
Heliyon 10 (2024) e34358

Available online 10 July 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Monitoring overloaded trucks with infrared thermal imaging of 
tire sidewall 

Xu Li a,*, Jiapeng Han a, Xuezhen Dai a, Zhuowen Zheng a, Yanhui Niu b 

a School of Transportation Engineering, Chang’an University, Xi’an, China 
b School of Materials Science and Engineering, Chang’an University, Xi’an, China   

A R T I C L E  I N F O   

Keywords: 
Infrared thermal imaging 
Monitoring 
Overloaded truck 
Payload 
Tire temperature 
Equation of state 

A B S T R A C T   

Overloaded trucks have long posed a threat to the road safety. To assess truck payload more 
effectively, this study focus on tire temperature data obtained through infrared thermal imaging. 
It is feasible to analyse the payload by monitoring one single representative tire. Tire sidewall 
surface is the best area for data extraction. Truck overload caused significant increase of gas 
temperature in tires, as well as external temperature. The internal temperature can be calculated 
with real gas equation of state. By studying the relationship between internal gas temperature of 
tire and payload, it is demonstrated that monitoring the temperature of tire sidewall surface is an 
innovative, remote, and real-time method to assess the payload situation of moving trucks.   

1. Introduction 

In China, overloaded trucks have long been recognized as one of the four major causes of road accidents, resulting in casualties, 
property damage, and traffic disruption [1]. Nearly one-fifth of traffic accidents and one-third of traffic accident fatalities are 
attributed to overloaded trucks [2]. In the United States, trucks weighing over 33,000 pounds accounted for 65 % of fatal traffic 
accidents in 2021 [3]. Overloading has thus emerged as a significant factor affecting transportation safety. Additionally, overloaded 
trucks cause substantial rutting and damage to roadbeds [4]. Roads frequented by overloaded vehicles may experience a 90 % 
reduction in lifespan compared to normal roads with normal vehicle traffic [5]. 

Therefore, it is crucial to detect vehicle overloading effectively for reducing traffic accidents and prolonging the lifespan of 
transportation infrastructure. 

Static weighing technology for overload detection was used a long time ago. Because of its slow operation and other limitations, this 
technology has been gradually phased out. Dynamic weighing technology such as weighing-in-motion (WIM) was first introduced at 
the National Traffic Conference in the United States in 1954. Since then, it has been widely utilized in most countries [6]. This 
technology has been developed into three main types: bending plate WIM, piezoelectric WIM, and the latest B-WIM [5–8]. Basic WIM 
uses weighing sensors and bending plates for weight measurement. Because of large equipment size and slower detection speed, it has 
gradually been replaced by piezoelectric WIM utilizing inductive circuits with quartz, ceramic, or polymer material. This type of WIM 
detects vehicle load by sensing the electric signal generated when a vehicle passes over the sensors [9,10]. B-WIM, invented later, 
utilizes instruments such as sensors and circuits installed on bridges to measure the response of a vehicle passing by a sensor to 
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calculate vehicle axle load [11]. 
These WIM systems have the advantage of measuring the weight of the vehicles without stopping them, but also has disadvantage 

of error in weight detection when vehicles stop suddenly. Additionally, the WIM systems must be installed at fixed locations, they are 
susceptible to evasion tactics. 

The force provided by pneumatic tire pressure directly support the vehicle against the gravity. The pressure and temperature of 
tires change with deformation under different vehicle loads. Temperature field analysis of tires was applied to the study of rubber 
properties [12–16]. Research methods in this area include simulation analysis and experiments. Researchers used Finite Element 
Analysis (FEM) to simulate the internal temperature field distribution of tires, and compare the simulation results with measurements 
from embedded temperature sensors [10,12,17,18]. Many studies found certain relationship between tire temperature and various 
factors. For example, Li Jie et al. [19] utilized infrared thermometry to investigate the cooling effect of wind on tire tread; Thanh-Cong 
Nguyen et al. [17] used finite element methods to illustrate the relationship between temperature and speed. 

Tire failure analysis has been studied extensively [20]. Common in-service tire failures include sidewall flex break (run low), 
belt/tread detachment, and rapid loss of pressure through tire rupture (blow out) [21]. At fixed inflation pressure, when the vehicle 
load increases, the tire deflection increases. Rolling tires go through cycles of deflection and recovery, and this pumping action 
generate heat in tires, where temperatures of both structural materials and internal gas increase. Under heavy load, this could further 
cause thermal damage of tires during operation, e.g., thermal spalling, bulging, and degumming etc. 

Most of previous studies address the material integrity, durability and failure prevention of tires. However, inflation air or gas play 
a critical role for the pneumatic tire. Weighing technologies have inherent drawbacks, and are inadequate for limited personnels to 
manage expanding road networks with increasing vehicles, especially in developing countries such as China. Other variables of ve
hicles need to be investigated for better solution. 

Current project objective is to provide a new method to monitor overloaded trucks and alert the transportation law enforcement 
personnels to take action. This study focused on gas state inside the tire and uses proper gas equation to illustrate the relationship 
between temperature and pressure. Infrared thermography provides a practical tool for temperature monitoring to be used in outdoor 
and real-time situations, and can be a better method to prevent accidents and damages from overloaded trucks. 

2. Methods 

2.1. Tire temperature monitoring experiment 

To obtain temperature data of tire sidewalls corresponding to different loads in real-world scenarios, experiments were conducted 
using passenger car (Fig. 1), bus with 52-passenger capacity (Fig. 2), and freight truck (Fig. 3). First, tire region of a SUV was filmed at a 
low speed of less than 20 km/h to explore suitable method of capturing infrared thermal images. Subsequently, bus tires were filmed at 
stops after running hourly to further refine experimental procedures such as filming distance and height above ground. Finally, freight 
trucks were studied, and the load was varied and infrared thermal images were recorded. The tire specifications of the car, bus, and 
freight truck used in this study are shown in Table 1. All tire parameters comply with the Chinese national standards GB/T 2978–2014 
″Passenger Car Tire Specifications, Dimensions, Air Pressure, and Load” and GB/T 9744–2015 ″Truck Tire Load". 

The truck is a four-axle, front-engine, rear-wheel drive flatbed truck (8 × 4) with an unladen weight of 13 tons and a payload 
capacity of 18 tons. The first and second axles have single tire on both sides with positive wheel offset. The third and fourth axles have 
dual tires on both sides with negative wheel offset. 

The infrared thermal imager used in the experiment is a product of Raytron Technology Co. Ltd. (Yantai, China) model AT61F. This 
online infrared thermal imager has a fixed focal length and a temperature measurement range of 0 ◦C–550 ◦C, with an accuracy of ±2 
% of the reading. The operating temperature range is − 20 ◦C–60 ◦C, and the generated image resolution is 540 × 512 pixels. At a 
distance from 1 m to 10 m, the minimum detectable surface area is approximately from 1.66 mm2 to 274 mm2. The accompanying 
software is IR Discovery, which can perform pseudo-colour transformation on the videos or images captured by the thermal imager, 
and extract temperature data from specific areas, and export the data in.csv or.docx format. 

The experiments were conducted with different payloads of the truck. In each experiment, the truck payload varied by percentage 
of capacity, and the truck travelled around the route at a fixed speed. The infrared thermal image of the passenger-side tire was 

Fig. 1. Passenger car (SUV).  

X. Li et al.                                                                                                                                                                                                               



Heliyon 10 (2024) e34358

3

captured at 10-min interval. The temperature was also checked with a handheld infrared thermometer until the tire side wall tem
perature stabilized. The tires were numbered from 1 to 4 sequentially from the front to the rear on the passenger side (hereinafter 
referred to as follows). 

Fig. 2. School bus.  

Fig. 3. Freight truck.  

Table 1 
Experimental tire specifications.  

Vehicle type Freight Truck School Bus Passenger Car 

Specification 11.00R20 11R22.5 265/65R17 
Outer Diameter(m) 1.1 1.054 0.776 
Rim diameter(m) 0.508 0.572 0.43 
Maximum tire load (kg) 3550/3250 3150/2900 1120 
Maximum speed (km/h) 100 90 190 
Recommended maximum inflation pressure 930 KPa(26 ◦C) 930 KPa(25 ◦C) 290 KPa(25 ◦C)  

Fig. 4. Sketch of Tire Cross Section. L1 is the boundary line between the tire shoulder and sidewall, L2 is the boundary line between the tire sidewall 
and rim. 
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2.2. Selection of temperature measurement area 

The infrared thermal imager captures continuous videos, with each picture containing the temperature distribution of objects in the 
field of vision. Different colours represent different temperatures, and the shapes formed by these colours maintain similarity or 
correlation to the actual contours of objects (Fig. 4). Selecting the temperature measurement surface, line segments, or points in each 
picture requires a scientific method. In each image, there are tires appearing in round shape, which can be divided with radial lines into 
sections, and the temperature can be further measured along the lines. Finally, these radial lines are selected as the data source for tire 
temperature measurement. 

2.3. Analysis of tire forces 

The force diagram of the four-axle truck is shown in Fig. 5. F1, F2, F3, and F4 represent the support forces from the ground to the 
axles respectively. W represents the gravity of the truck. La, Lc, Lb and Ld represent the distances from the forces to the origin 
respectively. 

When the vehicle is stationary, based on force equilibrium in the x and y directions, we have Equation (1): 

F1 + F2 + F3 + F4 = W (1) 

Based on torque equilibrium along the positive x-axis direction, we have Equation (2): 

W ∗ Lc = F2 ∗ La + F3 ∗ Lb + F4 ∗ Ld (2) 

To simplify the model, the chassis is treated as an entire structure under both the cabin and the cargo, with the same stiffness. The 
deformation of the suspension and shock absorber devices is also assumed to be equal. The deformation of the tires will be proportional 
to distributed load (Fig. 6). A balance shaft connects the 3rd and 4th axles, which can evenly distribute force between the two axles, 
and generate the same deflection height at the 3rd and 4th wheels. Using Le to represent the length from the first axle to the balance 
shaft, Equations (1) and (2) can be simplified to Equations (3)–(5): 

F1 + F2 + F5 = W (3)  

W ∗ Lc = F2 ∗ La + F5 ∗ Le (4)  

F3 = F4 = 0.5 ∗ F5 (5) 

Furthermore, applying Hooke’s Law, because the deformation of each tire equals the ground support force divided by the radial 
stiffness of the tire, it is expressed as: 

Li = Fi/K (6)  

F1 / F2 = L1/L2 = α1 (7) 

Ground support forces for different tires can be calculated from Equations (3)–(7). 
Table 2 shows the axle distance data. 
The research methodology is presented in the process flowchart of Fig. 7. 

3. Results and analysis 

The experiments were conducted with five different payloads of the truck (Table 3). 

Fig. 5. Four-axle truck force diagram.  
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The measured deflection heights of the 1st and 2nd tires are shown in Table 4. 
Because the infrared thermal imaging cannot observe the inner tires of the dual tires, it is assumed that the truck’s centre of gravity 

is located on the central line, and the load is equal on each tire of the same axle. Ground support forces for the tires under different 
payloads are calculated and shown in Table 5. 

3.1. Temperature measurement area 

Fig. 8 shows an example of thermal images of tires after driving. Monitoring the tire temperatures of cars and school buses revealed 
that the tread area is uneven because of grooves and presence of steel wires under the rubber. The shoulder area has larger variation in 
rubber thickness and undergoes repetitive deformation, causing unstable temperature. Therefore, temperature points in the tread and 
shoulder areas were excluded. In this study, radial lines for temperature measurement are between the shoulder-sidewall boundary 
and the rim-sidewall boundary, which cover the entire sidewall. The material of tire sidewall is mainly rubber, and the rubber 
thickness is relatively uniform. As shown in Fig. 8, a temperature measurement line L₁ was drawn vertically from the tire shoulder 
through the axis of the tire, then to the ground, with the shoulder-sidewall boundary serving as the starting point (0px) for the line. 

The temperature data extracted from this measurement line were plotted in Fig. 9. It showed the average temperature of the rim 
metal part was relatively high, and the overall temperature distribution was radially symmetrical. The transition zone from the tire 
shoulder to the sidewall had higher temperature, which was related to significant stress deformation. There was a sharp temperature 
drop from the tire to the ground. 

For the rubber sidewall, four temperature measurement lines were selected for data extraction, with two horizontal and two 
vertical lines, labelled as L₁ to L₄ (Fig. 10(a)). The direction of the measurement lines started from the sidewall towards the rim, 
covering only the sidewall area, with an average of 47 data points per line segment. As shown in Fig. 10(b), the temperature gradually 
decreased from the shoulder to the rim. 

To validate the symmetry of the temperature distribution, a normality test was conducted on the data from the four measurement 
lines. After conducting the inverse variance analysis on the four sets of data, it showed that at a confidence level of 0.05, the p-value 
was 0.176, which is greater than 0.05. Therefore, it can be concluded that there is no significant difference between the data sets. 

In summary, the data obtained from the radial temperature measurement lines are similar after stable driving for 10 min. By 
identifying and excluding the rim area in the images, the measurement area of the tire in each image can be simplified to a mea
surement line, reducing the amount of data processing, and obtaining representative data. While processing many experimental 
images, the L3 measurement line on the upper part of the tire was selected as the source of temperature data sampling. 

3.2. Temperature measurement tire 

For vehicles with more than two axles, monitoring all tires would require a significant amount of data processing. The distribution 
of load in vehicles follows certain design principles. If it is possible to represent the entire vehicle’s state by monitoring one or two tires, 
and achieving accurate temperature measurement, it would greatly improve response speed. Because of the ample space in front of the 

Fig. 6. Tire deflection model.  

Table 2 
Wheelbase data.  

Wheelbase Length(m) 

La 1.8 
Lb 6.375 
Lc 5.3 
Ld 7.775 
Ld 7.075  
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tires of the first and third axles of the truck, they bear the majority of the wind resistance while in motion, where the heat generated by 
tire deformation during rotation and friction with the ground were carried away by strong airflow [22]. As the vehicle’s speed in
creases, this air-cooling effect becomes more pronounced. 

Figs. 11 and 12 illustrate the tire temperatures of trucks with 200 % and 94 % payloads respectively, which were recorded 

Fig. 7. Process flowchart.  

Table 3 
Environmental temperatures of experiment groups.  

Percentage of Payload Air Temperature(◦C) Ground Temperature(◦C) 

0 % 10.0 12.0 
94 % 11.0 13.0 
111 % 12.0 13.0 
150 % 12.0 12.0 
200 % 11.0 12.0  
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immediately when the truck stopped after traveling for 75 min. It showed the temperature of tire No. 1 is lower than that of tire No. 2, 
and the temperature of tire No. 3 was lower than that of tire No. 4. The tire shoulder temperature of tires No. 1 and 3 was higher than 
the temperature near the rim, while for tires No. 2 and 4, it was the opposite. Because of the air-cooling effect, the temperature 
difference near the rim was very significant among different tires. 

Using the Two-tailed significance tests and Spearman’s rank correlation coefficient, correlation analysis of tire temperatures for 
tires No. 1–4 in Figs. 11 and 12 were conducted in pairs, and the results are shown in Table 6. 

The correlation coefficients between tires No. 1 and 2, as well as tires No. 3 and 4 are all less than 0.5, indicating a weak correlation. 
Furthermore, tire No. 1 was more affected by wind cooling, and tire No. 2 was closer to the engine and more susceptible to heat 
radiation. Additionally, since tire No. 3 was more affected by wind cooling compared to tire No. 4. Therefore, tires No. 4 was chosen as 
the experimental subject to better represent the truck load status. 

In summary, it is evident that the distribution relationship of tire temperature remains consistent in each experiment for a four-axle 
truck, after conducting correlation analysis on the four groups of tires in the five experiments. Because tire No. 4 experienced less 
interference from wind cooling, it is selected as the subject of experimental analysis to minimize uncertainties and improve the 
reliability of experimental data. 

Table 4 
Change of tire deflection. Relative error 2 %.  

Experimental Group No. 1 Tire Deflection Amount(m) No. 2 Tire Deflection Amount(m) 

Payload 0 % 0.0148 0.0185 
Payload 94 % 0.0188 0.0197 
Payload 111 % 0.0196 0.0234 
Payload 150 % 0.0228 0.0228 
Payload 200 % 0.0224 0.0224  

Table 5 
Ground supporting force for tires at different payloads.  

Payload Percent F1(kN) F2(kN) F4(kN) 

0 % 8.28 10.3 11.3 
94 % 20.6 21.6 26.2 
111 % 21.5 25.6 28.7 
150 % 28.2 28.2 34.9 
200 % 34.5 34.5 42.8  

Fig. 8. Image of the temperature measurement area and the temperature measurement line. The temperature measured in the AC section is the 
temperature of the wheel including the hub, and the temperature measured in the CB section is the temperature of the ground. 
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3.3. Steady state temperature of tires 

Based on previous findings, the truck was stopped after running for a certain period, and the infrared thermal image of the No. 4 tire 
was immediately captured. The extracted tire temperature data are shown in Fig. 13. In the experiments with 0 %, 150 %, and 200 % 
payload, truck images were recorded after every 10 min of continuous driving. In the experiments with 94 % and 111 % payload, truck 
images were recorded only after 75 min of continuous driving because of time constraints. During image recording, the truck was in an 
idle state. 

To further determine whether the tire temperature had reached a steady state, the mean square error (MSE) between adjacent tire 
temperature curves in Fig. 13(a), (d), and 13(e) was calculated. As shown in Fig. 14, the MSE decreased rapidly with time. The MSE of 
the three experimental groups decreased to below 0.5 as early as 30 min and as late as 70 min of driving. At this point, the temperature 
difference between the two groups was less than 0.7 ◦C, which was lower than 5 % of the lowest steady-state tire temperature (14.3 ◦C) 
among the five groups. Therefore, when the MSE decreased to below 0.5, temperature data could be considered as the steady-state tire 
temperature for the corresponding experimental group. In the experiments with 94 % and 111 % payload, the driving time of 75 min 
was more than the time required for the experiments with 150 % and 200 % payload to reach steady state, so that only one mea
surement was conducted to save vehicle occupancy time. The images obtained immediately after truck stop were used for the steady- 
state tire temperature of these two groups. For these two groups, three temperature measurement lines were selected, and the average 
temperature was taken as the steady-state tire temperature. 

Table 7 shows the steady-state tire temperatures for all five groups, to be compared with internal gas temperature calculated from 
equation of state. Fig. 15 shows the accuracy of these temperatures and relevant ambient temperatures. 

As shown in Table 8, when the temperature difference was above 5.5 ◦C, the truck was in overload status with more than 10 % 
tolerance. 

3.4. Mechanisms of temperature changes in car tires 

There are already well-established standards for tire inflation pressure (GB/T2977-2016), but the internal pressure of overloaded 
vehicles often exceeds the inflation pressure specified in the standards. When a vehicle’s payload acts on the tires, heat is generated 
from tire-ground friction, repeated rubber deformation, and the repeated compression of internal gas by external forces. The work 
done by the external forces on the tire is converted into internal energy and heat [23]. 

Research on the internal gas of tire was commonly based on the ideal gas law [17,18,24], but it is only applicable at standard 
atmospheric pressure and temperature when the interaction between gas molecules and their size can be negligible [22,25]. However, 
the internal pressure of heavy-duty truck tire can reach 10 times of atmospheric pressure, and both tire pressure and temperature can 
change significantly with external conditions [18,25,26]. Therefore, using the ideal gas law can cause significant deviations for 
studying tire. 

Many gas state equations have been developed under specific conditions, such as the Virial equation of state, the Redlich-Kwong 

Fig. 9. Temperature profile of tire. Corresponding to L1 in Fig. 8., 1px is about 6.2 mm and the ambient temperature is 10 ◦C. The horizontal axis 
unit px is the unit pixel point of the picture, and the horizontal axis from 0px to 350px corresponds to the length of the temperature measurement 
line from A to B, the same as the following figures. Due to the small differences in temperature measurement distances, the actual distance rep
resented by 1px varies from picture to picture and is labelled in the caption. 
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equation, the Peng–Robinson equation of state, and the Multiparameter equations of state. Among these equations, the van der Waals 
equation takes into account the attraction and repulsion of molecules, and makes concise corrections to the gas pressure and volume, 
making it closer to the macroscopic physical properties of real gases [27]. For better accuracy, this study uses the van der Waals 
equation (Equation (8)) for relevant calculations. 

(P+ a /Vm)(Vm − b)=RT (8) 

R is the gas constant, equals to 8.314 J/(mol⋅K). At an ambient temperature of 25 ◦C, the molar volume of gas corresponding to 
different pressures is shown in Table 9. In the experiments, nitrogen gas was used for inflating the truck tires. The parameter a rep
resents the intermolecular attraction, and b is the sum of the volumes contained by 1 mol of molecules, shown as following [28]. 

a=1.390
(
atm ∗ L2 /mol2

)
(9)  

b= 0.039(L /mol) (10) 

There was a study on the steady-state temperature inside a small car tire using embedded sensors in the lab [29], and ideal gas 
equation was used to describe relationships among vehicle weight, tire pressure, and tire temperature. The experiment explored 
pressure only up to half of the standard inflation value and did not investigate overloaded conditions. 

Adapting Meng et al.‘s formula (Equation (11)), this study incorporates the van der Waals equation to obtain Equation (12), and 

Fig. 10. Temperature measurement line and temperature profile of off-road tire temperature. 
Fig. 10(a). Temperature measurement line. (Inside the circle are metal parts such as rim.) 
Fig. 10(b). Temperature profile. 
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Fig. 11. Payload 200 % tire temperature distribution (1px ~ 3.8 mm).  

Fig. 12. Payload 94 % tire temperature distribution (1px ~ 5.7 mm).  

Table 6 
Correlation analysis of experimental tires at 111 % payload, 94 % payload. 1.x indicates tire x of 111 % payload experiment; 2.x indicates tire x of 94 
% payload experiment.  

Serial Number No. 1.2 No. 1.4 No. 2.2 No. 2.4 

P Value 

No. 1.1 <0.0001    
No. 1.3  0.317   
No. 2.1   0.00481  
No. 2.3    4.63e-4  
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focuses common type of truck tire with multiple experiments. 

Pt

[

V0 +απR2b
/

360 − (β − f )B
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2βf − f2

√
]

=nTR (11)  

(
Pt +n2a

/
V0

2)
[
V0 − nb+

(
απR2b

)/
360 − (β − f)B

̅̅̅̅̅̅̅̅
2βf

√ ]
=nTR (12)   

Pt: tire pressure (absolute pressure, kPa); 
n: molar amount of gas inside the tire (mol); 
V0: tire volume under standard load pressure of the vehicle (litre); 
α: central angle corresponding to the tire impression on the ground (rad); 
β: tire radius (m); 
a: tire impression length under a certain load (m); 
f: deflection height of the tire under a certain load (m); 
B: width of tire cross-section, i.e., 0.317 m; 
T: tire internal temperature (K); 
R: molar gas constant, 8.314 J/(mol⋅K) 

Fig. 13. Change of tire temperature with time for different payloads. 
Fig. 13(a). Payload 0 %(1px ~ 6 mm). 
Fig. 13(b). Payload 94 %(1px ~ 6 mm). 
Fig. 13(c). Payload 111 %(1px ~ 3.8 mm). 
Fig. 13(d). Payload 150 %(1px ~ 5.6 mm). 
Fig. 13(e). Payload 200 %(1px ~ 6 mm). 

Fig. 14. Mean Square Error (MSE) for each experimental group.  

Table 7 
Average steady-state tire temperature. The number of data points is the number of temperature data points 
extracted from the corresponding temperature measurement line.  

Payload Weight Data Point Steady-State Tire Temperature(K) 

Payload 0 % 52 287 
Payload 94 % 82 288 
Payload 111 % 78 291 
Payload 150 % 53 294 
Payload 200 % 50 302  
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Guo et al. [30] conducted a simulation study on mining vehicle tires to examine the effects of increased internal temperature and 
pressure on tire deflection and contact area. When inflation pressure increased, the contact area decreased; whereas deflection was 
influenced by inflation pressure but not temperature. Specifically, increasing the tire pressure from 0.5 MPa to 0.6 MPa reduced the 
contact area from 0.774 m2 to 0.700 m2, and increased the deflection from approximately 153 mm–177 mm. 

The actual tire impression lengths for different experimental groups are shown in Table 10. 
Equations (13) and (14) are obtained from Fig. 16. 

a= 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2βf − f2

√
(13) 

Fig. 15. Steady-state tire temperature for different payloads.  

Table 8 
Temperature comparison. The second column is the average of the ambient air and ground temperatures, and the third 
column is the difference between the steady state tire temperature and the temperature in the second column.  

Payload Weight Average of Temperature(◦C) Temperature Difference(◦C) 

Payload 0 % 11.0 2.9 
Payload 94 % 12.3 2.6 
Payload 111 % 12.4 5.5 
Payload 150 % 12.2 8.7 
Payload 200 % 11.4 17.5  

Table 9 
Molar volume of nitrogen at different pressures.  

Pressure(kPa) Vm (L/mol) 

250 9.908 
300 8.256 
350 7.076 
400 6.191  

Table 10 
The actual tire impression lengths for different experimental groups.  

Experimental Group Actual Tire Impression Lengths(m) 

Payload 0 % 0.301 
Payload 94 % 0.328 
Payload 111 % 0.328 
Payload 150 % 0.347 
Payload 200 % 0.402  
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α=2 arctan(β /2 − af) (14) 

The temperatures calculated using Equations (11) and (12) are shown in Table 11. 
For the 0 % payload condition, the tire pressure is set to the standard inflation value. For the other four groups, tire pressure is 

calculated based on the F4 support force in Table 5. The downward pressure of the tire at the impression area was balanced by the 
ground support force. This support force exceeds the truck weight distribution to the 4th wheel. Therefore, the excess deformation 
produced by the tire at 250 kPa provided the ‘grip force’ between the tire and the ground under 0 % payload condition. Therefore, the 
slip resistance and stability of the truck are better with empty cargo. 

3.5. Relationship between tire deflection and support force 

After being inflated properly, tire deflection and pressure increase with the vehicle payload. Tire deflection is usually determined 
by subtracting the vertical radius from the horizontal radius of the tire. Xiong et al. suggested the upper part of the tire had minimal 
deformation [31]. Therefore, a new approach is used by defining the deflection as the difference between the upper sidewall height 
(L1) and the lower sidewall height (L2) of the tire (Fig. 17). By comparing L1 with the difference of radius between the actual tire and 
the rim (refer to Table 1), the actual length of 1px in the image can be determined. The deflection and support force under different 
loads are obtained and shown in Table 12. 

Plotting the support force versus deflection (Fig. 18) shows three regions with good fitting using linear trendlines. The y1 line 
represents the overloaded condition, the y2 line represents the normal load condition, and the y3 line represents the no-load condition. 
The y3 line passes through the origin because there is no deflection when external force is zero. At this region, the slope of trendline 
represents the radial stiffness of tires, i.e., the overall elasticity of parallel tires under the force. With four tires on each side of the No. 4 
axle, the slope of 668 kN/m is equivalent to 167 kN/m of radial stiffness for a single tire, consistent with literature data (Table 13 and 
Table 14). 

The phenomena of Fig. 18 can be explained by the structure and shock absorbing feature of the truck. The slope of 1777 kN/m in the 
normal load region represents the apparent stiffness of the combination from the suspensions and the tires (Fig. 19). K1 represents the 
apparent stiffness of parallel suspensions and multiple shock absorbers, and K2 represents the apparent stiffness of parallel tires. K1 and 
K2 are connected in series, and the apparent stiffness is expressed as: 

K=(K1 ∗ K2) / (K1 +K2) (15) 

At overloading region, when the payload exceeds the capacity by a certain percentage, e.g., 10 %, the tires are compressed to the 
state of almost losing elasticity. Therefore, the apparent stiffness approximately equals to the stiffness of the suspension system, which 
is represented by y1 line with a slope of 997 kN/m. Relevant data on tire and suspension stiffness from this study and literature are 
presented in Tables 13 and 14. 

3.6. Relationship between tire temperature and pressure changes 

Internal temperature of tire is calculated with Equations (11)–(14) and shown in Table 11. Both internal temperature and sidewall 
temperature increase with payload (Fig. 20), and more rapidly above the 150 % payload. 

Internal experiments conducted by Izze-Racing (Fulton, Maryland, USA) [37] found in racing cars running for over 6 laps (10 min), 
tire pressure increased from approximately 32 psi to 39 psi (about 220 kPa–268 kPa), and the internal temperature of tire rose from 
around 38 ◦C to about 95 ◦C. When the tire tread was new and full, after running for 10 min, the internal temperature of tire increased 
from around 40 ◦C–116 ◦C, while the crown temperature of tire reached 70–90 ◦C because of friction and stress. When the tire tread 
was worn out to 33 % of its original thickness, after running for 10 min, the internal temperature of tire increased from around 

Fig. 16. Tire deflection (f) and impression (a).  
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40 ◦C–100 ◦C, with a slight narrowing of temperature fluctuations at the tire crown. 
Ma et al. [38] monitored the 56/80R63 OTR tires after driving at 20 km/h under ambient temperature of 20 ◦C and found the 

internal temperature of tire increased from 48.9 ◦C to 73.1 ◦C, when the payload increased from 0 % to 100 %. Several studies as well as 
these showed a similar trend to the current study. 

4. Discussions 

As the results in section 3.3 show, criteria for determining truck overload can be based on the absolute temperature increase of the 
sidewall temperature relative to the ambient temperature. The criteria of absolute temperature increase needs to be adjusted for 
different range of ambient temperature, e.g., hot summer days or cold near-freezing days. The criteria could also be the percentage of 
increase, or specific characteristic temperatures on the outer side of multi-axle truck tires, or computed output results of multiple 
variables. 

The main shortcoming of infrared thermal imaging is susceptible to interference by precipitation or wet tire, because accurate 
temperature sensing can’t be obtained. 

To get relatively good quality imaging, vehicle speed can’t be too high, e.g., higher than 20 km/h. The current practical application 
of WIM technology can monitor the load of vehicles traveling at speed about 30 km/h [39]. Truck is required to travel at a speed of less 
than 10 km/h while passing special WIM lane at toll station in China. Monitoring accuracy decreases as vehicle speed increases. 

The feasibility of this new method has been demonstrated. The mechanism has also been investigated, Future research will expand 
to include other truck tire models, scenarios of overloading, and alarm criteria. The selection and application of alternative gas state 
equations can further improve the accuracy and practicality of this new method. Through the effort and collaboration of broader 

Table 11 
Tire pressure and calculated internal tire temperature for different experimental groups.  

Experimental Group Tire Pressure(kPa) Internal Temperature(K) 

Payload 0 % 250 295 
Payload 94 % 252 296 
Payload 111 % 276 315 
Payload 150 % 318 346 
Payload 200 % 336 382  

Fig. 17. Tire deflection and different sidewall heights.  

Table 12 
Changes in the support force and deflection of the No. 4 tire.  

Experimental Group Supporting Force(kN) Tire Deflection(m) 

Payload 0 % 11.3 0.017 
Payload 94 % 26.2 0.025 
Payload 111 % 28.8 0.027 
Payload 150 % 34.9 0.033 
Payload 200 % 42.8 0.041  
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community, an optimal or hopefully “universal” criteria could be established. 

5. Summary 

While it is known that vehicle tires heat up during driving, this study specifically delves into the mechanism behind the temperature 
increase of truck tires with increasing payload and travel time. Quantitative model was constructed to predict relationships among 
multiple variables. By utilizing the state equation of real gas within tires, it has been demonstrated the thermodynamic state change of 
gas under load is the primary cause of temperature increase. The sidewall temperature is closely correlated with the internal tem
perature, and measuring the sidewall surface temperature can indirectly assess the internal temperature of tire, thus indicating the 
payload status of the truck. After overload alarm criteria is programmed into infrared video camera, transportation law enforcement 
officers can use this remote and rapid monitoring tool for real-time temperature measurement of tires and evidence collection of 
moving trucks. This innovation helps in preventing and reducing the problem of truck overload, also works with other monitoring 
methods to enhance overall safety of public transportation. 

Fig. 18. Change of supporting force with tire deflection. (Linear trendlines shown).  

Table 13 
Review of tire stiffness data.  

Author(s) Tire 
Specification 

Test Platform Splint Type and Size (mm) Inflation Pressure 
(kPa) 

Stiffness (N/ 
mm) 

Fan, C. j 
[32] 

195 60R14 Simulate bumpy roads, 
flat roads 

Rectangular splints with a width of 20 and a height of 10 250 190 
214 
229 
244 
263 
289 

V, Alkan 
[33] 

155/80R13 Flat Tire Tester rectangular splint with a height of 12.7 and a width of 50.8; 
Diameter 25.4 round splint and Triangular splint with a top 
angle of 90 and a height of 18 

138 About 70  

Table 14 
Review of suspension stiffness data.  

Author(s) Test Platform Stiffness (N/mm) 

Zhang, Z [34] Simulation modelling 502 (1 kN payload) 
446 (1.5 kN payload) 
254 (2 kN payload) 

Zhang, J. H [35] Road Testing 180 (tire travel 7 cm) 
Lu, Y. J [36] Simulation modelling 1195  
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Fig. 19. Diagram of overall stiffness (K1 represents the apparent suspension stiffness, K2 represents the apparent tire stiffness).  

Fig. 20. The effect of increased payload on the internal temperature and the sidewall temperature of tire.  
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