through rubber pipes. One pipe is connected to cylinder 2, 
which is connected to the middle wheel. The other pipe is 
connected to cylinder 3, which is connected to the rear 
wheel. 

There are two experimental conditions: the road and 
the loading experiment, with the pressure and the 
displacement of the suspensions measured respectively. 
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Figure 4 Layout of the NSCHs 

 
3.1 Experimental Equipment and Sensors Arrangement 

 
The experimental equipment adopts the DEWE-2600 

multi-channel data signal acquisition instrument. The 
pressure sensors and displacement sensors were installed 
on the hydro-pneumatic suspension, as shown in Fig. 5. 

 

 
Figure 5 Sensors installation 

 
The main equipment of the experiment included the 

following: experimental truck, data acquisition equipment, 
pressure sensors and displacement sensors. The equipment 
parameters and quantities are shown in Tab. 1. 

 
Table 1 Experimental equipment list 

Experimental 
equipment 

Parameter Amount 

TLD110 6  4 form, vehicle weight: 40 t 1 
the DEWE-2600 

multi-channel data 
signal acquisition 

instrument 

16 channel 1 

Pressure sensor 
Type: NS - P - I7,  

Measuring range: 0~40 MPa, 
Accuracy: ±0.2% 

6 

Displacement 
sensor 

Type: NS - WY03 
 Measuring range: 0~500 mm, 

Comprehensive accuracy: ±0.1% F.S 
6 

 
3.2 The Road Experimental Condition 

 
The cement road was selected for experiment, as 

shown in Fig. 6. The convex platform with the height of 
120 mm is set at the middle of the road. The shape of the 
convex platform is shown in Fig. 7. 

In order to verify whether the tire JOTG phenomenon 
occurs when the truck passes over the convex platform, the 
speed is selected as 5 km/h and 15 km/h. 
 

 
Figure 6 Experimental road 

 

 
Figure 7 Shape of the convex platform 

 
3.3 Loading Experimental Condition 

 
The loading will generate a great impact force, which 

easily damages the suspension of the truck, so the pressure 
of both CSCHs and NSCHs was tested during loading [21, 
22]. 

 

 
Figure 8 Loading experiment site 

 
During the loading process the material hits the truck 

body, results in the highest magnitude of the impact force, 
then attenuates, and finally tends to a stable value. 

The potential energy of material is converted into 
pressure energy and internal energy, the pressure energy is 
stored in the accumulator, internal energy is dissipated as 
heat [23, 24]. 

The gravitational potential energy is given as follows. 
 

gW m h                  (11) 

 
where W is the gravitational potential energy, m is loading 
mass, in this experiment m = 1000 kg, h is the falling height 
of the charging, in this experiment h = 2 m, g is the 
gravitational acceleration. 
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According to the law of conservation of energy: 
 

p c constW E E                 (12) 
 
where Ep is pressure energy, Ec is internal energy. 
 
4 RESULTS AND DISCUSSION 

 
The actual experiment was adopted to obtain the 

pressure and displacement changes of hydro-pneumatic 
suspension under different working conditions, the 
performance of NSCHs and CSCHs was analysed, which 
can reflect the performance of suspension more truly. 
 
4.1 The Road Experimental Results and Analysis 

 
When the Mine dump truck passes over the convex 

platform at the speed of 5 km/h, the measured displacement 
of the CSCHs is shown in Fig. 9. 

 

 
Figure 9 Displacement of the CSCHs when the speed is 5 km/h 

 
As can be seen from Fig. 9, the displacement of the 

CSCHs changes continuously, without the tire JOTG 
phenomenon. 

When the truck passes over the convex platform at the 
speed of 15km/h, the measured displacements of the 
CSCHs and NSCHs are shown in Fig. 10. It can be seen 
that the displacement change of the CSCHs shows 
"stagnation" phenomenon, i.e. the tire experiences JOTG, 
time off the ground is 0.2 seconds. 

 

 
Figure 10 Displacement of the suspension when the speed is 15 km/h 

Through comparison, it can be seen that the tire JOTG 
is related to the speed: the faster the truck travels, the more 
likely it is to have tires off the ground. 

Fig. 10 shows the displacement of both CSCHs and 
NSCHs when the vehicle passes over the convex platform. 
It can be seen that when the wheel is on the convex 
platform the compression of the CSCHs is only 30 mm, 
because the height of convex platform is 120 mm, which 
results in this wheel being taller than others, eventually 
leading to the truck tilt. When the middle wheel is on the 
convex platform, the compression of the NSCHs is 120 mm, 
and the truck has no obvious tilt. It can be seen that the 
NSCHs can help the truck maintain a better body posture. 

The pressure changes of the CSCHs and the NSCHs 
when the truck passed over the convex platform at the 
speed of 15 km/h are shown in Fig. 11. 
 

 
Figure 11 Pressure changes of the CSCHs and the NSCHs when the speed is 

15 km/h 
 
It can be seen from Fig. 11, there is a short time that 

the pressure of CSCHs is "0 MPa", at this time the tire 
jumps off the ground, the pressure increases rapidly after 
the tire landing. However, the pressure of the NSCHs 
changes continuously without any sudden change and the 
peak pressure is obviously smaller than that of the CSCHs. 

When one cylinder of the NSCHs is compressed, the 
oil in the cylinder will flow to another cylinder through the 
rubber pipes, making it in a stretched state. The two 
cylinders coordinate with each other for displacement 
compensation, so as to avoid the phenomenon of tires off 
the ground. 
 

 
Figure 12 Pressure variation of two cylinders of the NSCHs 
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During the driving of the truck, the pressure variation 
curves of the two cylinders of the NSCHs are shown in Fig. 
12. 

The pressure of the two cylinders is almost the same, 
so the NSCHs solves the problem of uniform loading. 

To further study the pressure consistency of the two 
cylinders, the pressure difference between cylinder 2 and 
cylinder 3 was calculated, as shown in Fig. 13. 

 

 
Figure 13 Pressure difference between cylinder 2 and cylinder 3 

 
The Eq. (13) is utilized to calculate the pressure 

difference between cylinder 2 and cylinder 3, as shown in 
Fig. 13. 

 

E AP P P                   (13) 

 
max max( )P P                 (14) 

 
where PA is the pressure of cylinder 2, PE is the pressure of 
cylinder 3, ΔP is the difference between cylinder 2 and 
cylinder 3, ΔPmax is the maximum value of ΔP. 
 

1i i iT T T    (i = 1, 2, 3, …, n)            (15) 

 

max max( )iT T   (i = 1, 2, 3, …, n)           (16) 

 
where Ti+1 is the time when the ΔPi+1 is 0, Ti is the time 
when the ΔPi is 0, ΔTi is response time, ΔTmax is the longest 
response time. 

The experimental results are shown in Tab. 2, during 
the driving process of the truck. The maximum pressure 
difference is 0.14 MPa, and the longest response time is  
0.56 s. 
 
Table 2 Statistics of the maximum pressure difference and the longest response 

time 
Experimental parameters Value 

The maximum pressure difference (ΔPmax) 0.14 MPa 
The longest response time (ΔTmax) 0.56s 

 
The two cylinders of the NSCHs are connected by 

rubber pipes, equivalent to two parallel springs, and the 
stiffness of the two springs is equal, so it plays a good role 
of uniform loading [25-28]. 
 
 

4.2 The Loading Experimental Results and Analysis 
 
Fig. 14 presents the pressure changes of the CSCHs 

during loading. It can be seen that during the material 
falling into the truck, the pressure increases rapidly first 
and reaches the maximum value quickly, then attenuates, 
and finally tends to a stable value. 

 

 
Figure 14 Pressure changes of the CSCHs during loading 

 
During loading, the pressure change of the two 

cylinders (cylinder 2 and cylinder 3) of the NSCHs is 
shown in Fig. 15. It can be seen that the pressure change 
rule is the same as that of the CSCHs. The pressure also 
increases rapidly first and reaches the maximum value, 
then starts to attenuate, and finally tends to a stable value. 
The pressure of two cylinders is basically the same, which 
proves that the NSCHs also realized uniform load during 
the loading process. 
 

 
Figure 15 Pressure of the NSCHs change during loading 

 
The maximum overshoot of pressure is given as 

follows: 
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where Pmax is the maximum pressure, P is the pressure of 

the cylinder when the oscillation attenuation reaches the 
stable state, ΔP is the maximum overshoot of the pressure. 

T, s is impact oscillation time, which is the time from 
the pressure oscillation to reaching steady state. 

As can be seen from Tab. 3, the maximum overshoot 
pressure of the CSCHs during loading is 1.08 MPa and the 
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impact oscillation time is 7.64 s. The maximum overshoot 
pressure of the NSCHs is 0.68 MPa and the impact 
oscillation time is 3.51 s. Through comparison, it can be 
found that the maximum overshoot pressure of the NSCHs 
is smaller, the impact oscillation time is shorter, and the 
effect of vibration reduction and absorption energy is better. 

 
Table 3 Statistics of the maximum overshoot pressure and the impact oscillation 

time during loading 
Suspension type ΔP / MPa T / s 

The CSCHs 1.08 7.64 
The NSCHs 0.68 3.51 

 
5 CONCLUSION AND PERSPECTIVE 

 
In this paper, the novel single-side coupled hydro-

pneumatic suspension is presented. Theoretical analysis 
and experimental research were carried out. The results 
show that the NSCHs can avoid the tires off the ground 
phenomenon; displacement compensation between the two 
cylinders can avoid body tilt; it also has the advantages of 
fast response speed, good effect of vibration energy 
absorption and uniform load, the specific conclusions are 
as follows: 

(1) When the truck is driving on uneven road, the two 
cylinders of the NSCHs can compensate each other for the 
displacement so as to avoid the body tilt and better 
maintain body posture. 

(2) When the truck passes over the convex platform at 
a high speed, the NSCHs can avoid JOTG and can better 
protect the truck and suspension. 

(3) The two cylinders of the NSCHs are connected to 
the accumulator by rubber tubing, equivalent to two 
parallel springs, and the pressure is basically the same, with 
the maximum pressure difference of 0.14 MPa and the 
maximum response time 0.56 s, to achieve the uniform 
loading. 

(4) In the loading experiment, compared with the 
CSCHs, the maximum overshoot pressure of the NSCHs 
was reduced by 0.4 MPa and the impact oscillation time 
was shortened by 4.13 s, which plays a vital role in 
reducing vibration and absorbing energy. 

In this paper, it was found that the phenomenon "tires 
off the ground" is related to the driving speed of vehicles. 
Next, more experimental speeds can be selected for the 
experiment, and more convex platforms with different 
heights can also be chosen to find more rules. In order to 
further improve the performance of the NSCHs, intelligent 
control elements can be added to make it become semi-
active suspension or active suspension. The performance 
of the NSCHs was studied theoretically and experimentally. 
In the future, more studies can be carried out with the help 
of simulation software. 
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