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ABSTRACT 
 
The side-rollover accidents of concrete mixing truck tend to occur due to the high 
center of mass and revolving mixing drum. Studying the roll stability of concrete 
mixing truck is of great importance. The main purpose of this study was to analyse 
the vehicle structure and running features of the concrete mixing drum and study 
the force distribution under the three conditions: circular motion, bend 
introversion and bend extroversion. At the same time, the tumbling dynamic 
models were set up separately. Furthermore, the relationship among the roll 
velocity, turning radius and steering wheel angle in the state of critical rollover was 
investigated. Thereafter, the rollover regularity under different conditions was 
studied, and the influence of lateral and longitudinal offset on critical rollover 
velocity was analyzed throughout the simulation. In addition, the rollover 
mechanism under different conditions was clarified by analyzing the vehicle 
parameters. The dynamics simulation model of controller was set up under 
Matlab/Simulink environment, and the results of the simulation analysis for the 
actual situation provided references for the rollover prevention. 
 
Key words: Concrete mixing truck, roll stability, vehicle dynamics, simulation, 
road safety. 

 
 
INTRODUCTION 
 
With the rapid development of vehicle industry, complex 
occasions in the road are increasing rapidly, which has 
caused a great amount of serious accidents of concrete 
mixing trucks. Concrete mixing truck is a major 
transportation tool in the construction industry whose 
transportation safety has been a problem and is yet to be 
absolutely resolved. So the rollover accident is a serious 
threat to the safe production in construction engineering. 
According to available statistics, annually, the number of 
traffic accidents caused by the rollover of concrete mixing 
truck is about 10,000 (QC/T 667-2010). Since the concrete 
mixing truck rollover accidents endangered human safety 
and property concerns, the management of concrete mixing 
truck has become vital (Feng, 2001). However, the high cost, 
low production and high risk of practical vehicle testing 
pose difficulties in conducting vehicle tests in dangerous 
conditions (Department of Mathematics of Tongji 
University, 1981). Meanwhile, being limited by safety 
conditions, test field and technical equipment, the road test 
requires the specific condition. So it is  difficult  to  fully  test 

the vehicle stability control performance. Given all 
mentioned limitations, the reliability and effective stability 
control performances in the running process of the concrete 
mixing truck have been of great significance (Wang and 
Zhang, 2011). 

To solve these problems, numerous methods have been 
proposed and explored. The mixing truck model in this 
study can be replaced by a very common roll-plane model 
which is widely used owing to its comprehensivity and 
parameterization (Taehyun and Chinar, 2010). In this study, 
the stability control dynamics system equivalent to 
independent vehicle system was established. This system 
can effectively prevent vehicle instability and avoid the 
occurrence of dangerous working conditions during the 
testing of vehicle stability control performances based on 
the equivalent system. In the Matlab/Simulink, we 
established the stability performances simulation test 
system of the vehicle dynamics equivalent system for the 
concrete mixing truck. Using the simulation model, we 
simulated    the   stability   performances    of      the    vehicle  
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dynamics equivalent system under various conditions 
individually. The study results showed factors influencing 
the roll stability of concrete mixing trucks and the 
relationships among these influencing factors. It is capable 
of providing theoretical basis and technical support for 
establishing the safe and efficient test platform of stability 
control performances. 

 
 
MODELING THE MIXING DRUM 
 
Mixing drum and its working process 
 
Concrete mixing truck is a highly complex machine and it is 
challenging to establish its complete model. So the 
simplification process of model is required. Moreover, the 
density, which is too complicated for the concrete that is not 
homogeneous fluid, was calculated. To simplify the model 
and eliminate errors, concrete was considered as a 
homogeneous fluid (Lopes et al., 2015). The volume of 
concrete is equal to the effective mixing capacity of concrete 
mixing drum (Zhang, 2005). With the purpose of studying 
concrete mixing truck rollover, a certain type of concrete 
mixing truck with a nominal mixing capacity of 12 m3 was 
selected. The working process of mixing drum was divided 
into three steps: loading, mixing and unloading. Since there 
are two helical blades inside the mixing drum, the helical 
mixing blades cause the concrete inside the mixing drum to 
move in both axial direction and circumferential direction 
when the mixing drum is rotating. Mixing and unloading 
modes were finished respectively by rotating blades with 
different directions (Qiu, 2010). In the process of geometric 
design, the rotation direction of mixing drum was generally 
up to on which side of the road the vehicle was driven . 
According to the road traffic safety regulations in China, 
vehicles must be driven on the right. Therefore, most of the 
rotating direction of mixing drums is clockwise when the 
concrete mixing truck is running on the road (When 
standing at the rear of mixing truck and facing the front 
direction of mixing truck, the mixing drum rotates 
clockwise and therefore, the two helical mixing blades of 
the mixing drum rotate counterclockwise). The rotation 
arrangement of mixing drum adapted to the actual road 
situation which cross section like an arch in China. Mixing 
process of the mixing truck mentioned above shifts the 
center of gravity to the left with 50~100 mm when 
compared with the center line of truck under static 
condition, which makes the lateral stability of the mixing 
truck better than before (Jin, 2008). 

 
 
The center of gravity of concrete mixture 
 
Static gravity center location 
 
Figure  1   shows   the   image   of   axial   cross   section   and 

arbitrary section of mixing drum in full load for static 
occasion . 

We can get these equations: 
 

                    (1) 
 

                              (2) 
 
Figure 1 shows the center of gravity position with arbitrary 
cross-section, and the horizontal and vertical coordinates 
are denoted as: 
 

                                       (3) 
 

Where  is the chord length of each differential 

segment of a circle;  is the area of each differential 
segment of a circle. 

Concrete volume: 
 

                                           (4) 
 
Center of gravity of each cone: 
 

                                          (5) 
 

Total center-of-gravity: 
 

                        (6) 
 
 
Change law of the gravity center 
 

During transportation, concrete is constantly moving up 
and down with the continuous rotation of mixing drum. 
Meanwhile, the composite movement along the tangential 
and axial direction of the mixing drum is generated because  
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Figure 1: The section diagram of mixing drum in both full load and hold still. 

 
 

 
 
Figure 2: The motion of the circumferential movement of 
concrete. 

 
 
the guidance of the helical path is determined by inner wall 
of the mixing drum and blades. Thus, the concrete has been 
pushed to the end of helical blades. Therefore, the gravity 
center of concrete mixing truck is variable (Takano et al., 
2003). 

Figure 2 shows a simplified motion of the circumferential 
movement of concrete. The movement of concrete in mixing 
drum can be divided into two parts: Helical blades push the 
first part of the concrete to make uniform circular motion, 
and the second part of the concrete is pushed to the point B 
with helical blades. Under the joint action of the centrifugal 
force and the gravity component along the direction of 
cross section, concrete moves along the BC direction to the 
point C, that is the oblique parabolic motion. When helical 
blades move to the point C, a cycle for the concrete will be 
pushed up to the point B again. For ease of research and 
explanation, the concrete in the mixing drum can be 
approximately regarded as a number of micro aggregates 
(Jian et al., 2017). 

Assume the angle between positive Y-axis and line 

segment OB is , and the angle between F´ and G´ is , 
according to the geometric relations in Figure 2. 
 

                                                  (7) 
  

Since point B is the highest point of a micro aggregate 
movement, the pressure at the point B of concrete to drum 
is zero. Therefore: 
 

                                                                   (8)   
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                                                                       (9) 
 

Assume that the initial time starts from point C. When the 

concrete recurs in the point C again, it is  a cycle . 

, 
 

                                                                     (10) 
 

The micro aggregate is in a state of circular motion when

. The coordinates of the upper boundary B of 
circular motion is: 
 

                                                                                 (11) 
 
The coordinates of the lower boundary C of circular motion 
is: 
 

                                                                    (12) 
 
Accordingly, 
 

                                     (13) 
 

When it meets , concrete micro aggregates and 
liquid surface are increasing on a collision course and then 
the concrete micro aggregates were mixed. So that part of 
mixture had a backwash. This part had little effect on 

rollover and as such, it was ignored. Where  is 
the mixing cycle time, the vertical offset of gravity center is 
ignored. In each cycle, the center of gravity motion of 
mixing drum repeats the circle above. 
The weight of a micro aggregate is: 
 

                                                                                 (14)  
 

The total weight of a concrete layer is: 
 

                                                                           (15) 
 
The   dynamic  gravity   center   coordinate    of   concrete   in 

circular motion is: 
 

                                               (16) 
 
 
The offset of gravity center 
 
The main factors that affect the offset of gravity center are 
eccentric torque of concrete movement and slope of the 
road when the concrete mixing truck is making a turn on 
the road. 
 
 
The eccentric moment of concrete 
 
The eccentric force is the result of gravity and centrifugal 
force. When the concrete mixing truck is loaded to capacity, 
the concrete in the mixing drum is subjected to two 

centrifugal forces: one is the centrifugal force  caused by 
the rotation of mixing drum and the other is the centrifugal 

force  generated by the turning of mixing truck. The 
coordinate obtained by Equation 16 subtracts 
correspondingly the coordinate of gravity center in static 

state. The transverse offset  and the longitudinal offset 

 of the gravity center in the mixing state can be obtained. 

 
 
The slope of the road 

 
When the mixing truck is running on the ramp way, it will 
generate a certain amount of offset. Assume that impact 

value of the lateral offset is : 

 

                                                                                 (17) 
 

Where is the angle of slope and is the height of gravity 
center. 

Another part of the longitudinal offset is  on the center 
of gravity generated by a slope: 

 

                                                                                  (18) 
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The values of , ,  and  are related to the 
revolving velocity of mixing drum, the properties of 
concrete, the parameters of mixing drum and blades and so 

on. So the values of , ,  and  are difficult to 
calculate accurately, and the practical application can be 
replaced by the experimental results. 
 
 
MIXING TRUCK ROLL STABILITY SIMULATION 
 
The motion situation of concrete mixing truck is very 
complex in the driving process because of the changing 
gravity center. To better study the characteristics of 
concrete mixing truck rollover, the appropriate rollover 
model needs to be established (Qiu, 2010). Before 
establishing the dynamic model, the following assumptions 
should be made (Bonhomme and Mollón, 2015): 
 
·The pitching direction of the truck has no effect on the 
experiment; 
·The role of air has no effect on the experiment ; 
·The truck is driving in the horizontal plane, thus the 
vertical movement of the truck is ignored; 
·There is no deformation of tires caused by the changing 
load. 
 
 
Analysis of the static rollover 
 
In absence of the running velocity, the rollover process of 
the concrete mixing truck is called static roll over. 

Mixing truck roll over critical state must satisfy the 
following conditions: 
 

                                                               (19) 
 

                                                      (20) 
 

                                                     (21) 
 

Where is the gravity of part ; is the horizontal 
distance from the center of the left tire to the center of the 

component; is the height of the center of gravity of the 

component ; is the gravity of the component ; is 
the static rollover critical slope angle of vehicles. In general, 
it is called static instability angle and is a critical angle. At 
this angle, vehicles will lose stability and roll over . 

As the actual environment of the construction site is poor 

and complicated, the gravity center of mixing truck is 
relatively high and the mixing drum for the gravity 
proportion is quite big such that the static rollover is 
established to calculate the static instability angle of 
concrete mixing truck at rest. 
 
 
Analysis of the dynamic rollover 
 
The dynamic rollover critical conditions of concrete mixing 
truck must be satisfied. Equation 22 is the universal 
equation under different circumstance: 

 

                                                                                                           (22) 
 
Note: > means the rollover risk state, ＝ indicates the 

critical state. Where are all integers. is the 

total gravity of concrete in mixing drum;  is the 

centrifugal force of part ;  is the radius of circular 

motion of part ; is the lateral offset value; is the 

longitudinal offset value;  is the vehicle speed;  is the 
gravitational acceleration. 

 
 
Dynamic analysis of plane circle rollover 
 
Centrifugal force generated by the turning over of mixing 
truck makes the gravity center generate different offset. 
Therefore, it is necessary to discuss the rollover problem of 
the concrete mixing truck in clockwise and 
counterclockwise directions when concrete mixing truck is 
moving in a circular motion on flat ground (Takano et al., 
2003).  

For a mixing truck moving in a circle (clockwise 
direction), the force of each component is shown in Figure 

3. The only difference is that in this special occasion, . 

So , , , ,  and . When 

the vehicle is moving in circular direction, . On the 
contrary, When the mixing truck is moving in a circle 

(counterclockwise direction), , , , , 

, . 

 
 
Dynamic analysis of bend introversion 
 
The direction of bend introversion of concrete mixing truck 
is consistent  with  the  direction  of   bends.   Under   inward  
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Figure 3: Figure of static force.  

 
 
rollover (Rollover direction is consistent with the direction 

of lean), , , , , ,  in 

Equation 22. Except for the slope angle , turning radius 

 and rollover critical velocity  , the rest are structural 

parameters of mixing truck. Slope angle  can be 
measured so the equations above can be considered as 
implicit function of the critical rollover velocity  and the 

turning radius . Outward rollover (Rollover direction is 
opposite to the direction of lean), 

. 
 
 
Dynamic analysis of bend extroversion 
 

In this case, , , , , ,  in 
Equation 22. The direction of bend extroversion of the 
concrete mixing truck is not consistent with the direction of 
bends. From the perspective of force analysis, there is no 
torque that makes the mixing truck roll outward. So only 
the inward rollover is given consideration (He et al., 2003). 
 
 
Simulation analysis 
 

Dynamic analysis of the static rollover 
 

We can get a function relationship between critical rollover 
velocity   and   turning   radius    from    the   Figure   4,   with 

increasing capacity rate, the static roll stability angle of the 
truck is becoming smaller and smaller, which shows an 
inversely proportional relationship. There is a certain 
relationship with the overall center of gravity of the mixing 
truck. It can be referred that the static rollover instability 
angle is an important parameter to determine the static 
rollover of the mixing truck. 
 
 
Dynamic analysis of planar circular rollover 
 
By solving the Equation 22 under the dynamic analysis of 
plane circle rollover, it can be referred that the critical 
rollover velocity of clockwise traveling is greater than the 
critical rollover velocity of inverse clockwise driving under 
the same turning radius by comparing and analyzing the 
Figure 5. 

Figure 5 shows the steering wheel angle and the critical 
rollover velocity when the mixing truck is clockwise or 
counterclockwise under the horizontal ground. The 
following conclusions can be obtained from Figure 5: 
 
·Area below the curve is safe,and the area above the curve is 
dangerous (vehicle rollover). 
·If the steering wheel angle is known, the critical velocity 
corresponding to the rollover can be obtained. 
·As the steering wheel angle decreased rapidly at the critical 
rollover velocity in the interval [0,π], the steering wheel 
angle of the concrete mixing truck in running should not be 
too large. 
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Figure 4: The relation between critical rollover velocity and turning radius for circular 
motion on flat ground. 

 
 
The reason for many mixing truck rollover accidents is that 
the drivers encountered unexpected events and the steering 
wheel angle increased sharply. The velocity is bigger than 
the critical rollover velocity of steering wheel angle after 
the changing angle, which leads to mixing truck rollover 
(Liu and Zhang, 2013). 

Dynamic analysis of bend introversion 
 
1). Inward rollover (Rollover direction is consistent 
with the direction of lean): By putting real vehicle 
parameters into the equations, we can obtain the 
relationship   between   critical   rollover   velocity   and   the  
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Figure 5: The relationship between critical rollover velocity and 
turning radius. 

 
 

 
 
Figure 6: The relationship between critical rollover velocity and 
steering angle. 
 
 
 

radius of the bend (Figure 5). Then put them into the 
conversion formula, and we can obtain the relationship 
between the critical rollover velocity and steering angle 
(Figure 6). 

In Figure 6, the area below the curve is safe and the area 
above the curve is dangerous (vehicle rollover). At the same 
steering angle for all curves, the slope of the curve gets 

sharp with the increasing angle which is from the slope of 
the road to the horizontal plane. The critical rollover 
velocity falls faster under the same increase of steering 
wheel angle and the same turning radius for the sharper 
curves . This suggests that we should keep the velocity 
down when the truck is turning over. 

 
 
Figure 7: The relationship between critical rollover velocity and 
turning radius. 

 
 

 
 
Figure 8: The relationship between critical rollover velocity and 
steering angle. 

 
 
2). Outward rollover (Rollover direction is opposite to 
the direction of lean): In Figure 7, the area below the 
curve is safe and the area above the curve is dangerous 
(vehicle rollover). With the increasing angle between the 
curve and the horizontal plane, the slope of the curve gets 
sharp. That is to say, the critical rollover velocity falls faster 
under the same increase of steering wheel angle and the 
same turning radius. 
 
 

Dynamic analysis of bend extroversion 
 

In Figure 8, the area below the curve is safe, and the area 
above the curve is dangerous (vehicle rollover). The slope of  
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Figure 9: The relationship between critical rollover velocity and turning radius 
under various conditions. 

 
 
 

 
 
Figure 10: The relation between critical rollover velocity and 
steering angle under different conditions. 

 
 
the curve is getting sharper and sharper with the increasing 
angle between the curve and the horizontal plane. It is 
regarded that the critical rollover velocity is falling faster 
under the same increment of steering wheel angle and the 
same turning radius. With the decrease of the critical 
rollover velocity, the rollover risk further increased. 

 
 
INFLUENCE FACTORS OF MIXING TRUCK ROLL 
STABILITY 
 

Comparative analysis of different conditions 
 
We can obtain a relationship between steering wheel angle 
and rollover critical velocity under various conditions 
(Figure 9). To compare the rollover possibility under 
different conditions, the angle between the bend and the 

horizontal plane is selected for plotting (Liu et al., 
1997). It can be referred: 
 

·In Figure 10, the area below the curve is safe, and the area 
above the curve is dangerous (vehicle rollover). 
·In the same angle between the bend and the horizontal 
plane, the danger level was ranked from biggest to smallest 
as follows: the inward rollover with bend extroversion, the 
outward rollover and the inward rollover with bend 
introversion. Therefore, when the truck is running in the 
condition of the bend extroversion, drivers should pay 
special attention to slow down the velocity. 
 
 

Analysis of the influence of the offset on the roll 
stability 
 

The value of  and  is related to the type of mixing 
truck, the nominal mixing   volume,   the   loading   rate,   the  

15  
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Figure 11: The relationship between critical rollover velocity and 
turning radius for the various lateral offset. 

 
 

 
 
Figure 12: The relationship between critical rollover velocity and 
steering angle for the various lateral offset. 

 
 
velocity of the mixing drum and so on. When the angle 
between the bend and the horizontal plane was 15º, we 
selected the most dangerous condition: the inward rollover 
with bend introversion. It was analyzed that the influence of 
the horizontal offset and the longitudinal offset of the 
gravity center after the offsets have changed (Figures 11 
and 12). 

When the horizontal offset and longitudinal offset of the 
center of gravity are zero, the safety of the vehicle is 
relatively high. Effect of the horizontal offset and 
longitudinal offset of the center of   gravity   on   the   critical  

 
 
Figure 13: The relationship between critical rollover velocity and 
turning radius for the various longitudinal offset. 

 
 

 
 
Figure 14: The relation between critical rollover velocity and steering 
angle for the various longitudinal offset. 

 
 
velocity of vehicle rollover cannot be ignored, which 
produces deviation of 2~5 km/h. However, it is difficult for 
the driver to accurately grasp the change point of velocity. If 
we could provide accurate data for vehicle intelligent 
control system, the velocity would be reduced by 
controlling the accelerator and brake system. In this way, it 
would avoid the temptation of giving velocity access to the 
critical rollover velocity (Jinhyun et al., 2018). 

From Figures 13 and 14, under the condition of bend 
extroversion, with the increasing horizontal offset of gravity 
center, the critical rollover  velocity   decreases, so  does  the  
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longitudinal offset. That is to say, it is more dangerous 
because of the these two offsets. 

The goal of reducing the horizontal offset and 
longitudinal offset of the center of gravity can be achieved 
by changing the velocity of mixing drum and loading rate. 
 
 
CONCLUSIONS 
 
The present study used a method to simulate the driving 
safety performance of mixing truck. The relationship among 
risk factors of the dangerous driving conditions was 
analyzed theoretically and the total model of concrete 
mixing truck was established. According to the model, the 
simulation was carried out by changing the factors which 
affect the driving stability. Then the relationship among 
these factors was obtained. This is necessary to solve the 
problem of concrete mixing truck stability. 
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