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This study introduces a novel bi-directional tuned mass damper (Bi-TMD) for tower cranes that is
rear mounted and shares mass with the counterweight, overcoming the spatial and structural limitations of con-
ventional designs. Unlike traditional top-mounted or mid-tower dampers, the proposed Bi-TMD is integrated
into the counterweight, where movable masses on spring—damper units replace a portion of the concrete ballast.
This design preserves the crane’s lifting capacity while enabling bi-directional control of both sway and tor-
sional vibrations. Finite-element simulations under Kaimal-spectrum fluctuating wind loads (ANSYS, 21 ms™!)
show that the Bi-TMD, with a 5 % modal mass ratio, reduces peak tower-top acceleration and displacement by
approximately 49 % and 24 %, respectively. Parametric studies yield three key findings: (1) the counterweight-
mounted TMD provides effective vibration suppression, particularly for along-wind sway, without compromising
structural integrity; (2) an optimal modal mass ratio of 3 %—4 % maximizes control efficiency and avoids local
resonance, especially under cross-wind conditions; and (3) the rear-mounted Bi-TMD achieves 75 %-91 % of
the performance of a mid-mounted TMD while avoiding spatial interference at the tower head. These results
demonstrate that the Bi-TMD is as a practical and scalable solution for retrofitting existing cranes and for use in
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space-constrained environments.

Tower cranes are indispensable in modern construction, pro-
viding the heavy-lifting capacity required for demanding
projects, such as skyscrapers, long-span bridges, offshore
wind turbines, and port logistics. As extreme-weather events
become more frequent and intense, these cranes face un-
precedented challenges to their wind-resistance capabilities.
The Big Blue crane collapsed at Miller Park in 1999 during
a lift in high winds (avg 11.62ms™!, gusts mid-30s) (Ross
et al., 2007). The catastrophic overturn, which killed three
workers, was primarily caused by excessive wind-induced
side loads on the crane and the large, suspended roof panel.
While most existing studies address static wind loads, the dy-

namic impact of fluctuating winds remains relatively under-
explored. Recent work shows that wind-induced vibrations in
turbulent conditions can severely undermine structural sta-
bility and even cause damage (Tan et al., 2024; Qin et al.,
2021). A detailed investigation of dynamic wind responses
and the development of effective vibration control strategies
for structures that have repeatedly failed in service (Huang et
al., 2017; Liang et al., 2023) are essential for ensuring oper-
ational safety and structural integrity.

Among vibration control devices, the tuned mass damper
(TMD) is one of the most widely applied and thoroughly
studied solutions in civil and mechanical engineering. Ex-
tensive research on various structural systems and loading
scenarios — including the construction phases of long-span



bridges (Kim et al., 2012; Wang et al., 2024) or even the ab-
sorbance of the vibrations of high-speed trains (Sun et al.,
2022) — has consistently confirmed the TMD’s effectiveness
in suppressing undesirable modal vibrations. By absorbing
and dissipating vibrational energy, TMDs significantly re-
duce key response metrics such as peak displacement and
stress, thereby enhancing structural safety, especially under
the wind loading conditions close to the resonant frequency
of tower cranes (Li et al., 2021). Zhang et al. (2025) con-
ducted on-site stress measurements and orthogonal experi-
ments on a flat-arm tower crane, identifying the tower body
root as the critical stress area and determining its natural fre-
quencies. It was determined that lifting position and rope
length are the primary factors influencing structural stress,
providing a basis for safety assessment and optimized de-
sign.

Tower cranes are tall boom structures whose wind-induced
vibrations directly affect construction safety and equipment
lifespan. Active-control technologies can suppress these vi-
brations (Wang et al., 2021; O’Connor and Habibi, 2013).
Sun et al. (2025), for example, applied a mixed H, /Hoo strat-
egy with encouraging results — but active systems are costly
to install and maintain. Liang and Yang (2025) improved the
structure of tower cranes. The core of this tower crane lies in
the design and implementation of its swinging trolley struc-
ture, which has positioning and attitude adjustment functions
and can achieve precise lifting of prefabricated components.
However, active-control systems are characterized by rela-
tively high costs and maintenance complexities. Passive ap-
proaches adapted from building-scale TMDs also have short-
comings. (1) Distributed TMDs placed at several heights can
tame multiple modes, yet the extra dampers raise self-weight
and alter mass distribution, increasing dynamic loads on sec-
tion bolts and accelerating fatigue (Sun, 2024; Wang and
Zhang, 2025; Le et al., 2024; Wang et al., 2025). This im-
poses additional dynamic loads on standard-section connec-
tion bolts, risking fatigue damage. (2) Top-mounted TMDs,
inspired by wind turbine practice (Bi, 2018; Ding et al., 2023;
Kong et al., 2025), target individual modes but must fit near
the slewing mechanism, where space is limited; their added
mass weakens the tower head and conflicts with code limits
on working radius and rated capacity.

To address these issues, we propose a rear-mounted
TMD integrated into the counterweight. Following a mass-
equivalence principle, 6 %—39 % of the conventional con-
crete ballast is replaced by movable masses connected to
springs and dampers. The design offers three key benefits.
(1) It preserves the original static load path, minimizing
structural disturbance. (2) Electromagnetic or mechanical
locks enable mode switching — locked for normal counter-
weight duty and automatically released as a TMD when wind
speed exceeds a threshold. (3) Although not at the point of
maximum displacement, the counterweight’s long lever arm
about the slewing axis maximizes inertia per unit TMD mass,
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Schematic diagram of the system and Bi-TMD.

delivering mitigation efficiency comparable to top-mounted
systems.

The paper is organized as follows. The model and config-
uration of Bi-TMD are presented in Sect. 2. The wind load
and modal analyses are in Sect. 3. In Sect. 4, the responses
with Bi-TMD are comprehensively discussed, justifying our
findings. The concluding remarks are summarized in Sect. 5.

Figure 1 illustrates the interaction model between a TMD and
the host structure. Under fluctuating wind excitation, for ex-
ample, the system’s equations of motion along the x direction
(similar along the z direction) are

m1X) + (Cix + Co)X1 + (K1x — Kox)x)
= Coxdp + Kox Xo + F(2), 9]
ma¥s + Cox (X2 + X1)g + K2y (x2 —x1) =0, 2

where m represents the host structural mass; m, represents
the damper mass; C1, represents the structural damping coef-
ficient; C», represents the damper damping coefficient; K1,
represents the structural stiffness; K>, represents the damper
stiffness; x| and x, represent the displacements of the struc-
ture and the damper, respectively; and F(¢) represents the
external excitation caused by fluctuating winds.

Figure 1 also presents the theoretical Bi-TMD model.
We determine the x-direction stiffness Ktyvp1 and damp-
ing CtMp1 and the z-direction stiffness Ktyp2 and damping
CtMp2 independently. To analyze the x-direction response,
a modal study identifies the dominant nth mode. Following
Sadek’s optimal TMD design method (Sadek et al., 1997),
the TMD parameters are then derived as follows.

In practice, a TMD usually weighs 1 %-7 % of the crane,
but more mass, while widening the control bandwidth (Tong
and Zhang, 2007), raises structural loads, which will increase



the structure stress. We here define the modal mass ratio as
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where p is the TMD modal mass ratio, m: is the modal mass
of the tower crane for the nth mode, and myp is the TMD
mass.

For the dominant nth mode, Sadek’s formulas (Sadek et
al., 1997) give the optimal tuning

I
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where ¢ is the damping ratio of the tower crane for the nth
mode.
The optimal damping ratio eTpp is given by
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The optimal TMD frequency is derived as

wt™MD = W), (6)

where ] is the natural frequency of the tower crane for the
nth mode.
The stiffness K7, and damping C», are computed by

K2y = mTMD @iy @)
Cry = 2mTMDWTMDETMD- (8)

This completes the calculation of the x-direction stiffness
K>y and damping C», for the Bi-TMD. The z-direction pa-
rameters K, and C,, are obtained identically.

Theoretical analysis based on the optimization theory of
vibration control systems indicates that, within the frame-
work of the classic tuned mass damper (TMD) design for
tower cranes, the damping ratio parameter exerts a relatively
weaker influence on the vibration control response compared
to the mass parameter. This finding aligns with previous re-
search (Nagarajaiah, 2009), which has consistently reported
the dominance of the mass parameter in determining the
overall performance of TMDs. Specifically, studies (Zhang
et al., 2008) have demonstrated that the vibration suppres-
sion bandwidth of a TMD exhibits a monotonically increas-
ing relationship with the mass ratio. A higher mass ratio not
only effectively extends the controlled frequency range but
also significantly enhances the vibration suppression perfor-
mance, enabling the TMD to more efficiently mitigate wind-
induced vibrations across a broader spectrum of frequencies.

However, when tower cranes are involved, stringent struc-
tural load limitations must be considered. The addition of ex-
cessive mass to the tower crane structure through the TMD
can compromise the overall structural integrity and opera-
tional safety, as well as increase material and installation
costs. Therefore, the added mass of the TMD must be strictly
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controlled within a reasonable threshold to ensure that it does
not exceed the load-bearing capacity of the tower crane while
still achieving effective vibration control.

To this end, we systematically simulate the TMD across a
suite of modal mass ratios from 1 % to 5 %. This parametric
study is designed to reconcile vibration suppression demands
with structural loading concerns. The resulting data provide
comprehensive insights into TMD performance under mass
configurations that are both structurally admissible and oper-
ationally meaningful for tower cranes.

The placement of tuned mass dampers (TMDs) is a key fac-
tor in how effectively they reduce wind-induced vibrations in
tower cranes. To evaluate different mounting strategies, this
study compares two TMD configurations as seen in Fig. 2.

The TMD is installed near the operator’s cab at the tower top
— the zone of maximum vibration under wind loading. Dy-
namic theory indicates that locating the TMD in such high-
response zones provides greater relative displacement, en-
hancing resonant coupling with the main structure and maxi-
mizing energy dissipation. Prior research (de Sebastian-Sanz
et al., 2009) shows that the vibration control performance of
a mid-mounted TMD improves as the mass ratio increases.
Accordingly, we use modal mass ratios of 1 %, 3 %, and 5 %
as benchmarks to balance computational cost and accuracy.

The experimental design integrates the TMD within the rear
counterweight, a location distant from the primary vibra-
tional anti-node. This configuration’s damping behavior is
less documented. Our study addresses this by conducting a
parametric study across five mass ratios (1 %—5 %). This sys-
tematic variation yields a detailed performance dataset, en-
abling a direct comparison with the baseline and helping to
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Finite-element (FE) model of the tower crane.

elucidate the working principles of TMDs when decoupled
from the point of peak response.

Finite-element analyses were conducted in ANSYS APDL
2021 R1 to evaluate the tower crane’s wind-induced dynamic
response. Because the crane is a slender steel structure as-
sembled from standardized sections, the main framework —
the tower mast, slewing platform, and jib arms — was mod-
eled with BEAMI188 elements, each providing 6 degrees
of freedom per node. Cross-sectional properties (area, mo-
ments of inertia, etc.) were assigned according to the man-
ufacturer’s data for each segment to balance computational
efficiency and accuracy. Components that contribute little
to the global vibration modes — such as the operator’s cab,
guardrails, and fixed counterweights — were represented as
lumped masses using MASS21 elements rigidly attached to
the corresponding beam nodes. This beam-and-mass ideal-
ization greatly accelerates transient wind load simulations
while preserving the key modal characteristics observed in
a full solid model. The finite-element assembly, showing el-
ement connectivity and the fixed-base boundary condition, is
presented in Fig. 3. The direction parallel to the jib (along
wind) is defined as the x direction, and the direction perpen-
dicular to the jib (cross-wind) is defined as the z direction.

A 600s fluctuating-wind record was generated with the
Kaimal spectrum and harmonic superposition technique.
Wind loading is decomposed into steady and turbulent com-
ponents that have distinctly different timescales. The steady
(mean) wind, whose characteristic period exceeds roughly
10 min, is treated as a static load in design practice (Cheng et
al., 2014):

v(z,1) = U(z)+u(z, 1), 9)

where v(z,1) is the total wind speed at height z, U(z) rep-
resents mean wind speed, and u(z, t) represents fluctuating
wind speed.

The height-dependent mean profile is described with Dav-
enport’s exponential law (Zhang, 1990):

o

U(z)=Ur<5> : (10)
Zr

where U(z) is the average speed at reference height z, U, is

the average speed at reference height z;, and « is the wind

profile exponent.

Fluctuating wind components exhibit characteristic peri-
ods of 10s (0.1 Hz), placing their energy squarely within the
frequency band that can excite the crane’s natural modes.
When such frequency alignment occurs, resonant wind-
induced vibrations may develop, making full dynamic anal-
ysis essential (Davenport, 1983). In this study, the mean pro-
file is modeled with the exponential law, consistent with
boundary-layer theory, while the turbulent component is syn-
thesized from the Kaimal power spectral density, a spec-
trum that has been widely validated for neutral-stability at-
mospheric boundary layers (Kaimal et al., 1972). Treating
the mean flow and turbulence separately in this way captures
the vertical heterogeneity of wind loads across the crane’s
height and provides realistic input for dynamic response sim-
ulations.

The Davenport power spectral density (PSD) (Davenport,
1965) is

2 2
_ 4KU(10)n0

Su(n) = 7
n(1+ng)3 , (11)
__ 1200
— Uao
where S, (n) is the longitudinal turbulence PSD, K is the sur-
face drag coefficient, n is the frequency, n is the dimension-
less frequency, U1, is the mean wind speed at the 10 m ref-
erence height, and U is the mean speed at height z.
The Kaimal power spectral density (PSD) (Kaimal et al.,
1972) is

200u3no

5
n(1+50n0)3 (12)
— n-z
0= 7,

Su(n) =

where S, (n) is the longitudinal turbulence PSD, uy is the fric-
tion velocity, and U(;) is the mean speed at height z.

Building on Rice’s stochastic process framework (Rice,
1944) and Shinozuka’s numerical implementation (Shi-
nozuka, 1971), the zero-mean fluctuating wind at m spatial
points is synthesized as

fi(t)=2vAn

j M
Y Hjk(wr) | cos(wt — x(wr) + gra), (13)

where ¢y is a random phase uniformly distributed in [0, 27 ];
An = fg/N, with f, being the cut-off frequency; N is the



data length; N > 2M, M is the number of discrete frequency
points; j = 1,2, ...,m; and wy; is the double-indexed angular
frequency, which is defined as

—(d=1. k —
og=>10-1)-Av+ . Ao (=1,2,...,.M) a4
Aw=2m-An

H i (wpr) is obtained from the Cholesky decomposition ma-
trix of the m x m cross-spectral density matrix S(wy):

S(wr) = H (o) H* ()", (15)
S11(wy)  Sia(ey) Sim(wr)
So1(wp)  S2(wr) Som(wy)

S(wy) = : ) : , (16)
Smi(w)  Smalwyp) Sinm (r)

where 0 is the phase angle of H ;i (wp):

a7

0jx(wr) = tan™! (M) .

Re(H ji(wr1))

Writing Eq. (13) in complex exponential form facilitates a
fast Fourier transform (FFT) solution:

fi®)=2vAn
i M . K .
“Re (Z;:I Zl:l Hj(lAw)- Pl Aot Awt+upk1) . (18)

Let Bji(lAw) = ij(lAa))~ei‘/’kl (1=0,1,2,...,M—1), then
Eq. (18) can be written as

£i(t)=2vAn " Re (Zizlgjk(qm),eiﬁmqm)’ (19)
where At =1/ f;, and G i (g At) is defined as

Gjr(qAn) = ZIA:;]Bjk(lAM) . gl1Awg At
(q=0,1,2...,N—1). 20)

Equation (18) can be computed using an FFT. After compu-
tation, substituting the results into Eq. (19) yields the fluctu-
ating wind field at m points.

Figure 4 shows the 600s wind speed time history at the
tower top for a 21 ms~! (Beaufort scale 9) reference wind.

Wind loading on tall, slender structures such as tower
cranes varies markedly with height because of the non-
uniform nature of the atmospheric boundary layer. To keep
the crane—-TMD dynamic analysis both efficient and suffi-
ciently accurate, we adopted a simplified yet representative
wind load model. Within each standardized structural seg-
ment (treated as a single unit), the mean wind speed was as-
sumed uniform and applied at the segment’s centroid. Fluc-
tuating wind forces were then calculated using the aerody-
namic shape coefficients given in the design code (Standard-
ization Administration of the People’s Republic of China,
2017). These forces were converted to equivalent static nodal

The first five mode shapes.

Mode Frequency (Hz) Mode shape

1 0.3757 Horizontal torsion

2 0.4228  Tower sway (z direction)
3 0.4341 Tower sway (x direction)
4 0.9545  Vertical boom oscillation
5 1.0094 Boom torsional oscillation
6 1.3874  Boom torsional oscillation

loads and assigned to eight key nodes in every standard seg-
ment. For the boom, which has a more complex geometry, the
nodal density was increased to 12—15 nodes per segment to
capture the finer distribution of wind pressure. The selected
wind speeds of 13.8 ms~—! (Beaufort scale 6) and 21.0ms ™!
(Beaufort scale 9) are based on the Standardization Admin-
istration of the People’s Republic of China (GB/T 13752-
2017: design rules for tower cranes). These values represent
the maximum allowable wind speed during standard opera-
tion and a severe storm condition during non-operation, re-
spectively, allowing for a comprehensive evaluation of the
Bi-TMD’s performance across critical design scenarios. We
consider the following wind speed design cases: (1) work-
ing state with max 13.8ms~! (Beaufort force 6), including
simulations for longitudinal and transverse directions, and
(2) non-working state with max 21.0ms™~! (Beaufort force
9), with the slewing mechanism unlocked and for the longi-
tudinal direction only.

In total, 50 eigenmodes — spanning roughly 0-20 Hz — were
extracted from the finite-element model (Fig. 5). The first six
modes fall below 1.4 Hz and dominate the structural response
(Table 1 and Fig. 6).

Mode 1 (0.376 Hz) is the global horizontal torsion of
the tower-boom assembly. Mode 2 (0.423 Hz) is the fun-
damental tower sway in the windward z direction. Mode 3
(0.434 Hz) is tower sway in the transverse x direction. Mode
4 (0.955Hz) is characterized by vertical boom oscillation,
primarily driven by the jib’s self-weight. Modes 5-6 (= 1.01
and 1.39Hz) are boom torsional oscillations about the jib
axis.

Among these, the two sway modes carry the overwhelm-
ing share of dynamic participation: together they account for
93.34 % of the total effective mass, making them the primary
targets for vibration control. The remaining low-frequency
modes (torsion and boom bending/torsion) contribute only a
small fraction of the effective mass and therefore have a sec-
ondary influence on wind-induced responses.
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Vibration control results obtained with the Bi-TMD (5 % modal mass ratio) were
The first 50 modes. compared with the uncontrolled case to produce the control curves shown in Fig. 7

Table 2 lists the conditions for analysis. Wind-induced re-
sponses were assessed under two scenarios: (1) a working
state of 13.8 ms~! (Beaufort force 6) in the transverse (0°,
z) and longitudinal (90°, x) directions and (2) a non-working
state of 21.0ms~! (Beaufort force 9) in the longitudinal di-
rection only.

The TMD clearly mitigates the response. Peak accelera-
tion falls from 0.24 to 0.0925 ms? — a reduction of 61.5 %.
Peak displacement drops from 0.054 to 0.040 m, a decrease
of 25.9%. Frequency-domain analysis corroborates these
findings, revealing a marked reduction in spectral ampli-
tudes.

for the 21 ms™! along-wind load.

To quantify control performance, the effectiveness index
R is defined as

_ RMS) — RMS;

) 21
RMS, @h

where RMS( represents the root mean square (RMS) of
wind-induced vibration responses under uncontrolled condi-
tions, while RMS; represents the RMS of wind-induced vi-
bration responses with TMD installed.

For a comprehensive assessment across the crane, re-
sponses were recorded at four measurement points, whose
locations are listed in Table 3. The four measurement points
were strategically selected to capture the dynamic responses
at structurally critical and representative locations of the
tower crane: Point 1 (operator’s cabin) is at the tower top,
where acceleration is most critical for operator comfort and
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The first six mode shapes.

Measurement point location.

Measurement point  Location description

Point 1 At the crane operator’s cabin

Point 2 At 35 m height of the tower (mid-height)
Point 3 At the counterweight

Point 4 At the jib arm tip

safety; Point 2 is at the mid-tower to monitor global bending
behavior; Point 3 is at the counterweight to directly assess the
local performance of the rear-mounted Bi-TMD; and Point 4
is at the jib tip, which experiences the largest displacements
and is highly sensitive to torsional vibrations, making it a key
indicator of overall structural safety.

Figure 8 summarizes the performance of the rear-mounted
TMD: panels a—c show the reductions in acceleration,
whereas panels d—f display the corresponding displacement
control. Figure 9 presents the results for the mid-mounted
TMD, with panels a—c illustrating acceleration mitigation
and panels d—f highlighting displacement reduction.

Tables 4 and 5 present the detailed data on the reductions
in acceleration and displacement under different installation
modes.

Synthesizing the results of Bi-TMD and conventional
TMD yields several observations. First, both systems ex-
hibit a clear “sweet-spot” mass ratio: about 3 % for the rear
mount and about 2 %-3 % for the middle mount. Below those
thresholds, the dampers lack sufficient inertia, whereas above
them, additional mass produces little extra benefit and can
locally detune the system. Second, the mid-tower TMD ex-
cels in pure along-wind sway control but offers limited help

against cross-wind-induced torsion, while the rear Bi-TMD,
thanks to its long moment arm, provides more balanced —
albeit slightly lower — gains across both directions. Third,
under extreme winds, the relative jump in effectiveness is
larger for the rear-mounted scheme, confirming that its mass-
sharing concept becomes more potent as aerodynamic loads
escalate. Altogether, the figures demonstrate that a carefully
tuned rear-mounted Bi-TMD can routinely deliver between
75 % and 91 % of the mid-mounted device’s performance, yet
it avoids the spatial and maintenance complications inherent
to tower-head installations, making it a compelling choice for
retrofits and height-constrained cranes.

This study clarifies how TMD location, mass ratio,
and wind direction interact in tower cranes, and it estab-
lishes a three-tier “location—mass-ratio—wind-direction” de-
sign framework, with the main findings as follows:

1. Installation location governs effectiveness. Mounting
the TMD inside the counterweight markedly attenuates
vibrations in the counterweight region. Under Beaufort-
6 along-wind loading, the acceleration/reduction ratio
at that location reached 0.281-0.318, which is 23.7 %—
30.5 % higher than the reduction achieved with tower-
center mounting. This improvement arises from the in-
ertial synergy between the TMD and the counterweight,
which effectively suppresses coupled vibrations of the
tower and counterweight. By contrast, placing the TMD
at the tower center is more effective at limiting tower-
top displacements because it directly targets the primary
bending modes. For sites dominated by along winds,
designers should prioritize the counterweight-mounted
scheme with a mass ratio of 0.03-0.04 to maximize vi-
bration suppression at the counterweight.
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2. The influence of the TMD mass ratio is nonlinear. In-
creasing the mass ratio from 0.01 to 0.05 generally
enhances vibration mitigation but exhibits diminishing

rises from 0.17 to 0.24 (a 41.1 % gain), whereas the in-
crement from 0.03 to 0.05 yields only a 3.8 % gain. A
critical-mass-ratio effect was also observed. When the

marginal returns. For example, with the counterweight-
mounted scheme under Beaufort-6 cross-wind loading
(Fig. 8b), the acceleration/reduction ratio at Point 1

TMD is mounted at the tower center under cross-wind
loading (Fig. 9e), a negative reduction ratio (—0.0046
to —0.0093) emerges at the jib tip (Point 4), indicating
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Figure 9. Control effectiveness of mid-mounted TMD.

that an excessively large TMD mass can trigger local
resonance. The observed negative control effectiveness
(i.e., response amplification) at the jib tip for the mid-
mounted TMD under cross-wind excitation, particularly
at higher mass ratios, can be attributed to a localized res-
onance effect. The substantial added mass of the TMD

https://doi.org/10.5194/ms-16-907-2025

(e)13.8 ms™' cross-wind (disp)

(f)21.0 ms™’ along-wind (disp)

itself alters the global dynamics of the crane structure.
This mass modification can shift the natural frequencies
of the system, potentially causing the vortex-shedding
frequency in the cross-wind direction to couple more
strongly with a higher-order, localized bending or tor-
sional mode of the long, flexible jib. When this fre-

Mech. Sci., 16, 907-919, 2025



Control effectiveness of the rear-mounted TMD.

13.8ms~! along wind (acce) ‘ 13.8ms™! along wind (disp)

Massratio Point1 Point2 Point3 Point4 ‘ Point1 Point2 Point3 Point 4

0.01 0.2860 0.2465 0.2817 0.2817 | 0.1148 0.0997 0.1126  0.1128
0.02 0.3217 0.2768 03172 0.3178 | 0.1319 0.1145 0.1296  0.1306
0.03 0.2978  0.2588 0.2932  0.2937 | 0.1298 0.1125 0.1273  0.1288
0.04 0.2630  0.2315 0.2584 0.2588 | 0.1225 0.1059 0.1196 0.1216
0.05 0.2789  0.2461 0.2741  0.2751 | 0.1301  0.1122  0.1270  0.1296

13.8ms~! cross-wind (acce) 13.8ms ™! cross-wind (disp)

Massratio Point1 Point2 Point3 Point4 | Point1 Point2 Point3 Point4

0.01 0.1712  0.1925 0.3003 0.1475 | 0.0513 0.0510 0.0662 0.0713
0.02 0.2399  0.2585 0.3555 0.1717 | 0.1057 0.1054 0.1338  0.0980
0.03 0.2662 0.2843 0.3844 0.1550 | 0.1293  0.1292  0.1675  0.0975
0.04 0.2710 0.2896  0.4030 0.1227 | 0.1349  0.1349 0.1805  0.0837
0.05 0.2743  0.2934  0.4245 0.0986 | 0.1381 0.1379 0.1898 0.0743

21.0ms™! along wind (acce) 21.0ms™! along wind (disp)

Massratio Point1 Point2 Point3 Point4 | Point1 Point2 Point3 Point4

0.01 0.3476  0.2957 03433  0.3437 | 0.1468 0.1271 0.1451 0.1456
0.02 0.3732 03183 0.3684 0.3691 | 0.1603 0.1384  0.1585 0.1597
0.03 0.3990 03408 0.3940 0.3952 | 0.1697 0.1463  0.1678  0.1697
0.04 0.4255 03640 0.4202 04221 | 0.1784 0.1537 0.1764  0.1790
0.05 0.4382 03768 0.4327 0.4349 | 0.1840 0.1586 0.1818 0.1850

Control effectiveness of mid-mounted TMD.

13.8ms™! along wind (acce) ‘ 13.8ms™! along wind (disp)

Massratio Point1 Point2 Point3  Point 4 ‘ Point1 Point2 Point 3 Point 4

0.01 0.2092  0.2510 0.2067 0.2035 | 0.1112 0.1164  0.1079 0.1064
0.03 0.2687 03018 0.2661 0.2632 | 0.1256  0.1285  0.1225 0.1213
0.05 0.2445 0.2801 0.2420 0.2388 | 0.1148 0.1192 0.1115 0.1102

13.8ms™! cross-wind (acce) 13.8ms~! cross-wind (disp)

Massratio Point1 Point2 Point3 Point4 | Point1 Point2 Point3 Point 4

0.03 0.3125 03191 0.1844 0.0424 | 0.1111 0.1138  0.0666 —0.0072
0.05 0.3509 03549 0.2109 0.0378 | 0.1261 0.1299  0.0850 —0.0093

21.0ms™! along wind (acce) 21.0ms™! along wind (disp)

Massratio Point1 Point2 Point3 Point4 | Point 1 Point2 Point 3 Point 4

0.01 0.3076 03135 0.1696 0.0485 | 0.1186 0.1204 0.0594 —0.0046

0.01 0.3710  0.3871 0.3685 0.3666 | 0.1499 0.1300 0.1484 0.1485

0.03 0.4318  0.4398 04291 04277 | 0.1683 0.1456 0.1670  0.1674

0.05 0.4722 04742 04695 04684 | 0.1775 0.1534 0.1764 0.1770
quency alignment occurs, the TMD structure system can resonance is caused by coupling between the vortex-
enter a detrimental coupled resonant state, amplifying shedding excitation frequency in cross-winds and the
the response at the jib tip rather than suppressing it. This higher-order modes of the combined TMD—jib system
underscores the importance of avoiding over-tuning and and must therefore be avoided in design.

carefully selecting the TMD mass to prevent such ad-
verse interactions in slender, complex structures. This



3. Wind load characteristics play a critical role. Vi-
bration control is significantly more challenging
under cross-wind loads than under along-wind
loads. For the counterweight-mounted scheme, the
acceleration/reduction ratio at the jib tip under cross-
winds (Fig. 8b: 0.147-0.172) is 45.9 %-51.2 % lower
than under along winds (Fig. 8a: 0.282—0.318). More-
over, the cross-wind data exhibit larger scatter (standard
deviation 0.012 versus 0.002), reflecting greater sen-
sitivity to turbulence intensity. TMD effectiveness
improves at higher wind speeds. Under Beaufort-9
along winds (Fig. 8f), the displacement/reduction ratio
at Point 1 reaches 0.178-0.184, which is 41.5 %—54.8 %
better than under Beaufort-6 conditions (Fig. 8a: 0.115—
0.130). These results confirm the TMD’s potential for
broadband control in extreme winds. Under very high
wind speeds (Beaufort 9 or higher), increasing the mass
ratio to 0.04 can enhance broadband control capacity.

4. The jib tip is highly sensitive and poses a design risk.
The jib tip (Point 4) consistently shows low or even
negative control effectiveness under cross-wind excita-
tion (e.g., Fig. 8e: 0.071-0.098). This vulnerability is
mainly due to the long cantilever’s sensitivity to phase-
lag effects introduced by the TMD. For sites exposed to
strong or highly variable cross-winds, designers should
favor the tower-center scheme with a mass ratio not
exceeding 0.03, thereby preserving tower stability and
avoiding negative control at the jib tip.

Using finite-element models, this study assessed a rear-
mounted, mass-sharing bi-directional TMD (Bi-TMD) for
tower crane wind-vibration control. The primary findings
demonstrate that the rear-mounted Bi-TMD offers a prac-
tical and effective solution, achieving 75 %-91 % of the
control performance of a mid-mounted TMD. Although a
counterweight-mounted TMD is inherently less efficient due
to its distance from the point of maximum displacement, sys-
tematic tuning enables competitive performance. Key design
considerations include an optimal modal mass ratio of 3 %-—
4 9% for the rear-mounted configuration, the heightened chal-
lenge of cross-wind control, and the sensitivity of the jib tip.
Consequently, the rear-mounted layout presents a compelling
choice for retrofitting existing cranes and for deployment in
space-constrained environments, as it avoids the spatial and
maintenance complications associated with tower-head in-
stallations while preserving lifting capacity through its mass-
sharing principle.

In contrast to studies that simplify wind loading as a static
force, the investigation by Chen et al. (2020) on a tower
crane underscores the critical importance of dynamic and
multi-directional wind effects for safety evaluation. Their in-
tegrated CFD-FEM analysis revealed a pivotal finding: while

the maximum along-wind load occurred at a deflected 30—
60° angle, the most unfavorable structural responses in dis-
placement and stress were unexpectedly observed at the 0°
wind direction under fluctuating winds. Furthermore, they
demonstrated that across-wind loads, though often neglected,
were significant, with a mean ratio of 8.56 %, to the along-
wind loads, challenging the conventional design focus solely
on along-wind forces. Crucially, their time-domain analysis
exposed that the structure, while compliant with static design
rules, experienced bending stresses at key junctions (e.g., jib-
slewing platform) that exceeded allowable limits and experi-
enced excitation of its fundamental mode. These results com-
pellingly argue that traditional static analysis can be non-
conservative, potentially leading to unsafe designs. Conse-
quently, Chen et al. (2020) advocate for the mandatory inclu-
sion of fluctuating wind loads and across-wind loads in safety
assessments, suggesting structural reinforcement at critical
joints and considering vibration control devices for enhanced
reliability, thereby setting a benchmark for a more rigorous
and realistic evaluation framework.
The future research plan is as follows:

1. The main limitation of this study is its neglect of con-
tinuously varying wind-yaw angles. Follow-up work
should include dynamic analyses with continuously
varying wind-yaw angles to better simulate realistic tur-
bulent inflow conditions and assess the Bi-TMD’s per-
formance under more stochastic wind environments.

2. This study focuses solely on wind-induced vibrations.
The combined effects of wind and operational lifting
loads, which represent a more complex real-world sce-
nario, were not considered and should be investigated in
future research. Future research should investigate the
robustness of the Bi-TMD under combined loads, such
as simultaneous wind and hoisted loads, to refine engi-
neering guidelines for real-world operating conditions.

3. Although we optimized TMD placement and tuning
via numerical simulation, the next critical step is ex-
perimental validation. Follow-up work should include
aeroelastic wind-tunnel tests on a scaled model or field
measurements on a prototype crane to confirm the con-
trol strategies and solidify the engineering applicability
of the proposed Bi-TMD.

4. Although we optimized TMD placement and tuning, we
did not examine construction details — such as nonlin-
ear spring stiffness, damper hysteresis, or stroke-limit
mechanisms. Future research should create compact
TMDs tailored to crane dynamics and able to manage
stroke within the confined counterweight bay.

5. Their robustness should also be tested under extreme
winds (e.g., typhoons) and combined loads (e.g., simul-
taneous wind and hoisted loads) to refine engineering
guidelines.
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