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Abstract

Ensuring the structural integrity of tower cranes is paramount for construction safety, yet jib
lower chords—serving as trolley tracks—often undergo coupled wear–fatigue degradation
that is rarely quantified in conventional service-life assessments. This study proposes a
quantitative, maintenance-focused framework for integrity evaluation and life prediction
of in-service tower cranes, validated through a decommissioned unit with 26 years of
service in high-rise building construction. Through the integration of on-site construction
operational statistics, ANSYS (Version 2022 R1, ANSYS, Inc., Canonsburg, PA, USA)—
driven stress simulations, and rainflow counting, a multi-condition load spectrum was
developed to quantify cumulative damage. Field measurements pinpointed Segment
b03 as the critical damage zone, showcasing a maximum wear depth of 2.3 mm and
roughly 30% thickness loss in the 20–30 m range, driven by stress concentration and high-
frequency trolley movements during material handling. Theoretical fatigue life estimates
of 42.1 years were revised to 24.1 years by incorporating wear geometry evolution and
other degradation factors, resulting in a prediction error of approximately 7–8% relative
to the actual service life. The proposed approach effectively bridges the gap between
mechanical-based calculations and construction engineering practice, providing robust
support for inspection scheduling, maintenance prioritization, and lifecycle management
of aging tower cranes.

Keywords: tower crane; lower chord; wheel–rail interaction; wear; fatigue damage
accumulation; equivalent structural stress spectrum

1. Introduction
Tower cranes are indispensable to modern construction; their structural integrity

directly governs operational efficiency and worker safety. Rapid urbanization and the
proliferation of high-rise projects subject these cranes to increasingly demanding service
conditions, heightening the risk of structural fatigue failure [1]. Statistical data indicate that
crane-related accidents account for approximately 28.17% of all accidents involving special
equipment, with an associated fatality rate of 27.54% [2]. A significant proportion of these
incidents is attributed to fatigue failure of critical load-bearing structural components [3].
Among all critical structural components, the lower chord of the tower crane jib fulfills two
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essential functions: it must withstand tensile stresses induced by lifting loads [4], while si-
multaneously serving as the running track for the luffing trolley (a traveling trolley running
along the jib to adjust the load radius and thus the lifting moment), thereby subjecting it to
sustained cyclic rolling contact loads [5]. Under complex operating conditions, the lower
chord surface is susceptible to the coupled effects of fatigue cracking and wear degradation,
positioning it as a critical vulnerability that directly influences the service life and safety
performance of tower cranes.

Wheel–rail contact wear prediction is a critical technical requirement for rail-guided
equipment, underpinning both operational safety and maintenance optimization. The
Archard wear model, owing to its simplicity and generalizability, has been extensively
applied in quantitative analyses [6]. For instance, Ramalho [7] applied the Archard model
to investigate the friction and wear behavior of rail and wheel steels, while Wang et al. [8]
integrated Archard’s law into support vector regression-based feature engineering for
track wear prediction. Sui et al. [9] extended this framework to examine freight car tread
wear under non-Hertzian contact conditions. These studies establish robust theoretical
foundations for wear quantification in rolling contact systems, providing a methodological
basis for the present investigation.

In parallel, methodologies for fatigue life assessment of crane structures have evolved
considerably. Kettler et al. [10], Wu et al. [11], Hectors et al. [12], and Cleary et al. [13]
developed analytical models addressing fatigue damage mechanisms in welded beams,
concrete beams, and crane runway beams, respectively. Zhao et al. [14] elucidated the
fatigue failure mechanism of metallurgical crane steel beams through fracture mechanics.
Studies on wheel-induced fatigue cracking and wear have systematically investigated
aspects ranging from track geometric deviations [15] and crack propagation modes [16]
to localized failure life prediction [17]. Furthermore, research has demonstrated that
the coupled effects of eccentric loading and global bending significantly compromise
structural fatigue strength. Rykaluk et al. [18] demonstrated that crane wheel eccentric
loads coupled with global beam bending generate Type I and Type II combined stress fields
that significantly reduce web fatigue strength. Euler et al. [19] developed a fatigue load
prediction methodology based on crane operation types, systematically incorporating dead
weight, trolley weight, and lifted loads. These studies underscore the critical role of wheel
pressure loading in fatigue life prediction.

Beyond runway girders and railway systems, limited research has examined tower
crane-specific structural behavior. Jiang et al. [20] employed transient dynamic analysis
to simulate moving trolley loads, assessing vibration characteristics and fatigue of critical
components. Zhang et al. [21] conducted orthogonal experimental stress monitoring at
tower bases and jib roots, establishing stress distributions across operating conditions.
Feng et al. [22] investigated jib vibration and load oscillation phenomena under trolley
motion. Hussain et al. [23] developed digital twin approaches integrating fatigue theory
with machine learning for degradation prediction and preventive maintenance. While
these contributions advance understanding of global structural dynamics and condition
monitoring, they do not address the localized coupled wear–fatigue mechanisms in lower
chords subjected to simultaneous tensile loading and cyclic rolling contact, leaving this
critical degradation pathway largely unexplored.

Fatigue life prediction accuracy largely depends on the construction of representative
load spectra. Field monitoring-based methods combined with rainflow counting offer high
fidelity but are costly and pose safety risks during high-altitude data acquisition [24,25].
Conversely, finite-element-based approaches provide computational efficiency but insuf-
ficiently capture real operational variability. Recent studies have incorporated machine
learning—including neural networks [26], support vector regressions [27], and stochastic
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sampling methods [28,29] to address load randomness and uncertainty, combining these
with S-N curves [30] or Paris crack growth laws [31], combined with Miner cumulative
damage formulations [32,33] for life prediction.

Furthermore, current methodologies for constructing load spectra face dual challenges:
on one hand, approaches relying heavily on actual field measurements are time-consuming
and pose considerable safety risks for high-altitude tower crane operations; on the other
hand, studies with insufficient integration of real operational data that depend purely
on simulation modeling limit the practical applicability and accuracy of the resulting
load spectra.

Despite these advances, research has predominantly focused on overhead crane gird-
ers and railway tracks, while systematic investigations into the wear–fatigue interaction of
tower crane lower chords remain virtually absent. To address these critical gaps, the main
contributions of this study are as follows: (1) a quantitative wear–fatigue coupling frame-
work is established using field data from a 26-year-old decommissioned crane; (2) a hybrid
load spectrum generation method combining operational statistics and FEM is proposed;
(3) the specific impact of wear geometry on stress concentration and residual life is quanti-
fied, bridging the gap between theoretical models and actual service states.

2. Field Investigation and Wear Characteristics of Tower Crane Jib
2.1. Structural Configuration of the Tower Crane Jib

As illustrated in Figure 1, the tower crane jib employs a truss configuration consisting
of upper chords, lower chords, diagonal web members, and connecting joints. The lower
chord serves dual functions: acting as a primary load-bearing element while simultaneously
functioning as the operational runway for the luffing trolley. The trolley, equipped with
wheel assemblies, traverses along the lower chord surface to enable luffing operations
(Figure 2). A pulley block system mounted beneath the trolley connects to the lifting
hook for payload handling. Wheel loads transmitted to the lower chord comprise three
components: trolley self-weight, lifting tackle assembly weight, and hoisted payload,
constituting the primary loading source for fatigue accumulation.

Figure 1. The jib local structure of tower crane.
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Figure 2. The contact between the luffing trolley and the jib.

The investigated tower crane (Table 1) was manufactured by a Chinese construction
machinery company and commissioned in 1999. Following a structural evaluation in 2018
revealing significant degradation, operational capacity was downgraded. The crane was
eventually decommissioned in 2024 after 26 years of service without documented mainte-
nance interventions. This long-service example provides valuable data for investigating
structural degradation patterns and fatigue behavior under realistic operational conditions.

Table 1. Parameters of the tower crane.

Maximum Lifting
Moment

Maximum Rated
Lifting Capacity Jib Length Corresponding

Counterweight Luffing Speed

145 kN·m 10 t 50 m 14.8 t 7.5, 30, 60 m/min

The load distribution characteristics of the tower crane jib are governed by moment
equilibrium principles and structural stability constraints. As illustrated in Figure 3, the
jib functions as a cantilever structure subjected to overturning moments that vary with
the horizontal distance between the payload and the tower mast. In the single-line (SM)
lifting system, maximum load capacity decreases from 5.0 t at 10 m radius to 2.6 t at 50 m;
in the double-line (DM) system, capacity reduces from 10.0 t at 10 m to 2.3 t at 50 m. This
distribution pattern arises from constant overturning moment limitations imposed by
the counterweight system, maintaining an inversely proportional relationship between
maximum allowable load and operating radius. The DM system demonstrates superior
load-bearing capacity within the near operating range (10–30 m), though capacity differ-
ences between systems diminish at extended radii due to structural stability constraints.
These characteristic distributions directly influence the operational load spectrum, result-
ing in high-frequency, low-amplitude cycles at extended jib lengths and low-frequency,
high-amplitude cycles at shorter radii, thereby determining fatigue loading characteristics
and stress distribution patterns in critical structural components.
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Figure 3. Hoisting—performance chart of tower crane.

2.2. Analytical Model of Trolley Wheel Pressure on the Lower Chord

Horizontal forces induced by crane operations are generally not decisive factors in
the fatigue behavior of crane runway girders; therefore, their influence is excluded from
this investigation. The fatigue loading acting on the lower chord of the tower crane jib is
primarily attributed to wheel loads from the luffing trolley, as illustrated in Figure 4. The
luffing trolley applies wheel pressure to the lower chord through four contact points. This
study adopts several simplifying assumptions as follows: (i) a straight, geometrically ideal
track configuration; (ii) symmetric and uniform load distribution between left and right
wheels; and (iii) negligible overall deformation of the jib structure. Under these conditions,
only the direct wheel pressure transmitted to the lower chord is considered in the analysis.
Based on site observations, heavy-load lifts are typically well-balanced using standardized
rigging, while noticeable eccentric lifts are infrequent and mostly associated with light
loads; thus, the uniform-load assumption is adequate for the fatigue-governing cycles. The
potential effects of track irregularities and wind are discussed in Section 7.

Figure 4. Wheel pressure–load distribution of the luffing trolley.
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As a typical cantilever structure—with one end fixed to the tower body and the other
end free—the tower crane jib exhibits distinct load transfer mechanisms compared to con-
ventional bridge cranes. As the luffing trolley traverses along the jib, the generated wheel
pressure demonstrates longitudinal asymmetric distribution characteristics, particularly
pronounced near the jib base, where support rigidity constraints and reduced moment arm
length result in amplified wheel pressure effects. The trolley wheel pressure is modeled
as concentrated loads acting on the contact points, representing the combined effects of
both the hoisting load and the trolley structure’s self-weight, as expressed by the following
Equations (1) and (2).

P = K × Qc + Qh
n

(1)

Pt = K × (Qc + Qh)× (1 +
l − y

l
× Cm) (2)

where P is the wheel pressure exerted by the luffing trolley on the lower chord, Qc is the
self-weight of the luffing trolley and its hoisting mechanism, Qh is the hoisting load under
the current working condition, n is the number of the wheels, n = 4. Pt is the total wheel
load, l is the total jib length, y is the displacement of the luffing trolley relative to the jib
base, K is the dynamic load factor, Cm is the moment correction factor accounting for the
additional bending moment induced by the structural deformation of the jib, typically
taken as 1.05.

2.3. Definition of Representative Operating Conditions and Duty Cycles

As shown in Figure 5, the tower crane working cycle comprises four operational
phases with distinct loading characteristics. During the lifting phase (a), the trolley posi-
tioned near the tower structure gradually lifts the load, resulting in incremental increases in
wheel pressure on the lower chord. In the luffing and transport phase (b), the trolley moves
along the lower chord pathway while maintaining constant load magnitude; however,
geometric configuration changes induce dynamic variations in wheel pressure distribution
and track surface stress patterns. The unloading phase (c) involves lowering the load at the
designated position, creating an abrupt load discontinuity that constitutes a critical fatigue-
inducing event due to the significant stress range. During the empty return phase (d), the
trolley repositions under minimal loading conditions with only self-weight and frictional
resistance, forming the lower stress boundary of the cycle. This four-phase sequence estab-
lishes the fundamental framework for fatigue load spectrum development, with each phase
contributing unique loading characteristics essential for cumulative damage assessment.

 
(a) (b) 

Figure 5. Cont.
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(c) (d) 

Figure 5. A complete working cycle of the tower crane (a) lifting phase; (b) luffing and transport
phase; (c) unloading phase; (d) empty return phase.

2.4. Field Investigation and Measurement of Lower Chord Wear

The tower crane jib investigated in this study consists of six jib segments (b01–b06)
connected by pins, shown in Figure 6, with segments b01–b04 each measuring 10 m
and terminal segments b05–b06 each measuring 5 m, totaling a 50 m structural span.
Trolley motion limiters constrain the effective working envelope to approximately 2–48 m
from the tower centerline. Field inspection revealed extensive mechanical wear along the
lower chord surfaces throughout all jib segments, extending from b01’s proximal end to
b06’s distal terminus. The wear zone exhibits a characteristic 45 mm width corresponding
precisely to trolley wheel contact dimensions, with a distinctive parabolic depth distribution
profile featuring maximum wear at the longitudinal centerline and progressive reduction
toward lateral boundaries.

  
(a) (b) 

  
(c) (d) 

Figure 6. Cont.
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(e) (f) 

  
(g) (h) 

Figure 6. Field photographs of the jib with different jib segments. (a,b) The overall view and wear
details of the b01 segment; (c,d) the overall view and wear details of the b03 segment; (e,f) the overall
view and wear details of the b06 segment; (g,h) the measurement process.

Thickness measurements were conducted per JGJ/T189–2009 [34] using calibrated
ultrasonic gauges ET39 0(Beijing Timesun Measurement and Control Technology Co., Ltd.,
Beijing, China) and SW-6510S (Dongguan Sndway Electronic Co., Ltd., Dongguan, China)
models. A systematic measurement grid was deployed on the port and starboard surfaces
of each jib segment (Figure 7), with triplicate measurements at each node and arithmetic
means as representative values. The coordinate origin was defined at the jib root adjacent
to the operator’s cabin. Wear degree was quantified by subtracting the thickness values
of corroded-but-unworn areas from corroded-and-worn areas at identical longitudinal
positions. The bilateral network enables characterization of longitudinal wear trends and
lateral variations across the wheel contact zone.

Measurement results (Figure 8) reveal three distinct degradation zones correlated with
jib distance. The proximal region (0–20 m) exhibits rapid wear progression from 10% to
30%, attributed to maximum bending moments and contact stresses from the cantilever
configuration combined with high operational frequency. When contact stresses exceed
material yield strength, surface microplastic deformation accelerates abrasive wear and
fatigue damage interaction. The intermediate region (20–30 m) maintains elevated wear
despite reduced bending moments due to operational condition convergence. Composite
damage occurs through repetitive loading cycles and continuous abrasive wear, with peak
values reaching 30% near the 30 m mark. Segment b03 within this zone experiences conver-
gence of load gradients and operational frequencies, creating a dual-stress environment:
peak stresses from high-frequency maneuvers and sustained low-amplitude stresses from
extended operations. This establishes b03 as the critical fatigue–wear coupling section,
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warranting detailed analysis. The distal region (>30 m) exhibits reduced contact frequency
and structural stress under predominantly light-load operations. While instantaneous wear
rates decrease, residual stress from long-term cyclic loading maintains gradual degradation.
This superposition establishes b03 as the primary fatigue–wear coupling control section,
exhibiting the most severe degradation and warranting detailed fatigue–wear damage
analysis.

 
(a) 

 
(b) 

Figure 7. Measurement method (a) a schematic diagram of the worn and corroded area; (b) a
distribution diagram of measurement points.

Figure 8. The variation of wear depth at different measuring points.

3. Global Finite Element Model of the Tower Crane
The finite element model is illustrated in Figure 9. The investigated tower crane

features a 50 m truss jib comprising six modular segments (b01–b06): b01–b04 span 10 m
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each, while b05–b06 measure 5 m each. The jib structure consists of upper chords, lower
chords, and web members fabricated from angle and channel steel sections. The trolley
operates via a four-wheel configuration on the lower chord surface with approximately
45 mm contact width. Q235 steel was employed with an elastic-perfect plastic constitutive
model: linear elastic response up to yield strength, then perfectly plastic flow. This formu-
lation is appropriate as fatigue occurs primarily in the elastic regime while contact-induced
plasticity remains minimal (<2% strain), where Q235 exhibits negligible hardening.

Figure 9. Finite element mesh model (a) tower crane global model; (b) detailed model of the jib;
(c) detailed contact model between the wheel and the jib.

A global ANSYS model was constructed using BEAM188 elements for the tower
mast, jib, and counterweight arm, and LINK180 elements for tension members. Fixed
constraints were applied at the tower base with rigid joints at the tower-jib connection.
Preliminary stress analysis identified segment b03 as the critical zone with maximum stress
concentration and severe wear potential. Two refined models were developed for the b03
analysis. The ANSYS model employed SOLID186 elements, and a hexahedral-dominant
swept mesh with a nominal element size of approximately 2 mm was applied in the wheel–
lower chord contact region to improve contact convergence and stress accuracy. Multi-point
constraint (MPC) coupling ensured displacement compatibility between beam and solid
elements, providing detailed stress distributions for fatigue assessment.

An Abaqus (Version 2024, Dassault Systèmes Simulia Corp., Johnston, RI, USA) model
was developed for wear simulation utilizing C3D8 elements with adaptive UMESHMO-
TION and the ALE method to track progressive geometry changes. Mesh refinement
adopted 2 mm elements in the contact zone and 8–10 mm in the surrounding regions. A
dynamic amplification factor of 1.1 was applied to trolley loads. Convergence analysis
confirmed stress deviations below 8%.
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4. Wear Damage Analysis Under Service Conditions
4.1. Abaqus-Based Wear Simulation Setup

Abaqus simulations investigated the relationship between load cycles and wear pro-
gression using a refined local model. The simplified 3D wheel–rail contact model (Figure 10)
represents the critical wear region at the jib segment b03 terminus (30 m from the root),
encompassing a 1250 mm section containing measurement points 3–5 where maximum
wear was observed.

Figure 10. Simple contact model between the wheel and the jib.

Trolley wheels were modeled as cast iron, and the jib structure as Q235 steel (Table 2),
both discretized using 8-node hexahedral elements (C3D8). Surface-to-surface contact
algorithms governed wheel–rail interaction through a two-stage analysis: normal load
application under four operational conditions, followed by rolling wear simulation under
preloaded states.

Table 2. Material parameters.

Diameter Size/mm Material Poisson’s
Ratio/Gpa

Friction
Coefficient

Yield
Limit/MPa Density/g/cm3

wheel 105 × 60 steel 150 0.27 350 7.35
Square tube 75 × 75 Q235 206 0.3 235 7.85

Assuming negligible speed variations, a constant trolley velocity of 30 m/min (rated
luffing speed) was applied. Hertzian contact pressures were extracted using the UMESH-
MOTION subroutine, and corresponding wear depths were calculated via the implemented
wear model. After each wear increment, nodal coordinates were updated using Arbitrary
Lagrangian–Eulerian (ALE) mesh adaptation to maintain mesh quality.

The simulation was iteratively repeated to capture cyclic loading behavior, enabling
quantitative correlation between cycle count and maximum wear depth under realistic
operational conditions.

4.2. Hertz’s Theory and Archard Model

Based on Hertzian contact theory, this study investigates the contact stress distribu-
tion between the luffing trolley and the jib and quantifies the wear on the lower chord
surface using the Archard wear model. The fundamental equation describing this pressure
distribution is provided below.

P(x) = P0

√
1 − x2

a2 (3)
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According to the Hertzian contact theory (Figure 11), Equation (3) shows the contact
stress distribution, where P0 is the maximum value of contact normal stress and a is the
radius of the contact area.

a =

(
4PR
πE∗

) 1
2

(4)

P0 =

(
PE∗

πR

) 1
2

(5)

where P is normal line load; E∗ is the composite elastic modulus of the two contact bodies;
and R is the equivalent radius of curvature of the contact components.

1
E∗ =

1 − v2
1

E1
+

1 − v2
2

E2
(6)

where v1 represents Poisson’s ratio of the cylindrical body; v2 represents Poisson’s ratio
of the planar body; E1 is the elastic modulus of the cylindrical body; and E2 is the elastic
modulus of the planar body.

1
R

=
1

R1
+

1
R2

(7)

where R1 is the radius of curvature of the cylindrical surface and R2 is the radius of
curvature of the planar surface.

 

Figure 11. Hertzian contact diagram.

From Equation (7), the wheel–rail contact forms a cylinder-to-plane configuration,
where the rail surface, with its effectively infinite curvature radius R2 relative to the
wheel R1, allows the wheel radius to govern the effective curvature in Hertzian analysis.
Hertzian contact theory was employed to validate the finite element contact model prior
to wear simulation. For the wheel–rail configuration under the applied load, Hertzian
theory provides an analytical benchmark for maximum contact pressure distribution.
Figure 12 presents the comparison between Hertzian theoretical predictions and finite
element results along the contact width. For validation purposes, a normal load P of 4.61
MPa is applied, corresponding to a maximum contact stress of 200 MPa. Using the Hertz
contact Equations (3)–(7), the contact radius is calculated as a = 14.7 mm, which serves
as the reference value for subsequent finite element mesh refinement and contact stress
verification. The Hertzian solution yielded a maximum contact stress of 198.65 MPa, while
the FEM-computed peak contact stress showed excellent agreement with a deviation within
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3%. It verifies the accuracy of the contact model, laying a foundation for subsequent wear
calculations.

V
x

= K × FN
H

(8)

where V is the volume of material wear; x is the relative sliding distance; K is the wear
coefficient; FN is a normal contact load; and H is the material hardness.

Figure 12. Comparison of contact stress distribution between the FEM and Hertzian theory.

Through deformation derivation, a modified form of the Archard formula can be
obtained, with the derivation process differentiating both sides of Equation (8) as follows:

dV
dx

= K × dFN
H

(9)

Dividing both sides of Equation (9) by an infinitesimal area dA, we obtain the following:

h =
dV
dA

, p =
dFN
dA

, x = dx (10)

Let dV/dA
dx = K × dFN /dA

H and substituting it into Equation (10):

h = K × p
H

x (11)

where h denotes the nodal wear depth increment and p represents the nodal normal
contact stress. Equation (11) indicates a proportional relationship between wear depth
increment and sliding distance, local contact pressure p, and material wear coefficient K.
The literature values for cast iron–carbon steel pairs under dry friction conditions range
from 10−7 to 10−6 [35]. Considering the open-air operating environment of tower cranes,
where intermittent moisture may provide boundary lubrication but abrasive contaminants
(dust/sand) can accelerate material removal, the upper-bound value K = 10−6 was adopted
as a conservative engineering choice. Using the Archard model, the relationship between
maximum wear depth and cycle count under different operating conditions was calculated,
and curve plotting was performed through fitting.
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4.3. Wear Evolution Results and Model Validation

From the data in Figure 13, the total cycle count under individual operating conditions
conforms to crane working class standards (100,000–200,000 cycles). Measured data exhibit
strong agreement with simulation results during initial wear development (<20,000 cycles),
demonstrating the model’s capability to accurately capture stress concentration effects.
In the high-cycle regime (>50,000 cycles), measured wear depths are slightly lower than
simulation predictions due to idealized modeling conditions. Specifically, real-world
factors such as track surface roughness, random dynamic impacts due to wind loads, and
inevitable trolley wheel misalignments introduce variabilities that are not fully captured
in the simplified finite element model. The normalized plot (Figure 13c) reveals that the
wear trajectories under different loads (2–10 t) collapse onto a consistent master curve.
This strongly suggests that the governing degradation mechanism is uniform across the
load spectrum.

 
(a) 

(b) (c) 

Figure 13. The relationship between the number of cycles and the maximum wear depth un-
der different loads: (a) contact stress distribution; (b) absolute wear evolution; (c) dimensionless
degradation trend.
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4.4. Wear-Based Life Assessment of the Lower Chord

A crane working cycle is defined as the complete operational sequence as follows:
lifting a load, rotating to the designated position, unloading, and returning to the original
position without a load. The wear simulation analysis examines the relationship between
maximum wear depth and cycle count under specific loading conditions during repetitive
operations, where one complete round trip constitutes one cycle.

This tower crane has accumulated 3195 operational days with approximately
383,400 total cycles. The scrapping criterion is established at a wear depth of 2.3 mm.
Given the relatively low self-weight of the unloaded trolley, wear on the jib’s bottom chord
during no-load return trips is considered negligible and excluded from the analysis.

As shown in Table 3, a comparison between simulation results and actual operational
statistics demonstrates that the proportional distributions of 4 t, 2 t, 2.5 t, and 10 t loading
conditions closely match field data, thereby validating both the simulation accuracy and
the appropriateness of the established working condition parameters.

Table 3. The ultimate number of cycles under different loads.

Working condition type/Load level (t) 2 t 2.5 t 4 t 10 t

Scrapping cycle/(×104) 32 30 24 12

5. Fatigue Damage Analysis Under Hybrid Load Spectra
5.1. Stress Time–History Extraction Under Representative Working Conditions

To clarify the transition from wear simulation to fatigue life evaluation, Figure 14
summarizes the complete integration workflow of the proposed framework.

Based on wear analysis and operational records, the wear simulation outputs the worn
geometry, which is transferred to the structural model to update the local geometry. Under
the same duty cycle loading derived from wheel pressures, the updated geometry leads to
a modified stress time history that is then used for rainflow counting and life evaluation.

Four representative working conditions (Figure 15) were established to capture typical
load–radius combinations in construction scenarios, providing a foundation for subsequent
fatigue analysis.

Working Condition 1 Figure 15a: Transport of 4 t payloads from 2 m to 30 m ra-
dius for positioning medium-weight structural components, including precast elements
and steel reinforcement. This represents the most frequent scenario during typical
building construction.

Working Condition 2 Figure 15b: Transport of 2 t lightweight materials to a maximum
reach of ~50 m for placing auxiliary components such as reinforcement bundles and support
brackets. Despite the reduced payload, the extended moment arm generates significant
base moments.

Working Condition 3 Figure 15c: Transport of 2.5 t loads within a 20–45 m radius
through repetitive short-distance cycles, supporting rapid material handling for slab con-
struction and formwork repositioning. This condition features moderate radii with high
cycle frequencies.

Working Condition 4 Figure 15d: Transport of a maximum 10 t capacity to ~10 m
radius for installing primary structural elements, including main beams and heavy precast
components. This represents the most severe loading scenario, generating peak structural
stresses, though occurring infrequently.
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Figure 14. Workflow of the proposed wear–fatigue coupled life prediction framework.
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Figure 15. Cont.
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(c) (d) 

Figure 15. Four representative working conditions (a) standard medium-load operation; (b) extended
reach light load operation; (c) intermediate range cyclic operation; (d) proximity heavy-load operation.
Each subfigure illustrates a complete operational cycle including lifting, luffing, unloading, and
empty return.

As illustrated in Figure 15, for each representative working condition shown in sub-
figures (a)–(d), the operational cycle of the tower crane consists of four sequential phases:
(i) lifting, (ii) luffing with trolley travel, (iii) unloading, and (iv) empty return. During oper-
ational cycles under these conditions, stress characteristics vary distinctly across phases.
In the lifting phase at a fixed radius, lower chord stress increases sharply from no load to
peak levels, with maximum bending moment at the jib root and rapid stress rise near the
trolley position. During luffing, both the jib bending moment and lower chord tensile stress
increase with radius. Trolley rolling intensifies local wear, with segment b03 becoming a
stress hotspot due to its location in the primary bending zone and frequent wheel contact,
exhibiting accelerated wear and fatigue accumulation. In the unloading phase, lower chord
tensile stress drops abruptly after load release, with potential structural vibration during
elastic recovery. During empty return, jib stress remains minimal, though trolley movement
maintains repeated rolling contact on the lower chord, generating low-amplitude stress
cycles contributing marginally to fatigue accumulation.

The operating mode proportions (40%, 38%, 20%, and 2%) adopted in this study
were extracted from the long-term operational records of a single, multi-year in-service
tower crane at a specific construction site and therefore represent a case-specific duty load
spectrum. To apply the proposed framework to other crane types or construction sites,
users should derive site-specific proportions from (i) crane task logs and lifting records,
(ii) dispatch databases, or (iii) short-term monitoring and then construct the hybrid spec-
trum following the same rainflow-counting procedure. This ensures that the spectrum re-
flects local project characteristics (load distribution, wind exposure, and operational habits).

Based on the aforementioned four representative operating conditions, transient me-
chanical simulation analysis (see Figure 16) was conducted using the established finite
element model to simulate a complete working cycle of the luffing trolley, comprising
lifting, luffing transport, unloading, and empty return phases under different operating
conditions and varying loads. Stress time-history curves were extracted from the maximum
wear region of jib segment b03, yielding the stress variation characteristics at measurement
points 3–5 under the four operating conditions, as illustrated in the following Figure 17
and Table 4.
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Figure 16. Deformation contour of the crane jib.

5.2. Construction of Hybrid Load Spectrum

To achieve comprehensive fatigue characteristics analysis, this study employs two
differentiated methodologies to construct hybrid load spectra based on extracted stress-time
history curves. The simplified peak extraction method identifies and superposes primary
stress peaks from time-history data, significantly enhancing computational efficiency while
maintaining analytical accuracy for complex stress patterns within reasonable bounds.
Conversely, the comprehensive peak extraction method incorporates all identifiable stress
peaks and corresponding amplitudes from complete time-history records, enabling more
precise characterization of load spectrum parameters and ensuring capture of minor stress
fluctuations that contribute to cumulative fatigue damage.

The generated load spectra serve as fundamental input datasets for fatigue life pre-
diction calculations, effectively characterizing stress distribution patterns under diverse
operational scenarios encompassing heavy-load and light-load conditions along with their
associated cyclic loading effects. Figure 18 presents comparative analytical results. These
two types of stress spectra enable in-depth investigation of stress evolution patterns under
different operating conditions and serve as input parameters for subsequent load spec-
tra, providing critical data support for quantitatively evaluating the influence of different
loading scenarios on the fatigue performance of tower cranes and calculating fatigue life.

Table 4. Result of FEM calculation.

Operating
Condition

Lifting
Load

Trolley
Position Condition Description Cycle

Proportion
Stress Peak

Value

G1 4 t 30 m Medium load 40% 67 MPa
G2 2 t 50 m Extended-Reach Light load 38% 32 MPa
G3 2.5 t 20–45 m Intermediate-Range load 20% 37 MPa
G4 10 t 10 m Proximity Heavy load 2% 24 MPa
G5 0 t anywhere No load return 100% 5 MPa
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(a) (b) 

 
(c) (d) 

 
(e) 

Figure 17. Time-stress history curves under different working conditions (a) Condition 1 standard
medium load; (b) Condition 2 extended-reach light load; (c) Condition 3 intermediate range cyclic;
(d) Condition 4 proximity heavy load; (e) single peak load cycles.
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Figure 18. Comparison between realistic ANSYS load cycles and simplified triangular load cycles.

According to comprehensive field statistics and operational documentation through-
out the service lifecycle, the daily operational cycles and annual working days from initial
commissioning to final decommissioning were systematically documented for this tower
crane, as illustrated in Figure 19. Statistical analysis reveals an average of approximately
120 operational cycles per day, with an annual average of 280 working days during active
service periods. Utilizing the established daily cycle frequency data and the proportion of
different working conditions, two distinct methodologies were implemented to stochasti-
cally generate stress spectra corresponding to the initial two-hour operational period of
daily service.

  
(a) (b) 

Figure 19. (a) Daily work cycle records and (b) annual working days records.

Figure 20 illustrates the comparative results, where (a) presents the stress spectrum
derived from the simplified peak extraction method and (b) displays the spectrum obtained
through the comprehensive approach. Subsequent fatigue life calculations were conducted
utilizing these established stress spectra as input parameters.
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(a) 

 
(b) 

Figure 20. Two load spectra in the first hours: (a) simplified stress spectrum and (b) realistic Ansys
stress spectrum.

The simplified spectrum method can be used for rapid screening when monitoring data
are limited. The comprehensive method is recommended for final assessment, maintenance
planning, and safety-critical decisions because it preserves the stress-range distribution and
captures damage contributions from high-amplitude cycles. In practice, we recommend
using the simplified method as a first pass estimate; if the life difference between the two
methods exceeds 10%, the comprehensive method should be adopted.

5.3. Life Calculation and Analysis

The rainflow counting method was employed to extract stress spectra from simulated
stress-time histories at critical locations. This standard cycle-counting technique decom-
poses variable amplitude loading into discrete stress cycles, each characterized by stress
amplitude (∆σ/2) and mean stress (σm), where ∆σ represents the stress range between
peak and valley. Identified cycles were classified into 8 discrete amplitude levels.

Representative daily load spectra were constructed by proportionally combining
2 h stress histories from each working condition according to operational frequencies:
40% for Condition 1, 38% for Condition 2, 20% for Condition 3, and 2% for Condition 4.
The resulting two-dimensional load spectrum (Figure 21) characterizes stress distribution
patterns for fatigue life calculations.
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(a) (b) 

Figure 21. Two types of daily two-dimensional load spectra: (a) simplified load spectrum and
(b) realistic ANSYS load spectrum.

According to ISO 16881-1 [36], the fatigue failure of wheel–rail contact is caused by the
rolling contact force and the cumulative damage effect. The contact force can be calculated
from the stress spectrum using Equation (12). Based on the principle of contact mechanics,
the stress spectrum from finite element analysis results was used to calculate the contact
force spectrum, which can be expressed as follows:

F =
σ2

max · ρ · b
0.5642 · Em

(12)

where σmax is the maximum contact stress; ρ is the equivalent radius of curvature; b is the
effective contact width; and Em is the equivalent elastic modulus. The equivalent elastic
modulus considering both wheel and rail materials is calculated in Equation (13).

1
E∗ =

1 − v2
1

E1
+

1 − v2
2

E2
(13)

Considering the material properties, geometric parameters, and contact conditions,
the contact force spectrum factor is constructed according to ISO 16881-1, as shown in
Equation (14).

kc =
1

itot
∑itot

i=1

(
FSd, f ,i

FSd, f

)m

(14)

where kc is the contact force spectrum factor; itot is the total number of rolling contacts;
FSd, f ,i is the individual contact force; FSd, f is the maximum design contact force; and m is
the contact exponent defined as 3.33 according to ISO16881-1.

The total number of rolling contacts itot is calculated based on the working cycle
characteristics of the bottom chord trolley in Equation (15).

itot = 2 · nw · C (15)

where nw is the total number of wheels passing through the contact point and C is the
number of working cycles during the design life.

The relative total rolling contact number vc is defined as the ratio of total contacts to
reference contacts in Equation (16).

vc =
itot

iD
(16)
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where iD = 6.4 × 106 is the reference contact number specified in the standard.
The contact force history parameter sc comprehensively reflects the combined effect of

load spectrum and contact frequency on fatigue as follows:

sc = kc · νc (17)

The reference contact force Fu represents fatigue strength characteristic value under
6.4 × 106 rolling contacts with 90% survival rate. For non-surface-hardened materials, it is
calculated in Equation (18).

Fu =
(3.0 · HB∗)2 · Em

π · Dw · b · (1 − ν2)
(18)

where: HB∗ is the unit-consistent hardness; Dw is the wheel diameter; ν = 0.3 is the Poisson’s
ratio for steel.

The ultimate design contact force, considering various influence factors, is shown in
Equation (19).

FRd, f =
Fu · f f

γc f · msc
(19)

where γc f = 1.1 is the fatigue contact resistance factor; f f is the combined influence factor;
and msc = m

√
sc is the load history correction factor. Then, Nlt is the theoretical fatigue life

calculated using ISO 16881-1 as follows:

Nlt =
iD × FRd, f

kc × itot × FSd, f
(20)

Based on calculations in accordance with Equation (20), the theoretical fatigue lives of
the two load spectra were determined and compared. The results are shown in Table 5: the
theoretical fatigue life of Load Spectrum A is 42.1 years, while that of Load Spectrum B is
38.9 years, representing an 8.2% reduction in service life. Evidently, the multi-peak load
spectrum is more capable of reflecting the actual situation. The service life range calculated
using the simplified load spectrum is more lenient. In practical situations, calculations
should be performed using the more unfavorable conditions.

Table 5. Theoretical life calculation under different load spectra.

Parameter kc sc FRd,f
Theoretical
Fatigue Life

Load Spectrum A 0.0518 0.0389 15,260 42.1 years
Load Spectrum B 0.0561 0.0421 14920 38.9 years

6. Integrated Comparison of Wear- and Fatigue-Based Life Predictions
According to the standard Crane Design Specification (GB/T 3811-2008) [37], the cyclic

service classes of cranes are presented in Table 6. With a total cycle count of approximately
380,000, this tower crane falls into the U5 category for daily service class. ISO 16881-1
provides theoretical fatigue life under ideal conditions. However, practical engineering
applications require consideration of additional factors that influence actual service perfor-
mance. Based on engineering practice and relevant standards, the corrected fatigue life can
be expressed as follows:

Nlc = Nlt · αwear · αcorr · αm f g (21)

where αwear is the wear influence factor; αcorr is the corrosion influence factor; and αm f g is
the manufacturing quality factor.
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Table 6. Crane usage classification.

Service Class Total Number of Working Cycles Frequency of Use

U0 CT ≤ 1.60 × 104

Seldom used
U1 1.60 × 104 ≤ CT ≤ 3.20 × 104

U2 3.20 × 104 ≤ CT ≤ 6.30 × 104

U3 6.30 × 104 ≤ CT ≤ 1.25 × 105

U4 1.25 × 105 ≤ CT ≤ 2.50 × 105 Infrequently used

U5 2.50 × 105 ≤ CT ≤ 5.00 × 105 Moderately frequent use

U6 5.00 × 105 ≤ CT ≤ 1.00 × 106 Relatively frequent use

U7 1.00 × 106 ≤ CT ≤ 2.00 × 106 Frequent use

U8 2.00 × 106 ≤ CT ≤ 4.00 × 106

Extraordinarily frequent use
U9 4.00 × 106 ≤ CT

For tower cranes operating in typical outdoor environments with moderate corrosion
exposure (corrosivity category C3 according to ISO 12944-2) [38], αcorr = 0.90 is recom-
mended. According to IIW [39] recommendations and AWS D1.1 Structural Welding
Code [40], αm f g adopted 0.85.

Field inspection indicates a maximum wear depth of dwear = 2.3 mm at the critical
segment b03. The nominal original flange thickness of the lower chord is t0 = 10 mm;
therefore, the remaining effective thickness ratio is as follows:

1 − dwear/t0 (22)

In addition to the effective section reduction, the parabolic wear groove may introduce
a mild local stress amplification due to non-uniform geometry and load transfer. This
effect is represented by an engineering stress amplification factor Kt. Considering that the
measured groove depth is relatively small compared with the flange thickness, we adopt a
mild amplification of Kt = 1.05. Accordingly, the wear correction factor is estimated as

αwear =
(1 − dwear/t0)

Kt
(23)

Corrosion and manufacturing influences are treated separately through αcorr and
αmfg. A sensitivity study (Table 7) is further provided to quantify how variations in these
correction factors affect the predicted service life.

Table 7. Sensitivity analysis of correction factors.

Scenario αwear αcorr αmfg
Predicted Life

(Years)
Deviation from

Actual

Baseline
Spectrum A 0.75 0.90 0.85 24.1 −7.3%

Case 1 0.80 0.90 0.85 25.7 −1.1%

Case 2 0.70 0.90 0.85 22.5 −13.5%

Case 3 0.75 0.80 0.85 22.8 −12.5%

As detailed in Table 7, the predicted fatigue life ranges from 22.5 to 25.7 years un-
der varying scenarios, with all deviations from the actual service life remaining within

https://doi.org/10.3390/buildings16020451

https://doi.org/10.3390/buildings16020451


Buildings 2026, 16, 451 25 of 28

13.5%. Notably, while Case 1 yields the highest numerical accuracy (−1.1%), the Baseline
scenario is adopted as the standard recommendation. It provides a more conservative
estimate (24.1 years), offering a necessary safety margin for engineering applications while
maintaining high predictive reliability.

The corrected fatigue lives incorporating these three parameters are presented in
Table 8. The corrected fatigue life calculation results closely align with actual operational
years. The prediction error relative to the actual service life is calculated as follows:
ε = (26.0 − 24.1)× 100% ≈ 7.3%, which demonstrates the engineering accuracy of the
proposed method. This bridges the gap between theoretical calculations and engineering
practice while comprehensively accounting for multiple degradation mechanisms. This
approach provides a more conservative and reliable basis for maintenance planning and
service life determination of tower cranes.

Table 8. Corrected fatigue life.

Parameter Theoretical Fatigue Life Corrected Fatigue Life

Load Spectrum A 42.1 years 24.1 years

Load Spectrum B 38.9 years 22.3 years

7. Conclusions
This study establishes an integrated wear–fatigue assessment framework for tower

crane lower chords through field measurements, numerical simulations, and life prediction
analysis. The developed methodology addresses a critical research gap in lower chord track
systems and provides practical tools for service life evaluation of aging crane structures.
The key findings and contributions are summarized as follows:

(1) Field investigations identified segment b03 as the critical failure zone with 30% max-
imum degradation, exceeding allowable limits. This localized damage results from
stress concentration, operational frequency peaks within the 20–30 m range, and
cyclic loading, challenging uniform degradation assumptions and enabling targeted
inspection strategies

(2) Through numerical simulation coupling ALE adaptive mesh technology with the Ar-
chard wear model in ABAQUS, the relationship between operational load cycles and
the progressive evolution of wear depth was successfully quantified. This approach
effectively reproduced the correlation between actual wear depth and cyclic load-
ing in different conditions, providing quantitative reference data for the subsequent
determination of wear correction coefficients.

(3) Two differentiated load spectrum methodologies integrating ANSYS transient analysis,
rainflow counting, and operational statistics successfully reconstructed stress states
under diverse operating conditions, compensating for unmeasurable stress data from
the decommissioned crane and establishing a quantitative foundation for accurate
fatigue life prediction.

(4) Based on ISO 16881-1 standards and the aforementioned fatigue–wear analysis, theo-
retical fatigue lives of 42.1/38.9 years were corrected to 24.1/22.3 years using wear
(αwear= 0.75), corrosion (αcorr= 0.9), and manufacturing (αm f g = 0.85) factors. This cor-
rection framework bridges theoretical calculations and engineering practice, providing
conservative guidance for service life determination.

(5) The research provides actionable insights for enhancing the safety and maintenance of
tower cranes in high-demand construction environments. A comprehensive mitigation
strategy is proposed, encompassing the following: (i) enhanced monitoring protocols
for intermediate jib sections; (ii) material upgrading of segment b03 using higher-
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strength or wear-resistant alloy steels; (iii) replacement of traditional wheels with
polyurethane alternatives to reduce rail damage; and (iv) implementation of regular
non-destructive testing procedures. These integrated measures ensure long-term reli-
able operation while significantly mitigating safety risks related to structural failure.

The developed methodology establishes an effective technical framework for assessing
the service life of in-service tower cranes, contributing to enhanced safety standards and
maintenance optimization in demanding operational environments. The research provides
both theoretical foundations and practical tools for engineers engaged in tower crane
structural integrity assessment and life cycle management.

Limitations and Future Research Directions

While the proposed framework effectively quantifies coupled wear–fatigue degrada-
tion, several limitations should be acknowledged.

First, the validation relies on a single decommissioned tower crane. Although the
selected case is representative of high-rise construction, the universality of the adopted
duty-profile parameters (e.g., the specific operating mode proportions) requires verification
against a broader dataset covering diverse crane models, sites, and operator behaviors.
Second, to establish a computationally tractable baseline model, certain simplifying assump-
tions were adopted, including idealized track conditions and a sequential offline update of
wear geometry. Consequently, high-frequency dynamic effects related to evolving track
roughness, vibration, and occasional asymmetric loading are not explicitly captured in the
current implementation. Third, key parameters—such as the wear coefficient and stress
amplification factors—were determined based on literature guidance and engineering
calibration. While the sensitivity analyses provided in this revision quantify their influence,
dedicated experimental calibration and multi-condition validation would further reduce
predictive uncertainty.

Future work will focus on the following: (1) establishing a multi-crane database and
applying statistical learning methods to derive fleet-level duty spectra with quantified
uncertainty; (2) incorporating stochastic track roughness to enable probabilistic life pre-
diction under realistic operational variability; and (3) integrating data-driven approaches,
such as machine learning (ML) algorithms, to support real-time spectrum generation and
predictive maintenance based on live monitoring data.
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