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Abstract: In the present study, the authors attempted to predict the fatigue lifetime of a real-scale
integral concrete bridge with H-shaped steel piles resulting from working and environmental con-
ditions. In this regard, various types of nonproportional variable amplitude loads were applied on
the bridge, such as temperature variations and sea waves clash. To this end, CATIA software was
used to model the real-scale bridge with its accessories, such as a concrete deck, concrete anchors
(walls), I-shaped concrete beams (Ribs), and steel piles. Subsequently, stress analysis was performed
to determine the critical area apt to fail. The results showed that steel piles are the most critical bridge
components. As a result, in future analysis, the purpose will be to study this critical area, and the
effect of relative humidity on the fatigue properties of concrete was ignored. Subsequently, the time
history of stress tensor components in the critical area was obtained by performing transient dynamic
analysis. Various well-known equivalent stress fatigue theories (von Mises, Findley, Dang Van,
McDiarmid, Carpinteri–Spagnoli, Modified Findley, Modified McDiarmid, and Liu–Zenner) were
utilized to calculate the equivalent stress caused by the simultaneous effect of temperature variations
and sea waves clash. Eventually, the fatigue life of the structure was predicted by employing the
rainflow counting algorithm and the Palmgren–Miner damage accumulation rule. The results indi-
cated a reduction in the multiaxial fatigue life of the structure under the simultaneous effects of two
phenomena, the daily temperature variations and the sea waves clash, of approximately 87% and 66%,
respectively, compared with the fatigue life of the structure under either the effect of temperature
changes or the effect of sea waves clash, separately. Therefore, it was necessary to consider all the
cyclic loads in the structural design step to estimate the fatigue life of the structure. Moreover, the
findings of this case study revealed that the lowest value of multiaxial fatigue lifetime is related to
the application of the Liu-Zenner criterion. In other words, this criterion is more conservative than
the other used criteria.

Keywords: fatigue life; multiaxial fatigue; nonproportional VAL; integral concrete bridge;
temperature variations; sea waves clash

1. Introduction

The occurrence of the fatigue phenomenon in engineering structures, including build-
ings and bridges, is undeniable. These structures are subject to various cyclic loads that, in
the long run, lead to material damage that, after a while, reaches a critical value, ultimately
resulting in the final structural failure. A great deal of research has been conducted to
estimate the service life of the engineering structures and components under different
working conditions and various types of dynamic loads [1–3]. Based on their results, the
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inspection time and quality parameters were recommended and subsequently used in vari-
ous problems [4–7]. Over the recent decades, the newly found solutions for improving the
fatigue life of engineering structures, including surface treatments such as different types of
Shot Peening (SP) process [8–13], were presented. A number of studies have indicated that
the fatigue life of carbon metals can be increased by eight times using Conventional SP and
Severe SP processes [14,15]. Moreover, to increase the efficiency of this process, numerous
studies have been conducted aiming to optimize the SP process parameters [16,17]. How-
ever, most of the failures occurring in engineering structures, especially mechanical parts,
are due to cyclic loads and fatigue damage in materials [18–20]. Thus, understanding the
fatigue behavior of structures and estimating their service life is of particular importance.

Bridges, as well as roads, are one of the strategically developed infrastructural ele-
ments essential for transportation. They are affected by different dynamics and cyclic loads,
depending on factors, such as geometry, dimensions, working conditions, installation con-
ditions, and location, we well as weather conditions. Perhaps due to the sheer complexity
of these issues, no comprehensive study was found to cover all the cases; the literature
published so far has focused primarily on specific types of loading, as well as a few other
influential factors described below.

For instance, the changing deck length of concrete integrated bridges, caused by
temperature variations on the pressure exerted on the bridges’ walls, was evaluated [21].
The study results showed that the pressure on the walls depends on the number of thermal
cycles, suggesting that there is a linear and proportional relationship between the num-
ber of thermal cycles and the pressure on the bridge walls. The effect of soil–structure
interaction on the vibrational behavior of integrated bridges was also studied [22]. The
influence of different modes of soil–structure interaction on the vibrational behavior of
the system was investigated, and the responses were compared to the structural response,
independent of the soil–structure interaction factor. Arsoy presented a novel mathematical
model for calculating the thermal response of bridges under repetitive loading to sine wave-
form [23]. Kong et al. numerically investigated the effects of temperature on integrated
bridges using the Finite Element Simulation (FES) technique [24]. In their research, only the
temperature distribution profile at the piles and their height was extracted. The rotation
and displacement created in the piles, including strain and flexural pressure, were also re-
ported. Finally, the system response was compared in different modes considering different
boundary conditions. Amirahmad and Al-Sinaidi simulated FEM of integrated concrete
bridges and analyzed them with respect to the daily and seasonal temperature changes [25].
However, the analyses were not dynamically performed but only statically, focusing on
the maximum temperature. In other words, temperature changes were considered as the
maximum temperature in each season; the influence of passing time on moving from one
temperature to another is ignored, which can have a significant impact on the fatigue life of
the structure. However, since the study focused only on the deformation extraction and did
not analyze fatigue, the central hypothesis is acceptable. Abdollahnia et al. evaluated the
low-cycle fatigue behavior of steel piles caused by temperature changes [26], employing
the strain-life criterion for assessing fatigue lifetime of the component under displacement
control loading (zero ratio and frequency of 1 Hz). The simulation results presented a 6.5%
discrepancy with the results of the fatigue test and were suitable for future studies.

Furthermore, the same authors predicted the fatigue life of H cross-section steel piles
of an integral concrete bridge under different conditions of motionless water and sea waves
clash [27]. In their study, the effects of relative humidity on the fatigue properties of concrete
were ignored, only making predictions relating to the fatigue life of steel piles mounted in
water. Also, the influence of corrosion due to seawater salinity has not been considered.
The authors reported that motionless water could not lead to fatigue phenomenon in
bridges, while the impact of sea waves clash could trigger a great deal of deformation in the
steel piles, eventually causing fatigue damage and failure of bridges. They also predicted
the fatigue life of steel piles brought on by the effect of water waves clash using the finite
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element analysis and probabilistic approach. Malajerdi et al. performed spectral analysis
of the clashing waves’ force on the marine structure in the frequency domain [28].

In the studies conducted to estimate the fatigue life of bridges, failure under thermal
cyclic loads is due to temperature variations. This finding could be justified thought the
fact that the rate of expansion and contraction of various materials is different and causes
separation between the adhesion boundaries of different materials, which often appear as
cracks on the bridge’s deck or the connection of piles to their deck. It also occurs in areas
where daily temperature changes occur in a broad spectrum and where the temperature
difference between the hot and cold seasons of the year is significant. If the temperature
changes are ignored, and the bridge is built on water, the most common causes of damage
include corrosion due to seawater salinity and fatigue due to sea waves clash. Additionally,
seawater contains sulfates that damage concrete. As the concrete layers are washed away
by seawater, the porosity of the concrete increases and leads to a decrease in the concrete
strength. However, the part of the concrete that is always in the water will suffer the least
damage. Because of the blockage of concrete cavities due to the deposition of magnesium
hydroxide (composed of the reaction of magnesium sulfate and calcium hydroxide), the
penetration of seawater into the concrete is slow. However, the concrete in the area between
the tidal levels is more exposed and drying intermittently, and is thus severely attacked by
invasive agents in seawater. Therefore, one of the factors affecting the service life of concrete
above seawater is moisture and its penetration into the concrete. Unfortunately, due to the
software limitations and the complexity of chemical reaction simulation, this parameter is
ignored in the analysis. An attempt can be made to cover the effects of this parameter in
the calculations by using the reliability coefficient in the results (this coefficient should be
achieved only by performing many different experiments). Shoukry et al. investigated the
effects of temperature and moisture on the static properties of concrete [29]. They stated
that with increasing humidity, the Poisson’s coefficient does not change, but the elastic
modulus and consequently the strength of concrete decreases.

The results of previous studies have indicated that motionless water does not affect
the fatigue life of the bridge structure. Therefore, the leading cause of fatigue failure
in such bridges is random loading (different wavelengths, different wave heights, and
different directions). Thus, if the bridge is subjected to both temperature changes and wave
impact, the service life of the structure will be much shorter compared to that in both cases
mentioned above. However, no study was found to examine both factors. One of the most
important reasons is that the combined and multiaxial load fatigue test is expensive. In
addition, the experiment must be performed on a real or suitable scale, which is complex
and challenging to achieve. There are also several problems related to the finite element
simulation, for example, the differences in loading frequencies due to daily temperature
changes and sea waves clash.

In summary, the literature mentioned above investigated the shortcomings of a com-
prehensive study predicting the multiaxial fatigue life of integrated concrete bridges under
the simultaneous effects of variable amplitude loads and due to temperature changes
and seawater collisions. Therefore, the authors attempted to assess the life service of this
structure using different stress-based fatigue criteria. To this end, a methodology was
presented for fatigue life prediction of large structures under different nonproportional
variable/random amplitude loading conditions with the lowest computational cost and
maximum accuracy. Moreover, for the first time, an efficient solution was provided to solve
the finite element problem in considering these two factors, aiming to evaluate the fatigue
life of the structure.

2. Methodology

To estimate the multiaxial fatigue life of a large structure with the aim of reducing
computational costs and solution time, it is necessary first to identify the critical areas
prone to failure. Subsequently, complex calculations should be performed only in critical
areas [7,30–32]. In other words, the analysis of the entire structure is unnecessary. The
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critical areas are determined using stress analysis in each loading type separately and in
combination (considering the maximum value). In this method, nodes/elements with the
maximum values of stress components in different directions (stress tensor) and von Mises
equivalent stress (an appropriate failure criterion for construction metals) are selected
as critical zones [33]. In this regard, the stress tensor has nine components, while the
number of stress components is reduced to six due to the homogeneous properties of
the metal, which, together with a value for the von Mises stress equivalent, make a total
of seven values to be evaluated. A maximum of seven critical nodes/elements will be
reported in each type of the loading conditions. As a result, in this study, a maximum
of 21 nodes/elements were selected, and all the fatigue calculations were performed on
them. Seven were related to the structural analysis caused by sea waves clash, seven to
the coupling structural–thermal analysis due to temperature variations, and seven to the
simultaneous effect of the previous two analyzes. Figure 1 represents the critical zone
determination algorithm in this case study.

Figure 1. The proposed algorithm of the determination of critical nodes/elements in this case study.

It is also necessary to perform transient dynamic analyses in all three cases, including
the effects of temperature variations, the sea waves clash, and the combination of both
loads above. The time history of stress tensor components in all critical nodes should then
be extracted. Subsequently, the equivalent stress history versus time is extracted employing
various well-known equivalent stress fatigue methods, which were previously described
in [33]. Eventually, the structure fatigue life due to multi-input random nonproportional
3D stress components was predicted employing the rainflow cycle counting technique and
the Palmgren–Miner damage accumulation rule. Figure 2 depicts a general schematic of
the fatigue life estimation process mentioned in the text.
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Figure 2. General schematic of the fatigue life estimation process used in this study.

3. Geometry and Material

In this case study, CATIA software was used to create 3D modeling of the bridge
structure and its components, including the concrete deck, concrete anchors (walls), I-
shaped concrete beams (Ribs), and steel piles. The assembly file was then inserted into
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the ANSYS WORKBENCH software (using *.stp file). This model consists of two middle
pedestals, each of which includes ten steel piles. This model comprises 44 steel piles
(type-IPE220). In addition, four rectangular concrete beams were considered for connecting
steel piles to concrete material under the bridge’s deck. Between each of these beams,
I-shaped cross-section concrete beams (Ribs) with specifications equivalent to IPE600 were
integrated into the concrete deck. These beams were divided into three sections: between
the first wall and the first middle pedestals, between the first and second middle pedestals,
and between the second middle pedestals and the second wall. Five Ribs at equal intervals
were considered for each section (15 Ribs were modeled as integrated with the bridge’s
deck) [27]. Moreover, the steel piles’ length was considered to be 6 m. Furthermore, the
width and length of the bridge deck, regardless of the concrete anchors and its accessories,
were considered as 9.85 and 95.178 m. The details of the geometric modeling of an integral
concrete bridge are demonstrated in Figure 3.

Figure 3. The details of the geometric model of an integrated concrete bridge with steel piles.

To investigate the integrated behavior of concrete parts, one group, including the
geometries of the deck, middle beams, and I-shaped concrete beams (IPE 600), was defined
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in the FE software, which acts as a rigid part with no separation occurring between parts.
However, their edges and surfaces were identifiable and could be applied separately for
boundary conditions and loading.

Structural steel and ordinary concrete were utilized as the primary material in the
present study. Tables 1 and 2 illustrate the mechanical and thermal characteristics, respec-
tively, for both materials with the aim of structural, thermal, and coupling analyses.

Table 1. Mechanical characteristics of the primary materials used in this case study.

Parameter Unit
Value

Structural Steel Concrete

Density kg/m3 7850 2300
Young Modulus GPa 200 30
Poisson’s Ratio — 0.3 0.18
Bulk Modulus GPa 166 —
Shear Modulus GPa 76.92 —

Tensile Yield Stress Mpa 250 —
Compressive Yield Stress Mpa 250 —
Tensile Ultimate Strength Mpa 460 5

Compression Ultimate Strength Mpa — 41

Table 2. Thermal properties of the primary materials used in this case study.

Parameter Unit
Value

Structural Steel Concrete

Reference
temperature

◦C 22 22

Thermal expansion
coefficient 10−5 × 1

◦C 1.2 1.4

The results reported in the published papers have indicated that the fatigue failure
occurs in steel piles as one of the most vulnerable components of the integrated bridge
due to regular temperature variations. Therefore, the current study mainly focused on
calculating the fatigue life of steel piles made with structural steel. Accordingly, only
fatigue properties of construction steel in two regimes of High-Cycle Fatigue (HCF) and
Low-Cycle Fatigue (LCF) were entered in the software, and the definition of concrete fatigue
characteristics in the software was omitted [26,27]. Another reason is that the critical zone
specified in this case study was related to steel piles. Hence, fatigue calculations were not
performed on the entire structure. As a result, defining the fatigue properties of concrete in
the software was unnecessary. Hereupon, the fatigue properties of construction steel were
considered in both LCF (Table 3) and HCF regimes.

Table 3. LCF properties of structural steel based on the strain-life criterion [7].

Parameter Unit Value

Strength Coefficient Pa 9.2 × 108

Strength Exponent —- −0.106
Ductility Coefficient —- 0.213
Ductility Exponent —- −0.47

Cyclic Strength Coefficient Pa 1 × 109

Cyclic Strain Hardening
Exponent —- 0.2
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4. Finite Element Analysis
4.1. Meshing Procedure

In this research, solid rectangular elements were used to create a finite element model.
However, this type of element should support thermal analysis as well as its structural
coupling. Additionally, since all the components of the bridge structure are geometrically
modeled in three dimensions, there was no need to use different types of elements such as
beam elements, and the structure can be analyzed with high accuracy with solid elements
only. Moreover, sensitivity analysis to the number of meshes was performed to obtain the
size of the sides of the rectangular element so that by reducing the computational costs,
the system responds with accuracy in the shortest possible time [34,35]. Full details of
mesh convergence analysis in this case study are published in [27]. Figure 4 illustrates
the FEM of the bridge and its components with 121,655 elements. For this purpose, the
element size of the deck, wall, concrete beam under the deck, concrete I-shaped beam
(IPE-600), and I-shaped steel piles (IPE-220) were considered to be 1, 0.5, 0.2, 0.2, and 0.2 m,
respectively [27].

Figure 4. The FEM of the bridge and its components based on the results of sensitivity analysis.

4.2. Initial, Boundary, and Loading Conditions

Only fixing the steel piles in the soil was considered as the boundary condition. Thus,
all the steel piles on both sides of the bridge and bottom surfaces of the piles related to the
middle pedestals were constrained completely (six degrees of freedom) [27]. For thermal
analysis, temperature variations were applied to the deck of the bridge (top surface of
the structure) and caused changes in the deck’s dimensions, specifically in its length. To
this end, the temperature history as the maximum and minimum daily temperature were
considered separately every month and during a year (Figure 5). It was also assumed that
the temperature of steel piles is equal to the ambient temperature (22 ◦C).
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Figure 5. Average values of daily temperature changes in different months of the year.

No loading or additional boundary conditions need to be defined for structural
analysis coupled to thermal analysis. It is only necessary to enter the thermal analysis
response as the initial condition in the structural analysis. Nonetheless, for structural
analysis to study the effect of sea waves clash on the fatigue behavior of the bridge, the
wave height was assumed to be 25 cm. Thus, the wave load was applied to the front surface
of the middle piles in the positive X-direction, as shown in Figure 6. Furthermore, it should
be noted that the height of the motionless water in the middle piles was considered to be
75 cm. Moreover, water pressure in terms of height was applied to the structure, as shown
in Figure 7.

Figure 6. The force history used in this research as the sea waves clash to the middle steel piles [27].
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Figure 7. Scheme of the pressure applied to the middle steel piles of the bridge as a result of
motionless water [27].

4.3. Validation Process of the FEM in the Present Research

Herein, the authors used a valid finite element model. Previously, they validated the
proposed model by comparing results with experimental data [36]. For this purpose, a steel
pile with a length of 1.9 m was studied under cyclic bending load due to the temperature
changes. The bottom height of 0.4 m was fixed, and the top height of 0.15 m was loaded.
According to the experiment results, the number of the cycles to failure under zero loading
ratio, loading frequency of 1 Hz, and displacement control method were 200, which is
the average value of three repetitions of the test (194, 207, and 200). The finite element
simulation result for the failure of 5% of the structure dimensions, which was equal to
a crack with a length of 12 mm, equaled 213 load cycles. This comparison implied the
accuracy of the finite element model presented to predict the fatigue life of the structure
close to reality (approximately 6.5% difference). In summary, to avoid duplication, further
details of the validation process were omitted and can be found in [26].

4.4. Structural Analysis for Assessment of Sea Waves Clash Impact

Transient analysis was performed, and the total deformation of the structure, which
is related to the middle pedestals and the middle section of the concrete deck in the
longitudinal direction, is demonstrated in Figure 8.

According to this figure, the upper part of the middle pedestals underwent the highest
deformations in the structure (approximately 3.8 m from the upper part of the pedestals
underwent severe deformation, and the bottom of the pedestals remained without de-
formation). Figure 9 presents the deformation history created in the critical area of the
structure as the result of the current analysis.

4.5. Coupling Structural-Thermal Analysis to Evaluate the Influence of Temperature Variations

Transient thermal analysis was performed to obtain the profile of temperature dis-
tribution in all the components of the bridge during one year. To this end, the time
interval between each temperature change was considered constant and equal to half of
a day. Subsequently, the temperature profile was inputted into the structural analysis as
an initial condition and applied on the nodes using Cartesian coordinates. Subsequently,
transient dynamic analysis was performed to obtain the deflection of the deck length, and
consequently, the skew of the upper part of steel piles was compared to its initial state.
Figure 10 illustrates the longitudinal deformation of the deck in this case study. Moreover,
the history of displacement changes versus different months is displayed in Figure 11.
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Figure 8. The total deformation of the integral concrete bridge with steel piles due to water waves clash [27].

Figure 9. Time history of deformation created in the upper part of the middle pedestals [27].
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Figure 10. Longitudinal deformation of the deck due to the temperature variations during one year.

Figure 11. The history of displacement changes versus different months.

4.6. Combination of the Two Above-Mentioned Cases

In this section, both analyses mentioned above were performed separately. Their
results were then entered as an initial condition in a blank structural analysis, and transient
dynamics analysis was performed. Eventually, the desired outputs were extracted from the
software and used in future calculations, including determining critical areas and fatigue
life assessment.

5. Fatigue Life Assessment

Over the recent years and with the development in different sciences, such as mathe-
matics, various cycle counting techniques have been presented. Nonetheless, researchers’
findings have shown that applying the rainflow cycle counting method results in a more
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accurate response than other methods. Therefore, this cycle counting method was used to
evaluate the equivalent stress block. After that, the fatigue damage was determined based
on the Palmgren–Miner rule.

In sum, the time histories of stress components on the critical element were ini-
tially extracted. For example, Figure 12 presents the stress histories in element No.
38732 related to the coupling structural–thermal analysis to evaluate the influence of
temperature variations.

Figure 12. The time histories of stress components of Element No. 38732 due to temperature variations (coupling structural-
thermal analysis), including (a) Normal stress in X-direction, (b) Normal stress in Y-direction, (c) Normal stress in Z-direction,
(d) Shear stress in XY-plane, (e) Shear stress in XZ-plane, and (f) Shear stress in YZ-plane

The time history of equivalent stress was then calculated via different criteria of
multiaxial equivalent stress (a complete description of them is provided in reference No. 32
by the third author). As a representative result, the equivalent stress diagrams for element
No. 38732 in the coupling analysis to investigate the effect of temperature variations are
illustrated in Figure 13.
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Figure 13. The time history of equivalent stress utilizing various criteria (element No. 38732 in the
coupling structural-thermal analysis due to temperature variations).

Furthermore, the number of cycles of different equivalent stresses were counted
employing the rainflow cycle counting algorithm [37] for element No. 38732, as reported
in Table 4. Eventually, the fatigue damage was determined based on the Palmgren–Miner
rule as one of the well-known Linear Damage Accumulation Rules (LDAR). The fatigue
life was then calculated to be equal to one divided by the total damage.

Table 4. Cycle-counting results of the rainflow technique for different equivalent stresses in
element No. 38732.

Definition Type of the Equivalent Fatigue Stress Cycles

Findley 47
McDiarmid 48
Dang van 43

Modified Findley 47
Modified McDiarmid 55
Carpinteri-Spagnoli 48

Liu-Zenner 47

6. Results and Discussion
6.1. Critical Zones

The results obtained from different types of finite element analyses described in
Section 4 were used. Based on the algorithm shown in Figure 1 and the additional explana-
tions given in Section 2, the critical nodes apt to fatigue failures were obtained and reported
in Table 5.

Table 5. Elements with higher stress components and equivalent stress apt to fatigue failure.

Loading Conditions Stress [Mpa] σx σy σz σxy σyz σxz σvon

Temperature variations Elem. No 38,732 38,732 40,879 40,101 42,018 38,684 38,732
Value 195.24 71.91 131.89 46.60 37.51 49.35 171.6

Sea waves clash
Elem. No 56,042 56,203 61,308 61,234 56,177 56,180 5235

Value 239.1 142.2 135.56 51.7 61.7 52.4 194.3
Combination of two

above-mentioned cases
Elem. No 56,042 56,203 61,308 61,234 56,177 56,180 5235

Value 248.7 149.3 146.51 52.5 64.7 58.4 203

The results revealed that all the critical elements are related to the upper part of the
steel piles on either side of the bridge (concrete deck). However, only element No. 5235
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was in the middle of the steel piles. Therefore, fatigue calculations were performed on all
the elements listed in Table 5.

6.2. Fatigue Life of Steel Piles on the Integrated Concrete Bridge

According to the methodology presented in the previous sections, the time histories
of stress tensor components in all the critical elements (Table 5) were extracted from the
software. Thereafter, using different criteria of multiaxial equivalent stress considering
nonproportional loading such as Findley, Dang van, McDiarmid, Carpinteri-Spagnoli,
Liu-Zenner, and modified Findley and McDiarmid, the time history of equivalent stress in
the critical elements was calculated. Meanwhile, the loading conditions of temperature
variations led to proportional 3D stresses in the critical elements. However, the other two
loading conditions (sea waves clash and its combination with temperature variations) led
to nonproportional 3D stresses in the critical elements. Finally, all the steps described in
Section 5 (element No. 38732) were repeated for all the critical elements reported in Table 5.
The smallest amount of fatigue life was then introduced as the fatigue life of the structure,
and the corresponding element was reported as the failure location.

The shortest fatigue life was found to be related to element No. 56203. In this element,
the maximum stress was obtained in the Y-direction, which was the longitudinal direction
of the deck. In other words, the bending phenomenon occurred on the top of the steel piles,
and the predominant load was the cyclic load due to bending at the end of a free-fixed
beam. Fatigue lives in terms of the number of repetitions of the sample time histories for
different fatigue criteria, and element No. 56203 is demonstrated in Figure 14.

Figure 14. The fatigue lives predicted by various fatigue criteria in the top part of the steel piles as
the critical zone (element No. 56203).

Based on Figure 14, it is clear that the difference in the fatigue life of the integrated
concrete bridge determined by applying different criteria under simultaneous loading
conditions, such as a combination of temperature variations, and sea waves clash, could be
negligible. In other words, the type of criterion has little effect on the response. However,
the lowest value of multiaxial fatigue lifetime belonged to the application of the Liu–Zenner
criterion. It means that this criterion is more conservative than the others. In addition, the
results obtained herein indicated that, to reduce computational costs and avoid complex
calculations which may lead to computational error, the von Mises equivalent stress
criterion can be used with acceptable accuracy. According to the Liu–Zenner criterion, the
fatigue life of bridge steel piles under loading conditions of temperature variations, sea
waves clash, and both loads simultaneously were estimated at 58.71, 23.25, and 7.75 years,
respectively. Nevertheless, this value equaled 98.5, 39, and 13 years, respectively, obtained
using the von Mises equivalent stress criterion. However, Mozafari et al. developed
sophisticated plasticity-based models for evaluating the fatigue life of metallic materials
under multiaxial proportional and nonproportional loading conditions [38,39]. Therefore,
one of the future plans of the authors is to predict the fatigue lifetime of bridge structure as
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a case study by employing new methods and compare the results with the achievements of
the current research.

7. Conclusions

In the current study, a comprehensive comparison was made between the results
of different categories of the fatigue life assessment criteria. To this end, the case study
of an integrated concrete bridge with steel piles was considered. Furthermore, a fatigue
life assessment algorithm was proposed considering a complicated geometry under a
multipoint 3D nonproportional input. The following practical findings could be reported
based on the presented discussions and comparisons:

1. The results of the structural analysis related to the sea waves clash indicated that
the upper part of the middle pedestals underwent the highest deformations in the
structure. The height of 3.8 m from the upper part of the pedestals underwent severe
deformation, and the bottom of the pedestals remained without deformation (the
height of 40 cm from the bottom).

2. The results of the analyses revealed that all the critical elements are related to the
upper part of the steel piles on either side of the bridge.

3. The shortest fatigue life was related to the element with the maximum value of Y-
direction stress (the longitudinal direction of the deck). The predominant load was
the cyclic load due to bending at the top of the steel piles.

4. The present study revealed that the lowest value of multiaxial fatigue lifetime be-
longed to the application of the Liu–Zenner criterion. In other words, the Liu–Zenner
criterion is more conservative than the others.

5. To reduce computational costs and avoid complex calculations, which may lead to
computational error, the von Mises equivalent stress criterion was found to be useful
with acceptable accuracy.

6. The fatigue life of bridge steel piles under loading conditions of temperature varia-
tions, sea waves clash, and both loads simultaneously was estimated at 58.71, 23.25,
and 7.75 years, respectively.

7. The results indicated that the multiaxial fatigue life of the structure under the simul-
taneous effects of the two phenomena of daily temperature variations and the sea
waves clash is reduced by approximately 87% and 66%, respectively, compared to the
fatigue life of the structure under the effect of temperature changes and the effect of
sea waves clash separately.
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