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In this work, a typical vehicle engine is modeled within PTC-Creo soft-
ware, and its thermal, mechanical, and thermo-mechanical performance are 
evaluated. This is followed by the vibrational, fatigue, and buckling analy-
sis of the assembly of components, which are the predominant failure caus-
es. The results show that the least temperature gradient occurs in the center 
of the pin, which connects the piston to the connecting rod, the maximum 
displacement is seen just below the piston head, and the thermo-mechanical 
failure is caused mostly (about 85%) by the mechanical load rather than the 
thermal one. Also, in fatigue analysis, the minimum and maximum values 
for the safety factor are 0.63 and 5, respectively. The results can prevent the 
reoccurrence of similar failures and help the enhancement of the compo-
nents’ design and manufacturing process.

Keywords:
Stress analysis
Engine failure
PTC-Creo
Thermomechanical analysis

1. Introduction

As a power-producer component, the engine has a fun-
damental and crucial role in vehicles. Analysis of the factors 
affecting the engine’s performance is very important, which 
should be accompanied by the identification of defects and 
failures in its components. The major components of an en-
gine are the piston, connecting rod, and crankshaft [1].

The connecting rod transforms the reciprocating mo-
tion of the piston into the rotational movement of the 
crankshaft. These components have relatively complex 
manufacturing processes and procedures [2], and thus their 
proper design and analysis are of high importance before 

manufacturing, which can prevent the reoccurrence of 
similar failures [3]. For this purpose, it is imperative to 
investigate the performance of crucial components under 
the mechanical and thermal loads along with the consid-
eration of the main potential failures, such as the fatigue 
failure.

To analyze the performance of an engine’s components 
under different loading scenarios and their possible fail-
ures, both experimental and numerical methods are used. 
While the former approach is valuable, it entails spend-
ing high costs in comparison with the latter approach. 
Among numerical methods, the Finite Element Method 
(FEM) is a well-established procedure which has a high 

https://doi.org/10.30564/jmmmr.v5i2.4600
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simulation capability. Different software such ANSYS, 
CATIA, MSC/Nastran are utilized in this regard [4,5]. Note 
that Computer-Aided Design (CAD) is obviously the key 
component of computerized mechanical engineering. The 

incorrect or corrupted CAD model causes many problems 
in Computer-Aided Manufacturing (CAM) and Comput-
er-Aided Engineering (CAE) applications.  Typical vehi-
cle main components are given here (Figure 1).

Figure 1. Individual components of the assembly, including piston, connecting rod, pin, and crankshaft 
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Considering the above explanations, numerous research 
works have been done on the engine, especially on the 
crucial components, including piston, connecting rod, and 
crankshaft. Liu et al. [6] investigated the piston of a diesel 
engine in different thermal, mechanical, and thermal-me-
chanical coupling conditions using FEM. Zhaoju et al. [7] 
calculated the temperature field distribution of a diesel en-
gine piston in static compression state and the thermo-me-
chanical coupling stress.

The comparisons showed that the mechanical load is 
the major stress. Gopi et al. [8] determined the structural 
and thermal stress distribution of piston rings using CAT-
IA and ANSYS. Rajakumar and Karthiyaraj [9] examined 
the piston’s structural and thermal response using FEM 
method. They compared the results for aluminum alloy, 
carbon graphite, and tungsten and concluded that either 
carbon graphite or tungsten can be used instead of alumi-
num alloy. Another recent work on the piston is done by 
Deulgaonkar et al. [2], who carried out Failure Mode and 
Effect Analysis (FMEA) to provide a deeper understand-
ing of the piston failure along with the usage of experi-
mental methods, including Scanning Electron Microscopy 
(SEM), Energy Dispersive Spectrometry (EDS) and X-Ray 
Diffraction (XRD).

On the connecting rod, Strozzi et al. [10] examined the 
potential failures by dividing it into three parts, includ-
ing the shank, the small and the big ends. Anderson and 
Yukioka [11] provided the buckling analysis using two pri-
mary FEM methods, namely, the eigenvalue and explicit 
dynamics. Muhammad and Shanono [12] did the static 
analysis and weight optimization of a connecting rod and 
recommended the usage of ANSYS software in produc-
tion companies. Also, some of the reasons for the failure 
of the connecting rod are mentioned as overloading, bear-
ing failing, uneven changes of the screws as well as faulty 
setting up or fatigue. Pani et al. [13] evaluated the buckling 
strength of a connecting rod suffering from hydro-lock 
failure. They estimated the critical buckling stress using 
the Merchant-Rankine and slider-crank approaches and 
resulted that suitable Buckling Safety Factor (BSF) should 
be regarded based on the maximum buckling stress to 
avoid such failures. Rezvani et al. [14] analyzed the con-
necting rod of a failed locomotive engine using a theo-
retical procedure, experimental modal testing, and FEM-
based simulation. They found the natural frequencies and 
mode shapes of the component and calculated the critical 
buckling forces. Witek and Zelek [15] performed the failure 
analysis of the connecting rod of a turbocharged diesel en-
gine using CATIA for geometrical modeling and ANSYS 
for stress analysis. Andoko et al. [16] also demonstrated that 
the values of stress and strain are larger in the area near 

the big end of the connecting rod. 
Analysis of crankshafts is also widely carried out in 

the literature. Rodrigues et al. [17] presented the modal 
analysis of a six-cylinder crankshaft using both numerical 
and experimental approaches. Based on the resulted mode 
shapes and natural frequencies, damping factors were 
estimated to be used in dynamic analysis. Ang and Ku [18] 
used SolidWorks and ANSYS for the fatigue and modal 
analysis of an automotive crankshaft. Kumar et al. [19] 
analyzed the crankpin failure in a single-cylinder engine. 
They introduced some potential reasons for the failure of 
crankshaft assembly and crankpin as, for example, shaft 
misalignment, improper lubrication, vibration ensued of 
the bearings, and based on their results, the lower surface 
hardness was known as the main reason of failure. The 
paper mentioned the crankpin fillet as the most critical 
area of the crankshaft [20]. A similar conclusion is stated for 
the crankshaft of a helicopter engine [21]. Gomes et al. [22] 
investigated the seven cases of crankshaft’s failures in 
marine diesel engines and listed some of the failure caus-
es, followed by the proposition of some design modifica-
tions. Jiao et al. [23] did the modal and fatigue analysis of a 
crankshaft in addition to the physical and chemical scruti-
ny and introduced the main cause of crankshaft failure as 
fatigue resulted from overload. Kubet et al. [24] provided 
the static, modal, and harmonic analyses. The latter is 
used to determine the harmful frequencies of vibrations, 
having the possibility to break the structure. 

While the above-mentioned references have made valu-
able contributions, the present work aims to provide three 
main contributions: (1) simultaneous analyses of thermal, 
mechanical, and thermomechanical in an assembly of 
components, without the dependent analysis of compo-
nents, as done in most of the given references, (2) consid-
eration of three important failure mechanisms, including 
the vibration, fatigue, and buckling, being the main failure 
causes, and (3) using PTC-Creo as both CAD and CAE 
software that helps to prevent the possible problems of 
using two different CAD and CAE software. Also, the uti-
lized software has been used in limited works so far [25-27],  
or used solely as a CAD tool, such as its usage along with 
ANSYS in reference [25]. For this purpose, initially, the 
procedure for thermal, mechanical, and thermomechan-
ical analyses is explained. Then, the modal analysis is 
described, followed by the investigation of two failure 
mechanisms, i.e., fatigue and buckling. Finally, the results 
and discussions are provided in Section 4.

2. Modeling

In this section, we provide the CAD modeling and 
FEA analyses. In this work, CAD and CAE Creo v5.0.2 



4

Journal of Mechanical Materials and Mechanics Research | Volume 05 | Issue 02 | September 2022

environments are employed for the physical modeling and 
simulation of a typical engine. PTC-Creo offers integrated 
environments for CAD, CAM, and CAE and reduces data 
losing through the CAD transferring to the CAE tools.

The first step in FEA simulation is to create an accurate 
CAD file. The assumed system consists of the assembly of 
the piston, the connecting rod, the pin between the piston 
and concocting rod, and the crankshaft. The individual 3D 
models are shown in Figure 2, and the assembly model is 
illustrated in Figure 3. 

The second step is the material assignment. In our anal-
ysis, steel is chosen for the crankshaft, and aluminum is 

used for piston, connecting rod, and pin [28]. The material 
choice of the components is addressed in several research 
works [24,29]. Generally, accurate material behavior depends 
on the strain rate, temperature, material texture, and so on. 
In this work, some assumptions are considered to simplify 
this behavior. 

The material is supposed to be isotropic with a linear 
stress-strain response to the forces, and two different fail-
ure formulations are selected to discuss. Hence, the mate-
rial assignment is applied according to Table 1 for alumi-
num and Table 2 for steel. Typical mechanical properties 
and the governing equations are given in Figure 4.

Figure 2. Simulation domain of individual components of the assembly, including A) piston, B) connecting rod, C) pin, 
and d) crankshaft 

Figure 3. Simulation domain of the aassembly of the components 
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Table 1. Material properties of wrought Aluminum [30]

Specification Value Unit

Poisson’s ratio 0.33 -

Young’s Modulus 7.05e+07 KPa

Thermal expansion coefficient 2.35e-05 1/ºC

Specific heat capacity 8.98e+08 mm2/(s2ºC)

Thermal conductivity 229000 mm kg/(s3ºC)

Density 2.71e-06 kg/mm3

Tensile ultimate strength 290 MPa 

Tensile yield strength 185 MPa

Table 2. Material properties of steel [30]

Specification Value Unit

Poisson’s ratio 0.28 - 

Young’s Modulus 2e+08 KPa

Thermal expansion coefficient 9.95e-06 1/ºC

Specific heat capacity 4.74e+08 mm2/(s2 ºC)

Thermal conductivity 24900 mm kg/(s3 ºC)

Density 7.75e-06 kg/mm3

Tensile ultimate strength 500 MPa

Tensile yield strength 350 MPa

The third step is defining the type of analysis. All of 
the contact areas between the components are assumed as 

bounded. This means the non-linearity is neglected due 
to simplification. In this work, thermal, mechanical, ther-
mo-mechanical, fatigue, buckling, and frequency analyses 
are discussed. Then, the related boundary conditions and 
loads are specified. 

For the thermal analysis, using the convection coeffi-
cient of the utilized metals, boundary conditions are con-
sidered for their free contact with the air. Table 3 shows 
the related values. Also, the power consumption of the 
engine is assumed about 1000 watts.

Table 3. Boundary conditions of the thermal simulation

Part Name Value Material

Convection coefficient of piston 250 watt/m2c2 Al

Convection coefficient of pin 270 watt/m2c2 Al

Convection coefficient of connecting rod 200 watt/m2c2 Al

Crankshaft 100 watt/m2c2 Steel

Reference temperature 25 °C -

Head load on piston head 1000 Watt -

For the mechanical analysis, it is supposed that two 
forces, i.e., a 6 MPA load on the piston head combined 
with gravity, apply to the whole assembly. Table 4 showed 
the boundary condition of the simulation [28]. As Figures 
4-5 show, both rotational and transitional freedoms are 
constrained from the end and start of the crankshaft. In 

Figure 4. Typical mechanical properties and the governing equationas used in this study.
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this study, the failure index is also measured as a function 
of Tresca criteria.

Table 4. Boundary conditions of mechanical simulation 

Specification Value Unit
Load 104 Kg
Heat transfer coefficient 17 W/m2*K

Reference temperature 25 °C

Mechanical load 6 MPa
Gravitational acceleration 9.8 m/s2

Figure 5. The mechanical analysis boundary condition 

The third simulation is the thermomechanical analysis, 
considering the mechanical load and the thermal load of 
the first simulation simultaneously. All of the boundary 
and material conditions are the same as the previous relat-
ed tables (Tables 3-4).

In order to find the damping time of the system, a 
dynamic study is required. Because of the superiority of 
modal analysis to dynamic simulation in PTC-Creo and 
to get some information about the resonance frequencies, 
firstly, modal analysis is provided. Table 5 shows frequen-
cies and corresponsive mode shape numbers. While each 
mode shape and resonance frequency have their impor-
tance, the first mode shape is the lowest and thus the criti-
cal one. After modal analysis, dynamic simulation is used 
to find the stress variation with respect to time considering 
a certain damping ratio.

Table 5. Frequencies and corresponsive mode shape number

Mode shape No. Frequency

Modes shape 1 276.993 Hz

Modes shape 2 452.868 Hz

Modes shape 3 547.086 Hz

Modes shape 4 608.385 Hz

The next step is the important fatigue analysis, which 
is described as the cause of most crankshafts’ failures in 
a recent review paper by Jiregna et al. [31]. It examines 
the susceptibility of the model to fatigue damage when 
subjected to a varying load. In this study, the stress cy-
cles are assumed regular because of the constant speed 
of the crankshaft. Hence, constant amplitude loading is 

employed. Firstly, a static analysis is carried out, and the 
resulted stresses are multiplied by the load factors, chosen 
from the range of zero to one. Materials are assumed iso-
tropic with the same properties as Tables 3-4.

The fatigue properties are derived from the Uniform 
Material Law (UML), proposed by Baumel & Seeger [32] 
to estimate the fatigue life of aluminum and titanium al-
loys and extended to high-strength steels [33]. The surface 
of all components is assumed as well-finished, and the 
failure strength reduction factor is used to reduce the en-
durance limit. It takes into account for un-modeled stress 
concentrations, supposed as 1. Also, the desired endurance  
is envisioned.

Finally, an investigation of buckling is followed. Creo 
Simulate determines a buckling load factor (BLF) and 
the corresponding mode form for each case of buckling. 
It gives the BLF values using two methods. Next, a stat-
ic study is needed in which Creo measures the model’s 
pressure stiffness due to the applied forces. After that, 
according to the geometry and product properties, buck-
ling analysis is used to determine the elastic strength of 
the prototype. Such an examination is a linear bifurcation 
instability analysis of its value [34]. Large displacement or 
non-linear buckling investigations may yield significantly 
different results, depending on the model type and loads 
being examined.

3. Results and Discussion

In this section, the results of the above-mentioned anal-
yses are provided in the same order as Section 2. For the 
thermal analysis, the temperature distribution and gradient 
are shown in Figure 6. 

As seen in this figure, the maximum temperature is 
about 396 °K. Also, the least temperature gradient is in 
the center of the pin, which connects the piston to the 
connecting rod. Similar results on the thermal analysis are 
reported [35]. For the mechanical analysis, Figure 7 (a and b) 
shows the Von-Mises stress distribution of the assembly 
after applying the loads. Most of the stress concentration 
is focused on the sharp corners, which is about 2.94 KPa. 
It is seen that the maximum value of this factor is around 
1.8, concentrated in the sharp corners of the crankshaft. 
Displacement distribution is also shown in Figure 8. As 
expected, maximum displacement occurs just below the 
piston head and is about 0.94 mm. 

For the thermomechanical analysis, Figure 9a indicates 
the displacement distribution. Maximum displacement 
occurs on the head of the piston, which is about 1 mm. 
Figures 9b and cc show the Von-mises stress and Tresca 
failure index distribution, respectively. It is clear that the 
maximum stress is about 2.91 KPa, the maximum failure 
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a) b)

Figure 6. Thermal analysis: (a) Temperature distribution on the half-transparent model, and (b) temperature gradient

a) b)

Figure 7. Mechanical analysis: (a) Von-Mises stress distribution, and (b) Tresca failure index distribution 

Figure 8. Displacement distribution of mechanical analysis
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index (minimum safety factor) is about 1.8, and both of 
them are located in sharp corners. Similar results are re-
ported [6] for the displacement and stress analysis of the 
connecting rod. 

Figure 8 shows the mode shapes of 1 to 4, respectively. 
Figure 10 represents the dynamic response history. In this 
figure, the vertical axis is stress, and the horizontal axis is 
time. Visibly, the maximum stress happens after approxi-
mately 0.001 seconds and with damping ratio 39%, it goes 
steady on 0.004 seconds. From the modal analysis, it is 
clear that there are some resonance frequencies from 276 
Hz to 608 Hz (Table 5). The rotation per minute of the 
crankshaft could be different and must be simulated for 
different speeds. Although it is not sometimes possible to 
avoid the resonance, the designer must therefore apply a 
particular procedure, for example, fast-changing of crank-

shaft’s RPM when it comes to the resonance speed.
Results of fatigue analysis are provided in Figure 12 

show the thermo-mechanicals analyse of different com-
ponents in general assembly, and it is the ratio of the ac-
cumulated fatigue cycles and the total number of cycles 
to failure. Failure is indicated by a value greater than one. 
For example, a value of 0.5 represents a loss of 50% in 
the model’s useful life. Due to the exponential nature of 
fatigue, expressing the ratio of damage in a logarithmic 
form is useful. Accumulated cycles of fatigue are the 
number of periods that the system encounters before the 
study of fatigue is carried out. Figure 10b shows the log-
arithm of life, and it estimates the number of cycles until 
the model breaks. In this case, the grey color is 1020, and 
the red is 104 number of cycles.

Figure 9. Thermomechanical analysis: (a) Displacement distribution of the thermomechanical simulation, (b) Von-mises stress ther-
momechanical simulation, and (c) Tresca Failure Index Thermomechanical
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Figure 13 shows the thermo- mechanicals analyse of 
the connecting rod.

In PTC-Creo simulation, when the fatigue life calculat-
ed for the model is greater than the target design life, the 
software carries out a back-calculation to determine a per-
missible SF on the input load. As Figure 10c illustrates, 
0.63 and 5 are the minimum and maximum values for the 
SF in fatigue analysis, respectively. Again, the sharp cor-
ners have absorbed the failure.

Figure 14 shows the confidence of life, which is the 
ratio of the calculated life to the targeted design life, i.e., 
the desired endurance. Values below one show failure, 
and those above three usually reflect a reasonable trust 
to achieve the desired target. The software displays life 
confidence resulting in a tri-colored fringe to provide an 
overview of where the model breaks first and the model 
endures more cycles. Red means life confidence from 0 
cycles to the number of cycles obtained for optimal endur-

Figure 10. Modal analysis: (a) mode shape 1, (b) mode shape 2, (c) mode shape 3, and (d) mode shape 4.

Figure 11. Time vs. Stress Dynamic Time
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the exponential nature of fatigue, expressing the ratio of damage in a logarithmic form is useful.
Accumulated cycles of fatigue are the number of periods that the system encounters before the
study of fatigue is carried out. Figure 10b shows the logarithm of life, and it estimates the
number of cycles until the model breaks. In this case, the grey color is 1020, and the red is 104
number of cycles.

the exponential nature of fatigue, expressing the ratio of damage in a logarithmic form is useful.
Accumulated cycles of fatigue are the number of periods that the system encounters before the
study of fatigue is carried out. Figure 10b shows the logarithm of life, and it estimates the
number of cycles until the model breaks. In this case, the grey color is 1020, and the red is 104
number of cycles.

Figure 12. Thermo- mechanicals analyse of different components in general assembly.
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Figure 13. Thermo- mechanicals analyse of the connecting rod.

Figure 14. Fatigue analysis: (a) the logarithm of damage, (b) the logarithm of life of fatigue, (c) the factor of safety of 
fatigue, and (d) the confidence of the life
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ance. Yellow means confidence of life varying from the 
cycle numbers of the optimal endurance to three times of 
that value. Also, green means any amount of nominal life 
cycles.

Figure 15 (a-e) shows the mode shapes 1 to 4, respec-

tively. The buckling load factor is also available in Table 
6. Regarding previous discussions and this table, mode 
shapes 1, 2, and 3 are greater than 1, so buckling does not 
occur. The last one is smaller than –1, in which buckling 
is avoided again. 

a) b)

c) d)

e)

Figure 15. Bucking analysis: (a) Displacement in buckling mode shape 1, (b) Displacement in buckling mode shape 2, (c) Displacement in buckling modeFigure 15. Bucking analysis: (a) Displacement in buckling mode shape 1, (b) Displacement in buckling mode shape 2, (c) 
Displacement in buckling mode shape 3, and (d and e) Displacement in buckling mode shape 4.
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Table 6. BLF and corresponding mode shapes 

Mode Shape Buckling Load Factor

1 5.72

2 22.27

3 45.96

4 –46.33

Figures 16 (a-e) show the displacement, maximum princi-
ple thermal stress, Von-mises thermal stress, and failure index 
thermal stress, respectively. Comparing the results from ther-

mal stress and thermo-mechanical simulations, as Figure 16 
shows, 0.12 mm is the maximum displacement caused by the 
thermal load. Considering Figure 9 from thermo-mechanical 
simulation, it is concluded that temperature has a 10% con-
tribution in displacement. Also, comparing Figure 16a and 
Figure 16c shows that heating has participated 15% in stress. 
Finally, based on Figure 16d and e, failure in the thermo-me-
chanical case is caused 85% by mechanical load. Such a con-
clusion on the primacy of the mechanical load is reported [7]  
for thermo-mechanical loadings. 

Figure 16. (a) Displacement thermal stress, (b) Max Principle thermal stress, (c) Von-mises thermal stress, and (d) fail-
ure index thermal stress.

5. Conclusions

In this study, a typical vehicle engine is simulated and 
analyzed under the thermal, mechanical, and thermo-me-
chanical loads. Also, the effects of different parameters 
on engine failure are investigated. The results showed 
that the maximum temperature is about 396 °K, the least 
temperature gradient is at the center of the pin which con-
nects the piston to the connecting rod, most of the stress 
concentration is focused on the sharp corners, maximum 
displacement occurs just below the piston head, and the 

maximum failure index (minimum SF) is about 1.8. Be-
sides, according to the dynamic response history, the max-
imum stress happened after approximately 0.001 seconds, 
the minimum and maximum values for the SF in fatigue 
analysis are 0.63 and 5, respectively, and the failure in the 
thermo-mechanical case is caused 85% by mechanical 
load rather than the thermal one.

It was seen that because of the greater impact of me-
chanical loads on the design process, mechanical forces 
and thermal stress effects on other parts should not be ne-
glected. Expectedly, the sharp corners have more possibil-
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ity to failure rather than round one. Therefore, these areas 
should be given more attention. In addition to reducing 
sharp corners as much as possible (e.g., more rounding of 
the connecting rod’s radius [36]), design and manufacturing 
strategies such as shot peening should be used to prevent 
the accumulation of stress in critical areas, thereby in-
creasing fatigue strength as well as preventing damage to 
a large extent. The results provide a basis for the theoreti-
cal analysis for the reliability of a typical vehicle engine.
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In automobile engines, it is commonly known that the proper removal of 
the excess heat, resulting from internal combustion, is of high significance 
in the prevention of numerous negative consequences. In this regard, the 
radiator has a pivotal role as the main component of the engine’s cooling 
system. Hence, its design and analysis are highly important, requiring 
more comprehensive failure and flow investigations. In this work, a Scania 
radiator is examined under the thermal and mechanical loads, followed by 
its analysis under the combined thermomechanical loading. Then, the flow 
characteristics, including the velocity, pressure, and enthalpy, are studied. 
In this regard, PTC-Creo software is utilized. The results demonstrate that 
thermal stress causes seven times more displacement than a mechanical 
one. When they are combined, this value reaches 1.5 mm. Also, the max-
imum failure index value of the Tresca theory is around 4.58, observed at 
the inlet side of the radiator. Besides, this paper indicates that the PTC-
Creo can be considered a reliable and economical tool for the simulation 
of industrial applications, such as the considered radiator of a heavy-duty 
cooling system.

Keywords:
Radiator
Thermo-mechanical analysis
Flow analysis
PTC-Creo

1. Introduction

The demand for more efficient and powerful engines in 
smaller hood spaces has caused a problem in the proper 
heat loss of automotive heat exchangers. As we know, in 
cars, the fuel and air produce power through the combus-
tion inside the engine. Only a fraction of the total gener-
ated power is supplied to the car as power, and the rest is 
wasted. It is known that 33% of the energy generated by 

the engine is lost in heat form. If this excess heat is not 
removed, the engine temperature will become too high, 
leading to the engine overheating, which in turn causes 
the breakdown of the lubricating oil, weakening of the 
metal in engine parts, and considerable wear between the 
parts [1]. To minimize the pressure and stress on the engine 
due to heat generation, car heat exchangers must be rede-
signed to be more compact while maintaining a high level 
of heat transfer performance. A well-known type of heat 
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exchanger is a radiator. 
A radiator is a heat exchanger used in heating and cool-

ing systems to transfer heat energy from one medium to 
another. Most radiators are designed and built to be used 
in cars and buildings and usually function as a water tem-
perature carriers. Figure 1 shows a typical truck radiator.

Figure 1. Typical Truck Radiator

Their structure is such that the liquid circulates in their 
pipes and causes the environment to heat or cool [2,3]. They 
are made of different materials, including aluminum, steel, 
copper, and cast iron. In terms of heat transfer, copper can 
be said to have the best transfer, but due to its very high 
cost, it is not economical to use. After copper, aluminum 
has the best heat transfer that does not rust. Most modern 
cars use aluminum radiators. These radiators are made by 
soldering thin aluminum fins to the flattened aluminum 
tubes [4]. The coolant passes through many tubes mounted 
parallel from the inlet to the outlet. The fins conduct the 
heat of the tubes and transfer it to the air passing through 
the radiator. Therefore, proper analysis of the radiator is 
vital in order to accomplish high-performance designs. 

Numerous research works have been done on the ra-
diator of automobile engines in various aspects. Aravin-
dkumar et al. [5] examined a radiator tube with varying 
geometries using different nanofluids. The geometries 
were the straight and spiral tubes, designed with Catia, 
and the nanofluids included, for example, beryllium, ox-
ide, copper oxide, silicon carbide, and tin oxide. They de-
picted the contours of static pressure and velocity vectors 
and then concluded that the spiral flow and the copper 
oxide are the best choice for the radiator’s geometry and 
nanofluid, respectively. Sheikhzadeh et al. [6] investigated 
the thermal performance of a car radiator using Ethylene 
Glycol/copper nanofluid in various environmental con-
ditions. They showed that increasing the volume fraction 
values of nanoparticles and Reynolds number of the inlet 
air leads to a increase of the heat transfer rate. Besides, 

adding nano-sized particles to the radiator coolant fluid 
can significantly reduce its output temperature. Moreover, 
a review work is presented on the application of nonfluids 
in the automotive radiator by Maysam Molana [7]. Another 
similar work has been recently done [8], addressing the hy-
brid nanofluids. 

Rinu Sathyan [9] compared the ordinary straight tube of 
the radiator with the helical type. The author used Solid-
Works for modeling and ANSYS for fluid flow analysis. 
He provided the temperature distribution for different 
mass flow rates and concluded that the proposed design 
is preferable to the straight type due to the better perfor-
mance and size. Chidley et al. [10] carried out the thermo-
mechanical analysis of automotive heat exchangers using 
Comsol. They used InfraRed thermography to record the 
thermal history of the radiator, along with the adoption 
of an energetic fatigue criterion. Similar work is done by 
Roger and Chidley [11] as well. Gu et al. [12] addressed the 
tank leakage of aluminum alloy radiator due to corrosion. 
Baou et al. [13] tried to enhance the radiator performance 
using different porous fin configurations and materials. 
They resulted that the corrugated pattern provides the best 
thermal performance among the considered geometries, 
and the horizontal configuration leads to the lowest pres-
sure loss. Also, it was demonstrated that using porous me-
dia in the radiator channels improves its overall thermal 
performance factor by up to 237%. The resulting technical 
drawing is shown in Figure 2.

Figure 2. Technical drawing geometry [22]
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Kim et al. [14] proposed a numerical method for the 
determination of temperature distribution in automobile 
radiators without requiring a prototype model. Amrutkar 
et al. [15] performed the theoretical, numerical, and exper-
imental heat transfer analyses of a radiator. They used 
ε-NTU method to describe the heat transfer calculations 
and to determine the radiator size. Sahriff et al. [16] studied 
the fins’ effects on the car radiator performance under the 
atmospheric temperature of Kano State of Nigeria. Honda 
Civic 2000 car radiator was modeled in SolidWorks and 
simulated in ANSYS with water as the cooling fluid. Their 
results showed a 25% decrease in the outlet temperature 
in the case of attaching fins to the radiator. Regarding en-
ergy dissipation, the finned radiator dissipates 74% of the 
cooling energy, while the radiator without a fin dissipates 
only 40.8%. Mia and Hossen [17] provided the CFD analy-
sis of a radiator tube with fin using ANSYS FLUENT. The 
authors represented the variations of pressure drop, tem-
perature difference, and velocity contours. They observed 
the great effect of the volume fraction of nano particles 
and Reynold number on the preferred temperature and 
pressure. 

Patel et al. [18] carried out the heat transfer analysis of a 
car radiator with different mass flow rates of the coolant 
using an ANSYS workbench. Kasu et al. [19] designed a 
radiator using SolidWorks, performed CFD analysis and 
compared it with experimental results. In addition to the 
above research works, there are two studies examining 
the radiator in a different way. Marc Bonato [20] studied a 
brazed aluminum alloy car radiator undergoing thermo-
mechanical loadings. He intended to determine the effect 
of the manufacturing process on the durability of the com-
ponent in the field. The author concluded that the brazing 
process is well-controlled in all production units and for 
different radiator technologies. Goyal et al. [21] researched 
the reliability measures such as the availability, reliabil-
ity, and MTTF of the automotive water cooling system 
considering the time and its failure rate parameters using 
Markov process and supplementary variable technique. 
Also, they investigated the sensitivity of these reliability 
characteristics to enhance the functioning of the water 
cooling system.

While the above-mentioned references have made valu-
able contributions, the present work aims to provide three 
main contributions: (1) simultaneous analyses of thermal, 
mechanical, and thermomechanical with the determination 
of the failure index based on the Tresca theory, (2) pres-
entation of the flow characteristics including the velocity, 
temperature, and enthalpy, (3) using PTC-Creo as both 

CAD and CAE software. To the knowledge of the author, 
the utilized software has not been used for the analysis of 
car radiators, and there are limited papers examining the 
capability of this software in industrial applications. For 
this purpose, initially, the modeling procedure, including 
the thermal, mechanical, and thermomechanical analyses, 
is explained in Section 2. Then, the related results and dis-
cussions are provided in Section 3.

An internal combustion engine (piston engine) is a type 
of heat engine whose task is to convert supplied heat into 
mechanical energy [22]. When the fuel is burned, heat is de-
veloped which is absorbed by gas enclosed in a cylinder. 
When the gas is heated, the pressure rises, which in turn 
pushes the piston outwards and thus mechanical work is 
performed.

Very high temperatures occur in the combustion cham-
ber, between 1800 °C to 2200 °C [22]. Therefore, cooling 
of the cylinder walls, cylinder head, piston top, etc. is re-
quired. The gas temperature is higher in otto engines (gas-
oline engines) than in diesel engines. About 20%~30% 
of the amount of heat supplied by the fuel is removed by 
cooling.

The cooling can be done by either water or air cooling. 
As air has a significantly lower cooling capacity than wa-
ter, air cooling only occurs in small engines and aircraft 
and motorcycle engines. With water cooling, water cir-
culates in a closed system through the engine’s cooling 
channels. Cooling water absorbs heat that is emitted to the 
surroundings via the radiator itself.

2. Modeling Procedure
In this section, the procedure to analyze the chosen 

radiator, as shown in Figure 3, is explained. The First step 
is to make an accurate CAD file for the FEA simulation, 
which is carried out in the PTC-Creo Part environment. 

The second step is the material assignment. Aluminum 
alloys are utilized widely for radiators [24]. While Alumi-
num 1050 has a higher thermal conductivity value (229 
W/m*K), it has weak mechanical properties [25]. To get 
better mechanical feedback, the 6xxx series of aluminum 
alloys are commonly used, and their thermal conductivity 
values depend on the temperature of the alloy. Also, in 
general, accurate material behavior is dependent on the 
strain rate, temperature, material texture, and so on. In 
this work, some assumptions are applied to simplify this 
behavior. The material is supposed to be isotropic with a 
linear stress-strain response to the forces. Two different 
failure formulations are selected to discuss as well. Table 
1 shows the specifications of the considered material.
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Figure 3. Simulation Domain Radiator [23]

Table 1. Material properties of the wrought aluminum [25] 

Specification Value Unit

Poisson’s ratio 0.33 -

Young’s Modulus 7.05e+07 KPa

Thermal expansion coefficient 2.35e-05 1/°C

Specific heat capacity 8.98e+08 mm2/(s2 °C)

Thermal conductivity 229000 mm kg/(s2 °C)

Density 2.71e-06 Kg/mm3

Tensile ultimate strength 290 MPa 

Tensile yield strength 185 MPa

The third step is to define the type of analysis. In the 
current study, three simulations, including thermal, me-
chanical, and thermomechanical analysis of the radiator, 
are discussed.

General assumptions are [26]:
(1) The mass flow rate, material properties, and surface 

temperature are constant.
(2) The contact air has constant behavior. 
(3) The flow is assumed to have a uniform inlet veloci-

ty of 1 m/s and an outlet one of about 0.83m/s. 
(4) All the mechanical and thermal loads are uniformly 

applied to the model. 
(5) Fixture locations are supposed rigid, and it may 

cause some concentration of stress there. 
For the thermal stress analysis, at first, the thermal load 

of the radiator and its effect is intended. The inlet and out-
let temperatures are 100 °C and 40 °C, respectively. This 
temperature causes displacement, and when the radiator 

is assumed fixed from the inlet and outlet locations, stress 
appears. The heat transfer coefficient for the radiator com-
bined with a fan is supposed as 70 w/m2*K [27]. Bounded 
interfaces and rigid body assumptions are considered for 
the radiator model. The summary of boundary conditions 
applied to the model is shown in Table 2.

Table 2. Boundary conditions of the thermal simulation [25]

Specification Value Unit

Inlet temperature 100 °C

Outlet temperature 40 °C

Heat transfer coefficient 70 W/m2K

Reference temperature 25 °C

The second FEA simulation is the investigation of 
mechanical loads on the radiator. The gravity and static 
loads are applied, resulting from the weight of parts con-
nected to the radiator. The radiator is assumed fixed from 
the inlet and outlet locations in the static analysis. The 
body is assumed rigid and has bounded interfaces, and 
the three-dimensional triangular mesh was employed. The 
summary of boundary conditions is shown in Table 3. 

Table 3. Boundary conditions of the mechanical simula-
tion [25]

Specification Value Unit

Gravity acceleration 9.80 m/s2

Load 10 kg-f

Reference temperature 25 °C

The next simulation is the thermo-mechanical analysis. 
In this analysis, in addition to the mechanical and thermal 
loads, the internal pressure is applied to all internal faces 
of the radiator, aiming to provide a closer situation to the 
working of the car engine. The radiator is assumed fixed 
from the inlet and outlet locations in the simulation. The 
body is assumed rigid with bounded interfaces, and the 
three-dimensional triangular mesh is employed. Table 4 
gives the values of boundary conditions. 

Table 4. Boundary conditions of thermo-mechanical sim-
ulation [25]

Specification Value Unit 

Gravity‌ acceleration 9.80 m/s2

Internal pressure load 1.7 MPa

Thermal load From the previous study -

Weigh load 10 kg-f

Reference temperature 25 °C

Then, it is intended to study the flow analysis. The re-
lated boundary conditions are according to Table 5. It is 
supposed that the internal liquid is water and has perma-
nent features.
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Table 5. Boundary conditions of CFD analysis [25] 

# Specification Value Unit

Inlet

Heat 400 k

specified velocity (boundary normal) 1 m/s

Particle release (Forward) Yes -

Outlet
Heat 300 k

specified velocity (boundary normal) 0.83 m/s

Finally, geometrical optimization is addressed. We aim 
to minimize the volume of the radiator as a target, and two 
dimensions of the tube (10×36) are employed to find the 
best solution. In the next section, the results are presented. 

The radiator’s primary task is to lower the working 
temperature in the engine so that it works as well as pos-
sible. The cooler acts here as a heat exchanger when you 
fill the cooler with coolant. This liquid circulates around 
the engine with the help of an impeller that sits in the wa-
ter pump and is driven by a drive belt on the engine. This 
causes the liquid to be heated up by the temperature in the 
engine and then transported to the cooler that is normal-
ly located in the front of the car. In the cooler, the liquid 
flows through small channels, these channels have flanges 
between them and it is the flanges that help with the heat 
exchange. With the help of either a fan, speed wind or 
both, the air cools down the ducts and flanges with the hot 
coolant and in this way the heat is led away. The cooling 
fan and the cooling water pump have a power consump-
tion that is usually around 5% of the engine power [22].

Heat transfer can take place in three different ways, 
two of which are convection and conduction.

Convection works so that the hot and cold particles of 
the liquid mix and in this case the cold particles will seek 
out warm and cool them down and vice versa where hot 
particles seek out cold particles and heat them.

The cooler’s primary method of heat transfer is con-
vection, which involves heat transfer from a solid wall to 
a moving fluid, which in our case is the cooling fluid that 
is drawn around the system with the help of a pump. In 
the same way, we also use convection with the help of the 
air that flows through the cooler and cools down the outer 
material of the cooler, which in turn can cool the liquid 
on the inside. So, while the air cools the material, it also 
transports away heat from the liquid, which heats the ma-
terial from the inside.

In this case, the convection is said to be forced because 
the liquid is made to flow with the help of the pump.

Water as a coolant is not optimal as there is a risk of 
corrosion and deposits in the engine. Therefore, desalinat-
ed water is sometimes used. However, it is most common 
in engines that so-called coolant is used.

The most common type of coolant is what is common-

ly called glycol (ethylene glycol), but which is actually 
called ethanediol. Ethanediol has two tasks in the car’s 
cooling system. The main task is to prevent frost forma-
tion in the radiator and cooling system and the secondary 
task is to prevent corrosion in the cooling system. Usually, 
the glycol is dissolved in water. The mixture consists of 
about 50% water and 50% glycol. This results in a freez-
ing point of around –40 °C and a boiling point of around 
108 °C. The pressure in the cooling system then raises the 
boiling point further, to around 120 °C.

In addition to ethylene glycol, propylene glycol is also 
common in cooling systems. Both are colloquially known 
as glycol, which makes them difficult to distinguish. It is 
important not to mix ethylene glycol with propylene gly-
col as this entails a high risk of lump formation and thus a 
stoppage in the cooling system. Many manufacturers color 
their glycols, usually red, blue or green. However, there 
is no industry standard for which type should have which 
color, which means that, for example, a blue glycol can be 
both ethylene glycol and propylene glycol.

Ethylene glycol is more common than propylene gly-
col today, as propylene glycol has somewhat poorer heat 
conduction and rust protection capabilities. However, eth-
ylene glycol is very toxic. Propylene glycol is also toxic, 
but to a lesser extent. Drinking a small amount of ethylene 
glycol can be enough to cause symptoms such as uncon-
sciousness, convulsions and severe kidney damage.

Materials: We will carry out the analysis with two 
different materials. Copper and an alloy with copper and 
aluminum. The most common material currently used in 
the manufacture of coolers is aluminum. But we want to 
compare the result with the values of a cooler made of 
copper as well as an alloy of these two materials to see 
which of the materials is preferable. Here you also have to 
consider the cost compared to performance in order to find 
out which material is the most affordable for its function. 
After all, the most important aspect is to be able to ensure 
a good function.

Temperature: Ambient temperature is set to 20 °C, 
which is considered the normal summer temperature in 
Sweden.

The temperature of the coolant is set to 120 °C, which 
is the liquid’s boiling point, and the temperature out is set 
to 80 °C, which is considered reasonable.

Pressure: The pressure is set to 2.5 bar, which is over-
pressure for a normal cooler.

Gravity: 9.81 m/s2.
Load from above: 250 N which corresponds to approx. 

25.5 kg.
Max yield stress: 220 MPa for copper and 240 MPa for 

the alloy.
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3. Results 
In this section, based on the above-mentioned pro-

cedure for modeling, the results of FEA simulations are 
presented. For the thermal analysis, the displacement dis-
tribution is illustrated in Figure 4a. It is clear that the inlet 
tank side has more displacement and stress (1.04 mm) due 
to the more gradient of temperature and distance from the 
fixture location. Figure 4b shows the detailed displace-
ment distribution of the upper tube of the radiator along 
the Y-Axis from the inlet to the outlet. It is obvious that 
the minimum displacement occurs when the flow is mov-
ing out of the radiator, which is around 0.15 mm. Figure 
5 shows the Tresca theory’s failure index. The maximum 
value is about 4.62, near the inlet and outlet, as expected. 
It results from the boundary condition simplification as-

sumption.
For the mechanical analysis, the resulting displacement 

distribution is represented in Figure 6a. There is a sym-
metric distribution because of the symmetric geometry 
and loads, although it includes some simplification of the 
load distribution. Obviously, the maximum displacements 
and stresses (0.02 mm) occur far from the fixtures’ loca-
tion. The detailed displacement distribution of the upper 
tube of the radiator along the Y-Axis from the inlet to the 
outlet is shown in Figure 6b. Displacement has risen from 
the inlet to the outlet in the upper face of the tube. Figure 
7 shows the Tresca theory’s failure index. The maximum 
value is around 0.018, near the inlet and outlet as expect-
ed. It ensues from the boundary condition simplification 
assumption.

(a)

(b)

Figure 4. Resulting displacement distribution of the thermal analysis: (a) displacement distribution, (b) displacement 
distribution through the Y-axis1
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Figure 5. Failure index distribution of the Tresca theory for the thermal analysis

(a)

(b)

(c)
Figure 6. Resulting displacement distribution of the mechanical analysis: (a-b) displacement distribution, (c) displace-

ment distribution through the Y-axis
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For the thermo-mechanical analysis, the displacement 
distribution is depicted in Figure 8a. There is a kind of 
symmetric distribution because of the symmetric geometry 
and mechanical loads, although thermal load causes the 
concentration of the stress in the inlet tank side far from the 
fixture location. The maximum displacement is about 1.35 

mm. Figure 8b shows the detailed displacement distribution 
of the upper tube of the radiator along the Y-Axis from the 
inlet to the outlet and again from the inlet to the outlet. The 
displacement has risen through the upper face of the tube. Fig-
ure 9 shows the Tresca theory’s failure index. The maximum 
value is around 4.58 happened near the inlet side as expected. 

Figure7. Failure index distribution of the Tresca theory for the mechanical analysis

（a）

（b）

Figure 8. Resulting displacement distribution of the thermo-mechanical analysis: (a) displacement distribution, (b) 
displacement distribution through the Y-axis
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Figure 9. Failure index distribution of the Tresca theory 
for the thermo-mechanical analysis

Thermal stress causes seven times more displacement 
than a mechanical one. Although when they are com-
bined, the value reaches 1.5 mm. It is seen that the radi-
ator is pretty safe because in most locations, there is not 

any failure index of more than 1. It is clearly indicated in 
Figure 4a and Figure 8a that both the pure thermal and 
thermo-mechanical simulations have similar displacement 
distribution behavior. This indicates the priority of the 
thermal stress against the mechanical loads in the failure 
of the radiator. Hence, the thermal load has an important 
role in the failure, and it must be considered in the radia-
tor designing process.

The results of the flow analysis are shown in Figures 
10-13. Particle release starts from the inlet, and they have 
a forward direction into the radiator. Figure 10 illustrates 
velocity along X-axis. Obviously, some tubes in the mid-
dle of the radiator have lower values than others. Also, the 
inlet and outlet both have a medium value of velocity. In 
Figure 11, the internal pressure of the radiator is shown. 
The pressure is more in the inlet than in the outlet because 
they have different temperatures and conditions. Enthalpy 
represents the pretty harmonic distribution, as shown in 
Figure 12.

Figure 10. X-Velocity 

Figure 11. Pressure
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Figure 12. Total Enthalpy

Figure 13. The flow analysis in connection to the pressure flow

Figure 14. The flow analysis in connection to the turbulent viscosity
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Figure 15. The flow analysis in connection to the cell 
volume

4. Discussion

The results show that thermal stress causes 7 times 
more displacement than a mechanical one. Although when 
they have been mixed together the value grows to 1.5 mm. 
It is shown that the radiator is pretty safe. Because in most 
locations there is not any failure index of more than 1. 
Surprisingly results are about the effect of thermal stress 
and load on radiator mechanical failure.

Both pure thermal and thermo-mechanical simulation 
have similar displacement distribution behavior and it 
shows the priority of the thermal stress against mechanical 
loads in the failure of the radiator. So thermal load has an 
important role in failure and it must consider in the radia-
tor designing process.

After carrying out the mechanical analysis (Figure 
16) with regard to the failure index, it can be seen that 
the cooler will not make it because at certain points you 
see that the index is greater than 1, which corresponds to 
failure. What you can see is that the joints at the inlet and 
outlet will be extremely exposed and this is where the 
cooler will break.

Here we have a picture of the same analysis as the pic-
ture before, but now we have changed the material to pure 
copper. We see no major differences in the analysis apart 
from achieving a higher failure index, but the cooler will 
still break at the inlet and outlet respectively.

Furthermore, we also looked at displacement in mm 
that occurs with various loads that affect the cooler. This 
is by fixing an outlet which will be joined with the rest of 
the system in the car. Of course, the cooler will also have 
support in general, but these points are not included in the 
analysis.

(a)

 (b)
Figure 16. Mechanical analysis
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In this analysis, the heat spread in the cooler is shown 
when the inlet temperature is 100 degrees and the outlet 
temperature is 80 degrees. What we readout is that it is 
the middle part of the cooler that is responsible for the 
cooling and not the edges. According to the results we 
got, the middle part of the radiator is 25 degrees, and this 
is because we could not get any liquid into the radiator. 
With liquid, it would have looked different as the heat in 
the radiator had decreased from 100 degrees down to 80 
degrees instead of going from 100 to 25 and then to 80 
which is not reasonable.

This analysis (Figure 17) shows how the heat affects 
the cooler together with the mechanical aspects. The top 
image shows that the shear appears to decrease when 
pooling the analyses. Now we only see a slightly larger 
impact in the lower right corner mine to displacement. 
Furthermore, we see that the inlet will achieve higher 
stress when it comes to the wrong index and ends up a bit 
above one, which means that the material will not hold 
based on the loads we put on the analysis.

4.1 Optimization of Volume

To see if an improvement to the cooler could be made, 
the volume of the cooler was examined. A larger volume 
means that a larger amount of coolant can flow through the 
cooling system and thus better cooling is achieved. The opti-
mization of the volume was done with PTC Creo’s analysis 

tool. The original volume was measured as:
V 1 = 7747209 mm3 = 7.747 liters = 0.0077 m3

After that, parameters were specified that could not 
be changed. Since the outer dimensions of the cooler are 
critical for the fit in the engine, these were specified as 
locked, that is, the total height and width of the cooler 
could not be changed. Parameters that were allowed to 
change were the height and width of the flanges. In the 
original model, the flanges were 40 mm × 10 mm (Figure 
18). They were allowed to vary between 36 mm and 44 
mm for the width and 9 mm and 11 mm for the height, re-
spectively, to find the optimal volume. 

The optimization resulted in the dimensions of the 
flanges changing from 40 mm to 44 mm in width and from 
10 mm to 11 mm in height. The outer dimensions were, as 
previously described, locked and thus not changed. The 
optimization is presented in a graph where you can see 
how the volume is increased. The new volume was meas-
ured to:

V 2 = 8292732 mm3 = 8.2927 liters = 0.0083 m3

This means that the volume increased by ΔV = 545523 
mm3 = 0.546 liters.

From the mechanical analysis carried out, we have 
found that the cooler’s weakest link is at the inlet and 
outlet, where you will get high pressure. It is in these two 
points that deformation will mainly take place. Both at the 
pressure that has been applied and also at the displacement 
that may occur from the loads that will load the cooler.

Figure 17. Thermo-mechanical analysis
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Figure 18. Graph for optimization of volume

Based on the heat analysis, the cooler will spread the 
heat over the entire cooler. The absolute largest part of the 
cooling comes from the cooling fins, as they do not have 
direct contact with the liquid but only cool the material 
around the liquid. It also appears that there is a good dis-
tribution of the heat spread in the cooler as no part stands 

out more than another. 
The optimization resulted in the volume increasing by 

ΔV = 545523 mm3 = 0.546 liters.
As the volume increases, it means that we should get 

better cooling as more coolant can flow through the ra-
diator. The theoretical amount of heat (the cooling effect 
in this case) is calculated as Q=m’*c*𝚫T and the rela-
tionship between the mass flow and the volume flow is 
obtained from m’=𝜚 * V’ (Alvarez, 2006). With these two 
equations, we can easily see that a larger volume gives 
a higher volume flow, which in turn gives a larger mass 
flow. The greater mass flow then results in a higher theo-
retical cooling effect. In order to check that this is correct 
and how much better the cooling effect really is, a flow 
analysis is required, but as previously mentioned, we can-
not carry that out with the student version of PTC Creo.

What we see in the heat analysis is that everything 
works as it should, which means that the cooler will work 
as it should from that point of view. We also see that it is 
at the heat sinks that it cools the most. If you want to op-
timize the cooler, you can make more but smaller cooling 
channels through the cooler, which all have cooling fins 
connected. In analysis 3, we get an unreasonable result 
when the heat in the cooler goes from 100 degrees to 25 
and then up to 85. We got this result when the cooler only 
had one heat in the inlet and one heat in the outlet, this 
meant that the middle part of the cooler was not heated 
up as it should have done if you had had coolant in. The 
result we should have gotten would have looked like the 
temperature decreased exponentially as the temperature 
had decreased a lot at the beginning and then less at the 
end, until it reached the temperature.

The radiator will be deformed around the outlet and in-
let because in the analysis we have fixed these points and 
the remaining part of the radiator which will then expose 
these points to the accumulated load on the radiator.

In the thermal analysis, one has gained an idea of how 
the radiator works regarding the cooling of the coolant 
when it is used during the cooling process itself. First, the 
liquid is hot at around 90 degrees Celsius when it flows 
into the inlet and then it is cooled down inside the radiator 
due to the fan and then it is at its coldest. When the pro-
cess is finished, the radiator itself becomes warm again, 
but not the at same temperature as at the start.

When it comes to thermo-mechanical analysis, it’s 
about all the safety errors within the system. Therefore, 
points are shown where the design was unstable and hence 
had more chance of being destroyed. What you see in the 
analysis itself is the point where there is the most chance 
of being destroyed when it comes to the inlet pipe where 
there are the most pressure & temperature increases i.e. 
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thermodynamic loads.
In the displacement analysis, it is the deformations that 

are shown that the thermodynamic loads could subject the 
radiator too. The maximum deformation is found at the 
right-bottom edge of the inlet pipe. This is obvious as it is 
a liquid that comes with strong pressure and high temper-
ature which leads to the radiator’s edge being deformed.

One proposed solution was to produce a gradual 
change when it comes to reducing the thermo-mechanical 
loads when discussing the inlet. This solution proposal has 
been tackled and managed to go through, which has led 
to an increase in security errors at the entrance and that is 
exactly what we wanted to arrive at.

The last proposed solution is the actual optimization of 
the flow in the radiator, where the volume is minimized 
by 3,962.51 square centimeters and 86 centimeters from 
axis to axis, in other words, the width of the radiator was 
shortened by 4 mm, which led to a reduction in volume. 
This leads to, among other things, more space for vehicles 
for other components. A large radiator is not always good 
as it is the effect itself that proves whether it is good or 
not.

4.2 Limitation and Future Work

There are restrictions on how Creo Simulate can es-
tablish its mathematical limit, such as restrictions on how 
to apply loads or constraints on merged surfaces. For in-
stance, if the user specifies the von Mises stress value as 
an optimization limit (for instance, 20,000 si), Creo Simu-
late will seek to discover a more effective model that still 
satisfies both that restriction and any goal you specify by 
moving the model toward 20,000 psi.

The fact that this study focused more on the useful as-
pects of the thermal performance of the car radiator might 
be used to prevent the car radiator from overheating. 
However, due to the limited space in vehicles, relocating 
the heat exchanger or employing new materials may be 
advantageous in the development of improved heat ex-
changers.

4.3 Future Work

The prospective extensions of this work could be as 
follows:

-	 More simulations with transient driving cycles, im-
proved models, and input information tailored to the 
individual components. This would be an appropri-
ate technique to increase knowledge and confirm the 
chosen arrangement. It is also advised to do practical 
testing to gather pertinent information on radiators, 
fans, and the active cooling system.

-	 Additional arrangements and options might also be 
looked into. Condenser placement is one example.

-	 The incorporation of an AC system, which is not de-
tailed in this paper, could result in even more energy 
and weight savings. In this situation, adding a chiller 
loop to enable heat pump mode ought to be looked 
into.

-	 Additionally, it is advised to use extra heat for cab-
in heating as necessary. Removing the LTC heater 
might be an option since the cabin also requires an 
auxiliary heater. 

5. Conclusions

This study successfully performed a coupling analysis 
between the thermal and mechanical conditions in a typ-
ical Truck radiator. Distribution of the displacement and 
the failure index of Tresca theory was provided for three 
cases. Then, flow analyses of the radiator were investi-
gated, including the variations of velocity, pressure, and 
enthalpy. The results indicate the high importance of the 
thermal loads necessitating their special consideration in 
the radiator designing process. This paper also shows the 
ability of PTC-Creo in the effective simulation of mechan-
ical and thermal conditions in the radiator of a heavy-duty 
cooling system, which can be deemed as a reliable and 
economical tool for industrial applications. 

When it comes to thermal analysis, it has been visual-
ized and understood how a radiator works when it comes 
to cooling down the coolant in the radiator for reuse in the 
cooling process. The hot coolant enters the inlet where it 
is the hottest at 90 degrees Celsius in temperature and is 
slowly passed through the radiator where the heat is re-
moved in the middle with the help of wind and a fan and 
there the radiator should be the coldest as shown in the 
analysis. 

Regarding the thermo-mechanical analysis, it showed 
the failure safety of the whole system. It, therefore, 
showed which points were weakest in the design and 
which had the greatest risk of failure. What can be seen 
from the analysis is the point that has the greatest risk of 
failing the inlet pipe, which is understandable as it is the 
point that is exposed to the most thermodynamic loads 
such as pressure and high temperatures. The next analysis 
was the displacement analysis, it shows the deformation 
the thermodynamic loads could subject the radiator to and 
the maximum deformation is in the lower right corner at 
the inlet pipe. This is also understandable as the liquid 
enters with a high pressure and also a high temperature 
which causes the plate to deform.

In the solution proposals (Figure 19), the first thing 
was to make the entire plate thinner. This was done in 
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the hope that it will be cheaper to manufacture while not 
too much of the strength is lost in the process. What the 
results of the analysis say is that it was the case, in the 
error safety analysis it can be seen that the error safety is 
not compromised too much over the whole system, there 
are also places like at the beginning where the error safety 
benefits from this improvement as it is spread out more 
and got better values. The displacement analysis also indi-
cates that a thinner plate is not a bad idea as the maximum 
deformation of the system with the thin plate was less than 
the one with the thicker plate. The next solution was to 
create a gradual transition to reduce the thermo-mechani-
cal loads on the entrance. The group has succeeded in this, 
this transition has, according to the results of the analysis, 
succeeded in increasing the total failure safety on the inlet 
pipe, which was what was the goal.
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This paper presents a numerically developed computer model to simulate 
the thermal behavior and evaluate the mechanical performance of a fixed 
ends centrically loaded High Strength Concrete Column (HSCC), subjected 
to Moderate Case Heating Scenario (MCHS), in a hydrocarbon fire. The 
temperature distribution within the mid-height cross-sectional area of the 
column was obtained to determine the thermal and mechanical responses 
as a function of temperature. The governing two-dimensional transient heat 
transfer partial differential equation (PDE), was converted into a set of or-
dinary algebraic equations, subsequently, integrated numerically by using 
the explicit finite difference method, (FDM). A computer program, Visual 
Basic for Applications (VBA), was then developed to solve the set of or-
dinary algebraic equations by implementing the boundary as well as initial 
conditions. The predictions of the model were validated against experimen-
tal data from previous studies. The general behavior of the model as well 
as the effect of the key model parameters were investigated at length in the 
review. Finally, the reduction in the column’s compression strength and the 
modulus of elasticity was estimated using correlations from existing litera-
ture. And the HSCC failure load under fire conditions was predicted using 
the Rankine formula. The results showed that the model predictions of the 
temperature distribution within the concrete column are in good agreement 
with the experimental data. Furthermore, the increase in temperature of 
the reinforced concrete column, (RCC), due to fire resulted in a significant 
reduction in the column compression strength and considerably accelerates 
the column fire failure load.

Keywords:
High strength concrete
Fire
Thermal behavior
Model validation

1. Introduction
Naturally or intentionally, fire is a catastrophic disas-

ter. When it is set, invariably a vast number of losses in 
both property and lives are expected. As an eyewitness, 
we have seen huge damage in buildings as a result of 

https://doi.org/10.30564/jmmmr.v5i2.4819


33

Journal of Mechanical Materials and Mechanics Research | Volume 05 | Issue 02 | September 2022

the progression use of fire weapons during the Libyan 
civil war in 2011. On the other hand, the efforts of de-
veloping simulation models of fire effects on building’s 
structural members will never stop saving people’s lives 
and their properties.

When a building catches fire, the structural integri-
ty and stability are dependent on the column’s ability 
to resist failure at elevated temperatures, which is the 
first and last line of defense to maintain the column’s 
strength. As a primary load-bearing member, the col-
umn is designed to withstand axial centric and/or eccen-
tric loads of any structure. In other words, it carries the 
whole building’s live and dead loads. 

According to the related international standard codes, 
the fire resistance of any structural member is obtained 
experimentally. This is an expensive and time-consum-
ing procedure and the utility of published experimental 
test data in a practical engineering design exercise is 
questionable. Although experimental studies are deci-
sive, and the outcome is limited to the number of meas-
urements taken during the test, experimental data can be 
used in the calibration and validity of the mathematical 
and numerical models, as mentioned in many studies [1-6].

While numerical simulation models generate much 
more useful interpretable data, there is a limit to which 
experimental tests can be conducted. Recently, emphasis 
is placed on mathematical simulation models to replace 
the existing experimental fire rating-based design meth-
ods with performance-based design procedures. Gen-
erally, concrete structural exhibits good performance 
under normal situations. However, results from several 
studies have shown that there are well-defined differ-
ences between the properties of high-strength concrete 
and normal-strength concrete during a fire since the for-
mer is much more durable and stronger than the latter. 
Furthermore, concerns have been developed regarding 
the reduction in strength of high-strength concrete when 
subjected to elevated temperature [7-13].

The main objective of this study is to develop a 2D 
numerical simulation basic computer model to predict 
the thermal behavior, to evaluate the mechanical perfor-
mance of preloaded HSCC, and to set the failure criteria 
of the such column in a standard fire. The model devel-
opment will be conducted by following the rule of elim-
ination of some variables and parameters, and refining 
the code by neglecting non-significant parameters, as-
suming values for other factors, and using correlations 
and expressions from previous related studies to predict 
temperature distribution and strength profiles within 
the selected quarter cross-section area of the subjected 
HSCC.

1.1 Behavior of HSC Exposed to Fire

The fire-resistance rating of a concrete structural mem-
ber is a function of applied load intensity and centricity, 
member type (e.g., column or beam or wall), member di-
mensions and boundary end conditions, incident heat flux 
from the fire on the member or assembly, type of construc-
tion materials (e.g., concrete, steel & wood) and finally, 
the effect of temperature rise within structural member on 
relevant properties of the member. The concrete is classi-
fied as Normal Strength Concrete (NSC), with a compres-
sive strength of < 70 MPa, and High Strength Concrete 
(HSC) with a compressive strength of≥ 70 MPa [14-17].

The use of HSC is widely increasing recently especial-
ly in High-rise buildings, offshore structures, and bridges 
because it has higher strength and improved durability com-
pared to NSC, but in the fire incident, NSC performs better 
than HSC due to its low permeability which reduces the ef-
fect of spalling in fire [17], as shown in Figures 1a and 1b.

a

b
Figure 1. a) NSCC in a fire exposure test; b) HSCC in a 

fire exposure test

Data from the experimental research that was carried 
out at specialized laboratories, as well as some worldwide 
organizations show that concentrically loaded and short 
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columns failed in pure compression while eccentrically 
loaded and long columns failed in combined flexure/com-
pression mode due to buckling spalling [2,11-13]. Figures 2a 
and 2b for example show the effect of one of those factors 
namely the effect of the lateral reinforcement configura-
tion on the spalling behavior in HSC Columns after the 
fire resistance test [17].

a

b
Figure 2. a) Conventional tie configuration; b) Modified 

tie configuration

1.2 The Effect of High Temperature on Steel Re-
inforced Concrete Structural Member

The fire performance of any structural member depends 
on the thermal and mechanical properties of the materials 
from which the building component is made. The critical 
temperature of fully-loaded structural member building 
materials such as steel and concrete is defined as the tem-
perature at which the integrity of the member lost 50% of 
its original yield strength at 20 °C and becomes question-
able. The building code requirements for structural fire 
protection are based on tests conducted following ASTM 
E-119. In these tests, the performance criteria for build-
ing assemblies, such as columns, is the loading bearing 

capacity, when these assemblies are exposed to heating 
conditions the mechanical properties that affect the fire 
performance of the structural members such as Compres-
sion Strength, Modulus of elasticity, Coefficient of ther-
mal expansion, and Creep [4,18].

In the case of slender columns, the susceptibility for 
buckling increases with a decrease in the modulus of elas-
ticity, and the concrete modulus of elasticity decreases 
rapidly with the rise of temperature. If steel reinforcement 
attains a temperature of 550 °C the modulus of elasticity is 
reduced to approximately half of the value at ambient and 
the concrete strength decrease is minimal up to about 300 °C,  
above these temperatures, the concrete strength loss is sig-
nificant [12]. 

Steel-reinforced concrete columns are designed to 
withstand the applied load, although concrete will carry 
more load than steel, both will share the load in normal 
conditions [3]. When a column made of two different ma-
terials is subjected to fire under a given axial load at a 
certain temperature, one of those materials will carry the 
total load because of the thermal expansion differences, as 
there is no relative movement between concrete and steel 
in the reinforced concrete unit, elongation or contrac-
tion of both concrete and steel will be the same, equally 
strained before failure occurrence [18].

2. Materials and Methods

The thermal modeling that is used in this paper is based 
on the ASTM E-119 standard fire curve as shown in Figure 3 
which describes the hydrocarbon fire development [2,17,19].

Figure 3. ASTM E-119 Standard temperature VS time
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  = 0 + 750 × 1 − −3.79533  + 170.4 × t (1)

where, t = time in hours, and T0 = 20 °C, initial temperature used as boundary condition in both x and y directions.

2.1 Model Development

The physical description and cross-sectional configuration of the subjected HSCC which is surrounded by air
with time-changing temperature according to E-119 are shown in Figures 4a and 4b.

a b
Figure 4. a) Physical description of the model; b) HSCC cross-sectional configuration

2.2 Equations and Key Assumptions

Basically, the heart of the model is the variable thermal boundary conditioned with the famous two-
dimensional transient conduction heat transfer equation with constant thermal properties (Equation 1):
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Divide both sides by k, neglecting heat generation inside the column q= 0, and replace [k / (cp)] with thermal
diffusivity (), we get:

2
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(3)

Then the central finite difference expression is used to approximate the partial differential second-order terms.
Hence, a set of first-order Ordinary Differential Equations (ODE’s) resulted.

2.3 Computation Domains and Solution Techniques

The first step in the formulation is to subdivide the x and y directions into equally spaced nodes. For the sake of
numerical stability, the computational domain is divided into (W/2 = D/2 = 203 nodes) in each direction. To implement
the boundary conditions the fire-exposed surfaces and symmetry lines nodes are formulated differently from the rest of
the interior nodes.

Finally, the resulting set of (ODE’s) is solved by using the explicit finite difference method
and the 2-D transient temperature distributions within the concrete column is founded.
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where, t = time in hours, and T0 = 20 °C, initial tempera-
ture used as boundary condition in both x and y directions.
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Then the central finite difference expression is used to 

approximate the partial differential second-order terms. 
Hence, a set of first-order Ordinary Differential Equations 
(ODE’s) resulted.

2.3 Computation Domains and Solution Techniques

The first step in the formulation is to subdivide the x 
and y directions into equally spaced nodes. For the sake of 
numerical stability, the computational domain is divided 
into (W/2 = D/2 = 203 nodes) in each direction. To imple-
ment the boundary conditions the fire-exposed surfaces 
and symmetry lines nodes are formulated differently from 
the rest of the interior nodes.

Finally, the resulting set of (ODE’s) is solved by using 
the explicit finite difference method and the 2-D transient 
temperature distributions within the concrete column is 
founded.

The two-dimensional transient conduction heat transfer 
configuration for the interior nodes according to FD nu-
merical method procedure is shown in Figure 5.
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The two-dimensional transient conduction heat transfer configuration for the interior nodes
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Figure 5. Interior nodes configuration
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∂T
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=
T m, n

P+1 − T m, n
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Substituting Equations (4), (5) & (6) into Equation (3), we get the governing two-dimensional transient
conduction heat transfer equation for interior nodes:

Tm,n
P+1 =  Tm−1,n

P + Tm+1,n
P + Tm,n−1

P + Tm,n+1
P + 1 − 4F Tm,n

P (7)

where, Δx = Δy = Δs (Equally spacing). Fo = α × t / s2, Fourier number dimensionless parameter.
The stability criteria of Equation (7) are maintained as long as (Fo ≤ 0.25) or (αi ≤ 2.510-7 m2/sec).

According to Kumar [20], in a moderate case heating scenario, MCHS, where the effect of linear convection
and radiation is combined into an equivalent non-linear convection term:

h Tf + Ts
N = h Tf + Ts + ε σ Tf

4� �� + Tfs
4� �� (8)

The mild exposure principle from the literature [20], MCHS, is adopted to determine the column expose surface
temperature, Ts.
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Fourier number dimensionless parameter. 
The stability criteria of Equation (7) are maintained as 

long as (Fo ≤ 0.25) or (αi ≤ 2.5×10-7 m2/sec).
According to Kumar [20], in a moderate case heating 

scenario, MCHS, where the effect of linear convection 
and radiation is combined into an equivalent non-linear 
convection term:
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Kumar [20] proposed the simplest form of thermal diffusivity as a function of temperature:

α =
1.45

(T +400)
, m2 hr (12)

Initial, t= 0 and temperature Ti = 20 °C. Therefore,T = 9.5810-7 m2/sec, consequently this value violates the
stability criteria of the adopted FD numerical method to solve Equation (7). Hence, the constants 1.45 and 400 in
Equation (12) will be examined and refined to suit the thermal analysis and minimize the difference between
experimental data and the thermal simulation model output.

2.4 Boundary and Initial Conditions

The reinforcement steel bars will be neglected in the thermal analysis, because they represent only 2.45% of
the gross cross-sectional area of the column. Hence the material of the column was considered wholly concrete as
homogenous in the thermal branch.

The subjected HSCC cross-sectional area at the mid-height is divided into four segments by two symmetry
lines (double symmetric shape), only a quarter of the section is analyzed. It was equally spaced into a sufficient number
of nodes, ∆ = ∆, each representing a square millimeter of the column’s cross-sectional area, with two perpendicular
hot air-surrounded surfaces and the other two perpendicular surfaces representing the boundary symmetry lines.

There are four boundary conditions at the x and y directions (two at the fire-exposed surfaces and two at the
symmetry lines) and one initial condition at = 0. These are:

T (x, y, 0) = Ti =20 °C , T (x, 0, t) = Ts (x, 0, t) , T (0, y, t) = Ts (0, y, t)
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perpendicular hot air-surrounded surfaces and the other 
two perpendicular surfaces representing the boundary 
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There are four boundary conditions at the x and y direc-
tions (two at the fire-exposed surfaces and two at the sym-
metry lines) and one initial condition at t= 0. These are:

T (x, y, 0) = Ti =20 °C  ,     T (x, 0, t) = Ts (x, 0, t)  ,     
T (0, y, t) = Ts (0, y, t)
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ed temperature on the HSCC strength for both concrete 
and reinforcement bars. 
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where,  st is the ratio between the remaining compressive strength at temperature T °C and the original unheated
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where,  c is the ratio between the remaining compressive strength at temperature T °C and the original unheated
compressive strength of concrete at 20 °C. T1, T2, T8, and T64, are given tabulated parameters for various types of
aggregates.

The types of steel most often used in building design and construction is either hot-rolled or cold-drawn, with a
modulus of elasticity of about 210 GPa at 20 °C [12-14].

The specifications of steel bars 400 MPa compression yield strength (25 mm diameter), from literature by
Kodur et al. [17] were used to evaluate the performance of HSCC in a fire.

As shown in Table: (1), Euro-code classified HSC into three classes, depending on its
Cylinder / Cube compressive strength [12]:

Table 1. HSC Euro-code classifications

Classification Minimum GPa Maximum GPa

Class 1 55 / 67 60 / 75

Class 2 70 / 85 80 / 95

Class 3 90 / 105 Higher

The effects of temperature on the elastic modulus of concrete and the reinforcing bars are proposed in the
literature [21]. Equation (15) showed the ratio of the reinforcing bars’ modulus of elasticity at elevated temperature to the
reinforcing bars’ modulus of elasticity at room temperature.
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The modulus of elasticity of concrete also decreases as temperature increases [21]. Equation
(16) showed the reduction ratio of concrete modulus of elasticity due to temperature increase.
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The concrete modulus of elasticity at room temperature may fall within a very wide range, 5 to 50 GPa.
Table 2, shows reinforced concrete elasticity moduli at room temperature based on the type of aggregate of the

reinforced concrete. [12-14]:

Table 2. Concrete Modulus of elasticity at 20 °C

Type of aggregate Modulus of elasticity EC, 20 °C

Carbonate aggregate 34 GPa

Silicate aggregate 38 GPa

Light weight aggregate 19 GPa

Kang Hai Tan [3] proposed the Rankine formula correlations, Equations (17) to (19), to predict the failure load

of the reinforced concrete column under fire conditions.
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where,

PR(t): Predicted failure load by Rankine formula.

Pp(t): Plastic squashing load of RCC at time t.

Pe(t): Elastic buckling load of RCC at time t.

.t: Fire exposure time.

Ac: Column concrete cross-section area.

Ast: Column reinforcing steel cross-section area.

.fc': Concrete cylinder compression strength.

fy: Steel reinforcement yield strength.

Ec: Concrete elastic modulus.

Est: Steel reinforcement elastic modulus.

Ic: Concrete 2nd moment of area.

Ist: Steel reinforcement 2nd moment of area.

Le: Column effective length.
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Ast: Column reinforcing steel cross-section area.
.fc

’: Concrete cylinder compression strength. 
fy: Steel reinforcement yield strength.
Ec: Concrete elastic modulus. 
Est: Steel reinforcement elastic modulus.
Ic: Concrete 2nd moment of area. 
Ist: Steel reinforcement 2nd moment of area.
Le: Column effective length.
.c: Column concrete covering in mm.

Concrert strength reduction factor in fire: 

11

.c: Column concrete covering in mm.

Concrete strength reduction factor in fire: βc t =
γ te

1+ 0.3 Ac−0.5 te
Ac−0.25 (20)

Steel strength reduction factor in fire: βyr(t) = γ(te) 1 − 0.9 te
0.046 c+0.11

≥ 0 (21)

  = 1 − 0.3 te ≥ 0.85,  = αagg × αISO × t (22)

αagg =
1 for siliceous aggregate

0.9 for carbonate aggregate , and αISO =
1 for ISO 834 Standard fire

0.85 for ASTM − E119 Standard fire (23)

2.5 Model Flow Chart

Figure 9 shows the model flow chart of the numerical thermal simulation and mechanical performance
evaluation of the subjected HSCC based on the adopted MCHS in a fire.
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Figure 9. Flow chart of the MCHS numerical simulation model
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3. Results

The main findings of this study are presented in this 
section. They are laid out in three main subsections. The 
thermal simulation (temperature distribution) and model 
prediction validation, statistical error analysis for testing 
the model prediction accuracy, and the mechanical per-
formance evaluation of the subjected HSCC fire response 
characteristics of constituent. 

3.1 General Behavior of the Model

In the first subsection, the temperature distribution in 
the cross-sectional area at mid-height of the subjected 
HSCC is determined according to the adopted MCHS 
with constant, ranged, and variable thermal diffusivities in 
a fire. The temperature distribution at different depths is 

validated by experimental data from the literature.
Figure 10a shows the temperature distribution in 

MCHS with constant concrete thermal properties: α = 
2.5×10-7 m2/sec, k = 1.5 W/(m-oC), combined heat transfer 
coefficient: hf = 15 W/(m2-oC), and combined heat transfer 
exponent: N = 1.55.

One observation that can be made is that as the time 
interval increases, so does the temperature of the concrete 
column. Logically, this is because as more time passes, a 
greater quantity of heat would enter the column thus ele-
vating its temperature.

Figure 10b shows that the thermal diffusivity (α = 
2.5×10-7 m2/sec) is suitable for predicting the temperature 
distribution of nodes at 76 mm depth only, overestimates 
temperature for nodes at 13, 32, and 50 mm depths, and 
underestimates temperature for nodes deeper than 76 mm.

14

a

At 60 minutes At 120 minutes At 240 minutes At 390 minutes

b

Figure 10. a) MCHS Temperature distribution with α = 2.5×10-7 m2/sec at 13, 32, 50, and 76 mm depths VS time and
against the related previous experimental test results. b) Temperature contour of MCHS with 2.5×10-7 m2/sec thermal

diffusivity.

Figures 11a and 11b show temperature distribution and contour in MCHS with constant
concrete thermal properties: α = 2.0  10-7 m2/sec, k = 1.5 W/(m-oC), combined heat transfer
coefficient: hf = 15 W/(m2-oC), and combined heat transfer exponent: N = 1.55.

Figure 10. a) MCHS Temperature distribution with α = 2.5×10-7 m2/sec at 13, 32, 50, and 76 mm depths VS time and 
against the related previous experimental test results. b) Temperature contour of MCHS with 2.5×10-7 m2/sec thermal 

diffusivity.
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Figures 11a and 11b show temperature distribution and 
contour in MCHS with constant concrete thermal prop-
erties: α = 2.0×10-7 m2/sec, k = 1.5 W/(m-oC), combined 
heat transfer coefficient: hf = 15 W/(m2-oC), and combined 
heat transfer exponent: N = 1.55.

Figure 11a shows that the thermal diffusivity (α = 
2.0×10-7 m2/sec) is suitable for predicting the temperature 
distribution of nodes at 50 mm depth only, overestimates 
temperature at 13, and 32 mm, and underestimates tem-
perature for nodes deeper than 50 mm. 

Figures 12a and 12b show temperature distribution and 
contour in MCHS with constant concrete thermal prop-
erties: α = 1.5×10-7 m2/sec, k = 1.5 W/(m-oC), combined 
heat transfer coefficient: hf = 15 W/(m2-oC), and combined 

heat transfer exponent: N = 1.55.
Figure 12a shows that the thermal diffusivity (α = 

1.5×10-7 m2/sec) is suitable for predicting the tempera-
ture distribution of nodes at 13, and 32 mm depths after 
180 minutes of fire exposure only, and underestimates 
temperature for all nodes at all times. (Lower value 
of thermal diffusivity is more suitable particularly for 
the closer nodes to the fire-exposed surfaces and vice  
versa).

The fluctuation of nodal temperatures with the change 
of thermal diffusivity during the increase of fire tempera-
ture is solid evidence that led to the first conclusion which 
confirms that the material properties are not constants but 
functions of temperatures, depths and fire time.

15

a

At 60 minutes At 120 minutes At 240 minutes At 390 minutes

b

Figure 11. a) MCHS Temperature distribution with α = 2.0×10-7 m2/sec at 13, 32, 50, and 76 mm depths VS time and
against the related previous experimental test results. b) Temperature contour of MCHS with 2.0×10-7 m2/sec thermal

diffusivity.

Figure 11a shows that the thermal diffusivity (α = 2.010-7 m2/sec) is suitable for predicting
the temperature distribution of nodes at 50 mm depth only, overestimates temperature at 13, and 32
mm, and underestimates temperature for nodes deeper than 50 mm.

Figures 12a and 12b show temperature distribution and contour in MCHS with constant
concrete thermal properties: α = 1.5  10-7 m2/sec, k = 1.5 W/(m-oC), combined heat transfer
coefficient: hf = 15 W/(m2-oC), and combined heat transfer exponent: N = 1.55.

Figure 11. a) MCHS Temperature distribution with α = 2.0×10-7 m2/sec at 13, 32, 50, and 76 mm depths VS time and 
against the related previous experimental test results. b) Temperature contour of MCHS with 2.0×10-7 m2/sec thermal 

diffusivity.
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Constants in the proposed correlation of thermal diffu-
sivity [12], Equation (12), were examined and manipulated 
to form a function of temperature and time that suit the 
thermal temperature distribution and minimizes the dif-
ference between experimental data and numerical model 
output.

17

temperature distribution and minimizes the difference between experimental data and numerical
model output.

αi,j,t = A ×
e −B time

3600  T+ 400
, Where;

For spacing ranges

A: 0.75 – 0.875

B: 0.0006 – 0.0001

0 – 16 mm
20 – 36 mm
40 – 56 mm
60 – 76 mm
80 – 96 mm
100 – 203 mm

Figure 13a shows that the model temperature distribution output is improved when
introducing the thermal diffusivity as a function of temperature and time that varies for each layer
of depth.

where; 
A: 0.75 – 0.875 
B: 0.0006 – 0.0001

For spacing ranges
0 – 16 mm
20 – 36 mm
40 – 56 mm
60 – 76 mm
80 – 96 mm

100 – 203 mm

Figure 13a shows that the model temperature distribu-
tion output is improved when introducing the thermal dif-
fusivity as a function of temperature and time that varies 
for each layer of depth. 

The resulting manipulated correlation of the ranged 
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Figure 12. a) MCHS Temperature distribution with α = 1.5×10-7 m2/sec at 13, 32, 50, and 76mm depths VS time and
against the related previous experimental test results. b) Temperature contour of MCHS with 1.5×10-7 m2/sec thermal

diffusivity.

Figure 12a shows that the thermal diffusivity (α = 1.5×10-7 m2/sec) is suitable for predicting
the temperature distribution of nodes at 13, and 32 mm depths after 180 minutes of fire exposure
only, and underestimates temperature for all nodes at all times. (Lower value of thermal diffusivity
is more suitable particularly for the closer nodes to the fire-exposed surfaces and vice versa).

The fluctuation of nodal temperatures with the change of thermal diffusivity during the
increase of fire temperature is solid evidence that led to the first conclusion which confirms that the
material properties are not constants but functions of temperatures, depths and fire time.

Constants in the proposed correlation of thermal diffusivity [12], Equation (12), were
examined and manipulated to form a function of temperature and time that suit the thermal

Figure 12. a) MCHS Temperature distribution with α = 1.5×10-7 m2/sec at 13, 32, 50, and 76mm depths VS time and 
against the related previous experimental test results. b) Temperature contour of MCHS with 1.5×10-7 m2/sec thermal 

diffusivity.
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thermal diffusivity that generates temperature distribution 
in Figure 13a was refined to be a function of temperature, 
time, and depth, in other words a correlation for all layers 
instead of one correlation for each layer of depth. 

18

a

At 60 minutes At 120 minutes At 240 minutes At 390 minutes

b
Figure 13. a) MCHS Temperature distribution with ranged thermal diffusivity at 13, 32, 50, and 76 mm depths VS time

and against the related previous experimental test results. b) Temperature contour of MCHS with ranged thermal
diffusivity.

The resulting manipulated correlation of the ranged thermal diffusivity that generates temperature distribution
in Figure 13a was refined to be a function of temperature, time, and depth, in other words a correlation for all layers
instead of one correlation for each layer of depth.

αi,j,t = 0.01 x2 + y2 e −0.1 × time
60

3600 × Ti,j,t + 400
, m2 Sec. where;

x and y in mm
time in minutes

T in ℃

Figure 14a shows that the temperature distribution accuracy was not fully improved by
using the variable thermal diffusivity compared with Figure 13a which showed the temperature
distribution when introducing the ranged thermal diffusivity.
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Figure 13. a) MCHS Temperature distribution with ranged thermal diffusivity at 13, 32, 50, and 76 mm depths VS time

and against the related previous experimental test results. b) Temperature contour of MCHS with ranged thermal
diffusivity.

The resulting manipulated correlation of the ranged thermal diffusivity that generates temperature distribution
in Figure 13a was refined to be a function of temperature, time, and depth, in other words a correlation for all layers
instead of one correlation for each layer of depth.
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Figure 14a shows that the temperature distribution accuracy was not fully improved by
using the variable thermal diffusivity compared with Figure 13a which showed the temperature
distribution when introducing the ranged thermal diffusivity.

Figure 14a shows that the temperature distribution ac-
curacy was not fully improved by using the variable ther-
mal diffusivity compared with Figure 13a which showed 

the temperature distribution when introducing the ranged 
thermal diffusivity.

Figures 10a, 11a, 12a, 13a, and 14a show the resulted 
model temperature distribution when using constant ((1.5, 
2.0, and 2.5)×10-7), ranged, and variable thermal diffusiv-
ities (m2/sec), they also show that the validation of model 
output results for every case by comparing the model pre-
dictions with the related previous experimental data from 
the literature.

3.2 Test Model Prediction Accuracy 

In the second subsection, the model predictions ac-
curacy is tested by conducting a statistical error analysis 
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Figure 13. a) MCHS Temperature distribution with ranged thermal diffusivity at 13, 32, 50, and 76 mm depths VS time

and against the related previous experimental test results. b) Temperature contour of MCHS with ranged thermal
diffusivity.

The resulting manipulated correlation of the ranged thermal diffusivity that generates temperature distribution
in Figure 13a was refined to be a function of temperature, time, and depth, in other words a correlation for all layers
instead of one correlation for each layer of depth.

αi,j,t = 0.01 x2 + y2 e −0.1 × time
60

3600 × Ti,j,t + 400
, m2 Sec. where;

x and y in mm
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Figure 14a shows that the temperature distribution accuracy was not fully improved by
using the variable thermal diffusivity compared with Figure 13a which showed the temperature
distribution when introducing the ranged thermal diffusivity.

Figure 13. a) MCHS Temperature distribution with ranged thermal diffusivity at 13, 32, 50, and 76 mm depths  
VS time and against the related previous experimental test results. b) Temperature contour of MCHS  

with ranged thermal diffusivity.
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including: 
1) Mean percentage error, (MPE), provides information 

on the mean percentage error of the predicted readings 
about the actual reading or experimental data [22].

20

1) Mean percentage error, (MPE), provides information on the mean percentage error of the predicted readings
about the actual reading or experimental data [22].

MPE =
Texp − Tt

Texp
× 100� /n

2) Mean bias error, (MBE), provides information with respect to overestimation or underestimation (A low
MBE value is desired) and (A positive value of MBE gives an overestimation in the predicted data and vice versa) [22].

MBE = Tt − Texp� /n

3) Root mean square error, (RMSE). The lower the RMSE, the more accurate the model is. The sign of
percentage errors is neglected [22].

RMSE = Tt − Texp
2

� /n
1

2

where,
Texp: the reference experimental temperatures.
Tt: the model numerical temperatures.
n: number of temperature readings.

Tables 3-5 show the mean percentage error, the mean bias error, and the root mean square
error of the MCHS model output temperatures for nodes at different depths when compared with
related experimental data from the literature according to the key model parameters as shown below:

The lower MPE for nodes at 13 mm: MPE13 = 4.14% when using ranged thermal diffusivity.
The lower MPE for nodes at 32 mm: MPE32 = 3.78% when using ranged thermal diffusivity.
The lower MPE for nodes at 50 mm: MPE50 = 13.62% when thermal diffusivity = 2.510-7.
For the ranged thermal diffusivity: MPE50 = 16.28%.
The lower MPE for nodes at 76 mm: MPE76 = 6.73% when using variable thermal

diffusivity.
For the ranged thermal diffusivity: MPE76 = 8.58%.
The accurate RMSE for nodes at 13 mm: RMSE13 = 25.97 ºC when using ranged thermal

diffusivity.
The accurate RMSE for nodes at 32 mm: RMSE32= 13.72 ºC when using ranged thermal

diffusivity.
The accurate RMSE for nodes at 50 mm: RMSE50= 24.36 ºC when thermal diffusivity =

2.0×10-7.
For the ranged thermal diffusivity: RMSE50 = 32.57 ºC.
The accurate RMSE for nodes at 76 mm: RMSE76 = 19.71 ºC when using ranged thermal

diffusivity.

Table 3. Accuracy statistical error analysis of MCHS temperature distribution with constant thermal diffusivity.

MPE% MBE ºC RMSE ºC

Constant α: 10-7 (m2/sec) 2.5 2.0 1.5 2.5 2.0 1.5 2.5 2.0 1.5

T-01 at 13 mm from the surface 4.79 6.07 12.39 13.38 –14.08 –50.92 30.25 33.44 62.54

T-02 at 32 mm from the surface 13 17.68 25.35 26.98 –9.23 –54.66 60.17 48.54 70.03

2) Mean bias error, (MBE), provides information with 
respect to overestimation or underestimation (A low MBE 
value is desired) and (A positive value of MBE gives an 
overestimation in the predicted data and vice versa) [22].
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RMSE, the more accurate the model is. The sign of per-
centage errors is neglected [22].
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Figure 14. a) MCHS Temperature distribution with variable thermal diffusivity at 13, 32, 50, and 76mm depths VS
time and against the related previous experimental test results. b) Temperature contour of MCHS with variable thermal

diffusivity.

Figures 10a, 11a, 12a, 13a, and 14a show the resulted model temperature distribution when
using constant ((1.5, 2.0, and 2.5)10-7), ranged, and variable thermal diffusivities (m2/sec), they
also show that the validation of model output results for every case by comparing the model
predictions with the related previous experimental data from the literature.

3.2 Test Model Prediction Accuracy

Figure 14. a) MCHS Temperature distribution with variable thermal diffusivity at 13, 32, 50, and 76mm depths  
VS time and against the related previous experimental test results. b) Temperature contour of MCHS  

with variable thermal diffusivity.



44

Journal of Mechanical Materials and Mechanics Research | Volume 05 | Issue 02 | September 2022

Tables 3-5 show the mean percentage error, the mean 
bias error, and the root mean square error of the MCHS 
model output temperatures for nodes at different depths 
when compared with related experimental data from the 
literature according to the key model parameters as shown 
below: 

The lower MPE for nodes at 13 mm: MPE13 = 4.14% 
when using ranged thermal diffusivity.

The lower MPE for nodes at 32 mm: MPE32 = 3.78% 
when using ranged thermal diffusivity.

The lower MPE for nodes at 50 mm: MPE50 = 13.62% 
when thermal diffusivity = 2.5×10-7.

For the ranged thermal diffusivity: MPE50 = 16.28%.

The lower MPE for nodes at 76 mm: MPE76 = 6.73% 
when using variable thermal diffusivity.

For the ranged thermal diffusivity: MPE76 = 8.58%.
The accurate RMSE for nodes at 13 mm: RMSE13 = 

25.97 ºC when using ranged thermal diffusivity.
The accurate RMSE for nodes at 32 mm: RMSE32= 

13.72 ºC when using ranged thermal diffusivity.
The accurate RMSE for nodes at 50 mm: RMSE50= 

24.36 ºC when thermal diffusivity = 2.0×10-7.
For the ranged thermal diffusivity: RMSE50 = 32.57 ºC.
The accurate RMSE for nodes at 76 mm: RMSE76 = 

19.71 ºC when using ranged thermal diffusivity.

Table 3. Accuracy statistical error analysis of MCHS temperature distribution with constant thermal diffusivity.

 MPE % MBE °C RMSE °C

Constant α: ×10-7 (m2/sec)⇒ 2.5 2.0 1.5 2.5 2.0 1.5 2.5 2.0 1.5

T-01 at 13 mm from the surface 4.79 6.07 12.39 13.38 –14.08 –50.92 30.25 33.44 62.54

T-02 at 32 mm from the surface 13 17.68 25.35 26.98 –9.23 –54.66 60.17 48.54 70.03

T-11 at 50 mm from the surface 13.62 16.67 29.49 29.43 –6.14 –48.29 50.19 24.36 52.99

T-03 at 76 mm from the surface 19.83 31.21 43.30 –13.70 –44.52 –78.37 21.67 50.91 95.78

The average values: ⇒ 12.81 17.90 27.63 14 –18.49 –58.06 40.57 39.31 70.33

Table 4. Accuracy statistical error analysis of MCHS temperature distribution with ranged thermal diffusivity.

21

T-11 at 50 mm from the surface 13.62 16.67 29.49 29.43 –6.14 –48.29 50.19 24.36 52.99

T-03 at 76 mm from the surface 19.83 31.21 43.30 –13.70–44.52 –78.37 21.67 50.91 95.78

The average values: 12.81 17.90 27.63 14 –18.49 –58.06 40.57 39.31 70.33

Table 4. Accuracy statistical error analysis of MCHS temperature distribution with ranged thermal diffusivity.

αi,j,t = A ×
e −B time

3600  T+ 400
MPE% MBE ºC RMSE ºC

T-01 at 13 mm from the surface 4.14 0.88 25.97

T-02 at 32 mm from the surface 3.78 4.43 13.72

T-11 at 50 mm from the surface 16.28 23.93 32.57

T-03 at 76 mm from the surface 8.58 11.85 19.71

The average values: 8.19 10.27 22.99

Table 5. Accuracy statistical error analysis of MCHS temperature distribution with variable thermal diffusivity.

αi,j,t = 0.01 x2 + y2 e −0.1 × time
60

3600 × Ti,j,t + 400
MPE% MBE ºC RMSE ºC

T-01 at 13 mm from the surface 13.02 –63.34 73.75

T-02 at 32 mm from the surface 4.08 –7.06 14.28

T-11 at 50 mm from the surface 17.36 19.30 26.72

T-03 at 76 mm from the surface 6.73 –7.36 21.45

The average values: 10.29 –14.61 34.05

Figure 15 shows the statistical error analysis charts that present illustration and comparison
to test the accuracy of the temperature distribution model output in MCHS with constant, ranged,
and variable thermal diffusivities for nodes at different depths.

MPE % MBE °C RMSE °C

T-01 at 13 mm from the surface 4.14 0.88 25.97

T-02 at 32 mm from the surface 3.78 4.43 13.72

T-11 at 50 mm from the surface 16.28 23.93 32.57

T-03 at 76 mm from the surface 8.58 11.85 19.71

The average values: ⇒ 8.19 10.27 22.99

Table 5. Accuracy statistical error analysis of MCHS temperature distribution with variable thermal diffusivity.
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T-11 at 50 mm from the surface 13.62 16.67 29.49 29.43 –6.14 –48.29 50.19 24.36 52.99

T-03 at 76 mm from the surface 19.83 31.21 43.30 –13.70–44.52 –78.37 21.67 50.91 95.78

The average values: 12.81 17.90 27.63 14 –18.49 –58.06 40.57 39.31 70.33

Table 4. Accuracy statistical error analysis of MCHS temperature distribution with ranged thermal diffusivity.

αi,j,t = A ×
e −B time

3600  T+ 400
MPE% MBE ºC RMSE ºC

T-01 at 13 mm from the surface 4.14 0.88 25.97

T-02 at 32 mm from the surface 3.78 4.43 13.72

T-11 at 50 mm from the surface 16.28 23.93 32.57

T-03 at 76 mm from the surface 8.58 11.85 19.71

The average values: 8.19 10.27 22.99

Table 5. Accuracy statistical error analysis of MCHS temperature distribution with variable thermal diffusivity.

αi,j,t = 0.01 x2 + y2 e −0.1 × time
60

3600 × Ti,j,t + 400
MPE% MBE ºC RMSE ºC

T-01 at 13 mm from the surface 13.02 –63.34 73.75

T-02 at 32 mm from the surface 4.08 –7.06 14.28

T-11 at 50 mm from the surface 17.36 19.30 26.72

T-03 at 76 mm from the surface 6.73 –7.36 21.45

The average values: 10.29 –14.61 34.05

Figure 15 shows the statistical error analysis charts that present illustration and comparison
to test the accuracy of the temperature distribution model output in MCHS with constant, ranged,
and variable thermal diffusivities for nodes at different depths.

MPE % MBE °C RMSE °C

T-01 at 13 mm from the surface 13.02 –63.34 73.75

T-02 at 32 mm from the surface 4.08 –7.06 14.28

T-11 at 50 mm from the surface 17.36 19.30 26.72

T-03 at 76 mm from the surface 6.73 –7.36 21.45

The average values: ⇒ 10.29 –14.61 34.05
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Figure 15 shows the statistical error analysis charts that 
present illustration and comparison to test the accuracy of 
the temperature distribution model output in MCHS with 
constant, ranged, and variable thermal diffusivities for 
nodes at different depths.

As shown in Figure 15, the lower RMSE and MBE 
values in the MCHS temperature distribution model out-
put for the vast majority of nodes which represent the 
accurately predicted model results that are compared with 
related experimental data are achieved when using the 
ranged thermal diffusivity.

Furthermore, the averaged minimum MBE in MCHS 
corresponding to model output overestimation and under-
estimation is achieved for the vast majority of nodes by 
using ranged thermal diffusivity. The overall model accu-
racy is confirmed by the averaged minimum MPE % of all 
temperature nodes.

3.3 Characteristics of Response and Mechanical 
Performance Evaluation

The third subsection, finally, evaluates mechanical per-
formance of the subjected HSCC fire response character-

istics of constituent including:
1) Determining combined thermal properties at differ-

ent depths for the subjected HSCC in a fire.
The main HSCC constituent materials response due to 

fire is the change in combined thermal properties (thermal 
diffusivities in m2/sec). The adopted correlated thermal 
diffusivity MCHS model results are used to illustrate the 
change of thermal diffusivity as a function of temperature, 
time, and depth that varies for each node.

2) Determining the HSCC mechanical properties such 
as elasticity moduli, remaining strengths, and load distri-
bution during the fire for both concrete and reinforcing 
steel. 

In this paper, the Compression Strength and the Modu-
lus of Elasticity for both steel reinforcement and concrete 
were considered as the mechanical performance criteria 
when evaluating the mechanical properties of the subject-
ed HSCC in a fire.

The interface corner temperature of the node at 50 mm 
from the fire-exposed surfaces that resulted from a thermal 
branch of the model was used to calculate the remaining 
strengths according to Equations (13) and (14) for both 

Figure 15. Statistical error analysis for testing the accuracy of MCHS temperature distributionmodel output. 
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concrete and reinforcing steel bars.
Load distribution between steel reinforcement and con-

crete based on (MCHS). Basically, if a column of two dif-
ferent materials is subjected to a temperature rise under an 
axial load, at a certain temperature one of those materials 
will carry the total load [11,23].

3) Determining the subjected HSCC Rankine predicted 
failure load in the fire.

The proposed Rankine formula [15], according to Equa-
tions (17) to (23), assumes a linear interactive relationship 
between two failure modes of RCCs in a fire, these two 
modes are:

(1) Crushing for short columns (plastic squashing load 
causes compression failure).

The column is assumed to be short if the slenderness 
ratio is less than unity.

(2) Buckling for slender columns (elastic buckling load 

causes buckling failure). 
The column is assumed to be slender (long) if the slen-

derness ratio is greater than unity.
For columns in the intermediate range where the slen-

derness ratio is close to unity, the failure occurs because 
the two modes, compression failure, and buckling failure, 
will interact with each other.

The subjected HSCC Rankine predicted failure load in 
the fire is calculated according to proposed correlations 
(17) to (23) by introducing the interface corner tempera-
ture that resulted from MCHS with ranged thermal diffu-
sivity.

Figure 16a shows the change in combined thermal 
properties (thermal diffusivities in m2/sec) at different 
depths versus time for the adopted MCHS when introduc-
ing ranged thermal diffusivity as a function of temperature 
and time that varies for each layer of depth.
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a

b

Figure 16. a) The change in ranged thermal diffusivities verses time for each layer of depth. b) The change in variable
thermal diffusivities verses time for each node of depth.

Figures 16a and 16b show that the variation in the thermal diffusivity is solid evidence that
proves that thermal and physical properties (K, Cp & p) of tested material HSC have to be changed.

Figures 17a and 17b show that the compression strength of concrete and compression
strength of reinforcing steel bars are decreasing due to temperature increase because of fire
exposure, on a base of interface corner node critical temperature MCHS model results when the
thermal diffusivity is ranged versus corner critical interface temperature and time comparing with
theoretical correlations proposed for RC under fire in reference [1].

Figure 16. a) The change in ranged thermal diffusivities verses time for each layer of depth. b) The change in variable 
thermal diffusivities verses time for each node of depth.
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Figures 16a and 16b show that the variation in the ther-
mal diffusivity is solid evidence that proves that thermal 
and physical properties (K, Cp & p) of tested material 
HSC have to be changed. 

Figures 17a and 17b show that the compression 
strength of concrete and compression strength of reinforc-
ing steel bars are decreasing due to temperature increase 
because of fire exposure, on a base of interface corner 
node critical temperature MCHS model results when the 
thermal diffusivity is ranged versus corner critical inter-
face temperature and time comparing with theoretical cor-

relations proposed for RC under fire in reference [1].
The model predicted interface corner temperature was 

used in Equations (15) and (16) to determine the effective 
elastic moduli for both steel bars and concrete as shown 
below figures.

Figures 18a and 18b show the reduction in reinforce-
ment steel and concrete elasticity moduli due to tempera-
ture increase because of fire exposure, based on interface 
corner critical temperature MCHS model results when the 
thermal diffusivity is constant, ranged, and variable versus 
time.
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a

b
Figure 17. a) MCHS with ranged thermal diffusivity remaining strength VS time at interface-corner node. b) MCHS with

ranged thermal diffusivity remaining strengths VS temperature at interface-corner node.

The model predicted interface corner temperature was used in Equations (15) and (16) to
determine the effective elastic moduli for both steel bars and concrete as shown below figures.

Figures 18a and 18b show the reduction in reinforcement steel and concrete elasticity
moduli due to temperature increase because of fire exposure, based on interface corner critical

Figure 17. a) MCHS with ranged thermal diffusivity remaining strength VS time at interface-corner node. b) MCHS 
with ranged thermal diffusivity remaining strengths VS temperature at interface-corner node. 
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The time steps of model predicted middle and corner 
interface temperatures were used in Equations (17) ~ 
(23) to determine Rankine predicted failure load of RCC 
verses interfaces temperatures for the subjected HSCC in 
a fire exposure compared with the design load capacity of 
the subjected HSCC.

Figures 20a shows the load increase on reinforcing steel 
bars and the load decrease on concrete due to temperature 

increase because of fire exposure, based on interface corner 
critical temperature MCHS model results when the thermal 
diffusivity is constant, ranged, and variable versus time.

The above-shown data in Figure 20a can be utilized in 
the assessment of fire-damaged RC, especially for RCC 
and can be used in design procedures when accounting for 
fire resistance of HSCC.

For instance, Figure 20b shows that for the same spec-
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temperature MCHS model results when the thermal diffusivity is constant, ranged, and variable
versus time.

a

b

Figure 18. a) Reduction in steel bars modulus of elasticity in MCHS vs. time. b) Reduction in concrete modulus of
elasticity in MCHS vs. time.

Figure 18. a) Reduction in steel bars modulus of elasticity in MCHS vs. time. b) Reduction in concrete modulus of 
elasticity in MCHS vs. time.
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ification HSCC in the fire exposure scenario the subjected 
column with 4830 KN load capacity the estimated failure 
time of a similar column will be about 105 minutes of fire 
exposure. 

Furthermore, if a similar column predicted fire fail-
ure load after 30 minutes is required, then it can be de-
termined as shown in Figure 20b which is estimated at 
around 9470 KN. 
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a

b

Figure 19. a) Reduction in steel bars modulus of elasticity in MCHS vs. time. b) Reduction in concrete modulus of
elasticity in MCHS vs. time.

The time steps of model predicted middle and corner interface temperatures were used in
Equations (17) ~ (23) to determine Rankine predicted failure load of RCC verses interfaces
temperatures for the subjected HSCC in a fire exposure compared with the design load capacity of
the subjected HSCC.

Figure 19. a) Reduction in steel bars modulus of elasticity in MCHS vs. time. b) Reduction in concrete modulus of 
elasticity in MCHS vs. time.
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a

b

Figure 20. a) HSCC Rankine predicted failure load vs. interface temperatures in MCHS fire exposure. b) HSCC Rank-
ine predicted failure load vs. time in MCHS fire exposure.
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4. Conclusions

Based on the experimental and analytical results of this 
study, the following conclusions can be drawn:

1) The variation in the thermal diffusivity is solid ev-
idence that proves that the thermal and physical proper-
ties (K, Cp & p) of the tested material (HSC) have been 
changed due to fire exposure. Therefore, the nodal tem-
perature is a function of the heating period (time) and the 
location (depth) of each node. The resulting manipulated 
and refined correlations of the thermal diffusivity are valid 
in MCHS for the selected HSCC composed of carbonate 
aggregate in a hydrocarbon fire.

2) When the interface corner temperature reached 300 °C, 
the average reduction in steel reinforcing strength was ap-
proximately 16.5% and the average reduction in concrete 
strength was approximately 12%. At 500 °C, the average 
reduction in steel reinforcing strength was approximately 
47.5% and the reduction in concrete strength was ap-
proximately 22%–62%. At 600 °C, the average reduction 
in steel reinforcing strength was approximately 71.11% 
and the reduction in concrete strength was approximately 
40%–85%. 

3) At 300 °C, the modulus of elasticity reduced by 
approximately 27% for concrete and reduced by approxi-
mately 11.4% for steel bars. While at 500 °C, the modulus 
of elasticity was reduced by approximately 64% for con-
crete and reduced by approximately 32% for steel bars. 
The effect of elevated temperature on the elastic modulus 
of elasticity is significant at 600 °C in concrete at 82% 
and in steel bars at 50%.

4) Two-dimension temperature distribution on HSCC 
exposed to MCHS in a fire has been predicated with an 
accuracy that is adequate using a developed simulation 
model.

5) The results of the thermal simulation branch were 
compared to previous experimental works and a very 
good level of agreement was obtained.

6) From the results of the mechanical evaluation 
branch, performance strength reduction charts were gen-
erated which take care of the effect of fire on reinforced 
concrete.

5. Recommendations 

The summarized recommendations and suggestions can 
be into the following points:

1) The thermal diffusivity of the concrete as well as any 
other properties input model key parameters should reflect 
the physical situation. In other words, thermal diffusivity 
(a) in this study was correlated by the simplest proposed 
form for MCHS; however in reality it is a sharp function 

of temperature. This approximation had a pronounced 
impact on the accuracy of the results. This sensitivity of 
thermal diffusivity with temperature should be considered 
for other heating scenarios in any future research in order 
to observe the effect of this approximation.

2) As this study was based on published experimental 
work, it recommended that the experimental portion of the 
research should be performed to confirm this simulation 
results and another related theoretical study. This can be 
achieved through the availability of a fire lab to investi-
gate the effect of elevated temperature on any concrete 
element under a load simulating real-life conditions, not 
only fixed ends and constant load conditions.

3) Sophisticated, specialized software is commercial-
ly-available that simulates the fire condition more com-
prehensively. However, due to the cost constraint, this 
software cannot be made available. It is recommended 
to analyse the effect of elevated temperature on the con-
crete structure when it is an entire multi-story building as 
opposed to just a single isolated concrete element. The 
authors of this study highly recommend the use of such 
simulation software in order to obtain results for many 
structural members of the fire-damaged building. This im-
plementation might be of interest to future post-graduate 
studies as a joint research collaboration between the De-
partments of Civil Engineering and Mechanical Engineer-
ing.

4) Real fire-damaged building theoretical and practical 
methods of assessment research are highly recommended 
to be conducted to demonstrate the effect of fire on dif-
ferent types of buildings in Benghazi city after the war. 
Many of those inside the University of Benghazi.
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