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In this work, an appropriate rail pad is proposed to reduce the vibration induced by moving cranes near the source location in
high-tech buildings. Using a simple two-degrees-of-freedom model and laboratory experiments, we found that a low-cost rubber
pad is effective to reduce crane-induced vibration. A number of finite element analyses with the full model are then performed for
a high-tech factory and a moving crane. The results show that a decrease in the stiffness of the rail pad can decrease crane-induced
vibration, and it is obvious that the proposed low-stiffness rubber rail pad with significant damping is an appropriate material to
reduce crane-induced vibration by as much as five dB. In addition, the displacement field using the rubber pad is still much smaller
than 2 mm, which is the working requirement for moving cranes.

1. Introduction

Moving crane-induced vibration is the major source causing
harm to the production in high-tech buildings, where the rail
pad that connects the rail and building floor may affect the
magnitude of vibrations transmitting from the crane to the
floor. Thus, it is important to understand the vibration
behavior related to the stiffness and damping effects of such
rail pads. However, in the case of high-tech industries, this
topic is absent in the literature although several papers have
discussed schemes to reduce the slab vibration of railway
stations. Grootenhuis considered the disturbance of noise
and vibration caused by railways running through a resi-
dential area and found that floating track slabs can eliminate
the train-induced vibration but that resonance should be
avoided [1]. Choi et al. investigated an active vibration
control of a translating tensioned steel strip in the zinc
galvanizing line, while the effectiveness of the control laws
proposed was demonstrated via simulations [2]. Hussein
and Hunt discussed modelling of floating-slab tracks on
rigid foundations. There were two continuous resilient layers
in the model: one to account for the rail pads between the
rails and slab and the other to account for slab-bearings
underneath the slab [3]. Dere presented a case study

evaluating the effectiveness for mitigating ground-borne
vibration and noise using a floating-slab track system,
which was found to be quite successful in regard to ab-
sorbing vibrations, and the noise level was reduced up to
26 dB after replacing the new rail system [4]. Sheng et al.
used revised equations to investigate the dynamics of a
typical high-speed railway track, including the dispersion
curves of the track, the responses of the rail and slab to a
moving harmonic load, and the vibration decay rate along
the rail. There have been a number of studies on decreasing
railway systems vibration [5]. Wu and Thompson used the
theoretical models that describe the high-frequency dynamic
behavior of railway track to study the effects of the presence
of multiple wheels on the rail, and the results showed that the
track noise would be overpredicted for the track with soft
pads [6]. Kargarnovin et al. studied the ride comfort of high-
speed trains passing over railway bridges. A parametric study
was carried out using a time domain model. The effects of
damping and the stiffness of the suspension system were
investigated [7]. Mirza et al. described the modelling and
durability assessment of an elastomeric component used in
rail vehicles. The components and structures were modelled
using a finite element analysis, and the fracture mechanics
parameters were obtained and used to calculate fatigue life [8].
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Tran et al. proposed the moving element method to in-
vestigate the dynamic response of a high-speed rail trav-
eling at nonuniform speeds. A new and exact formulation
for calculating the generalized mass, damping, and stiffness
matrices of the moving element was proposed [9]. Han
et al. suggested cell-hinged, segment-hinged, and identi-
cally hinged periodic beam-foundation systems. The fre-
quency dispersion relation and frequency response of these
systems with a soil foundation were analyzed, and it was
shown that the existence of hinges helps greatly with regard
to obtaining both lower and wider band gaps with stronger
attenuation [10]. Affolter et al. suggested an improved rail
profile, and an analytical proof of the rail fatigue strength
was performed, which additionally took into account the
local stresses from the finite element simulation [11]. Sol-
Sanchez et al. discussed the problems associated with track
stiffness, geometry degradation, and vibrations, and they
proposed a set of recommendations and guidelines for the
use of elastic elements in railway infrastructure [12]. Jin
et al. analyzed full-surface supporting, linear supporting,
and point-like supporting, and based on laboratory tests,
they found that the linear supporting form and the point-
like supporting form have a smaller first resonant fre-
quency than the full-surface supporting form, which is
induced by the weakened supporting stiffness [13]. Gautier
studied the slab track for trains with very high speeds and
presented optimization potentials with respect to existing
concepts [14]. Lei and Jiang developed a model for dynamic
analyses of a steel spring floating-slab track using finite
elements. The results showed that the stiffness and the
damping of the isolator are the governing factors, whereas
the stiffness and the damping of the rail pad are generally
not important. Due to the large deflection from the isolator,
this result may not be used to the cranes moving on the
high-tech building [15]. Carrascal et al. studied the influ-
ence of the sand on the dynamic behavior of the fastening
system. Results indicated that the presence of sand in the
fastening system generates wear on the sleeper and in-
creases the stiffness after the fatigue test [16]. Wei et al.
determined the nonlinear stiftness of thermoplastic poly-
urethane elastomer rail pads using experiments and finite
element analyses. The results showed that the nonlinear
amplitude- and frequency-dependent stiffness of rail pads
should be taken into account in prediction of environment
vibrations due to low-speed railway [17]. Ling et al. pre-
sented an investigation into the dynamic behavior of an
embedded rail track coupled with a tram vehicle in time
domain, and results indicated that the embedded rail track
has advantages over the fastened slab track to reduce the
dynamic contact force, the vibration level, and deformation
of the track parts [18]. Oregui et al. presented a sensitivity
analysis of rail pad parameters on vertical railway track
dynamics, and they found that rail pad type, toe load, and
aging are identified as the most relevant parameters in the
frequency range of 300-3,000 Hz [19].

High-tech buildings often move products using rail-track
systems because such systems are efficient and automatic, but
vibration induced by moving vehicles will cause problems.
Although there have been many investigations of railway
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systems to decrease the vibrations induced by moving ve-
hicles, there are rare researches directed toward high-tech
buildings. The structural system of high-tech buildings is much
more complicated than that of railway stations, and the re-
lationship between the critical vibration and frequency range of
the two is different, one for the machine and the other for the
human. Therefore, a detailed numerical simulation of high-tech
building vibration is necessary. This study thus investigates the
reduction of moving crane-induced vibration in a high-tech
building using an appropriate rail pad. Simple equations and
laboratory experiments were performed initially to select a
suitable pad material, and complicated finite element models
were then analyzed to complete the parametric study.

2. Discussion of a Rail Pad Effect Using a
Simplified Equation and Experiments

2.1. A Simplified Two-Degrees-of-Freedom Model to De-
termine the Rail Support Effect. A crane moves on a rail and
thus produces vibrations that are transmitted from the rail
pad to the building floor. In this section, we use a two-
degrees-of-freedom model to find the stiffness and damping
effects of a rail pad with the goal of reducing such vibrations.
The dynamic equation is as follows:

M, 0 X, c, -C, X,
|: 0 M, {5‘32}+|:_C1 C1+C2:Hx2}
K, -k, X, Psin (27 ft)
+|:_K1 K1+K2:Hx2} { 0 }’
where f is the frequency (Hz) of the load, P is its magnitude,
M,,C,, and K, are the equivalent mass, damping, and
stiffness, respectively, of the building floor at the rail pad
location, and M,,C,, and K, are those of the rail pad. The
M,,C,, and K, of the building floor were used to model the
parameters of the complicated floor, and we approximately
estimated them from an impact hammer experiment, where
a force sensor on the hammer and two acceleration meters
on the floor to find the floor stiffness, the stiffness Rayleigh
damping is assumed 1/1000, and the floor area is set to
600m> with the mass of 1.67t/m>. Thus, we set
f,P,M,,M,,K,, and C, equal to 28 Hz, 1kN, 10t, 10001,
3E6 kN/m, and 300 kN-s/m, respectively, and changed K, and
C, to obtain the results, as shown in Figure 1, where these data
are approximately calibrated from the analyzed high-tech
building mentioned in Section 3.2. This figure indicates
that when a small amount of rail pad stiffness is used, ap-
propriate rail pad damping can considerably reduce crane-
induced vibration. However, significant rail pad stiffness may
cause a large amount of crane-induced vibration, which is
independent of the rail pad damping. Thus, the issue left is to
find a suitable material for the rail pad that can reduce the
crane-induced vibration but does not produce too much
crane displacement, which violates the deformation re-
quirements for a moving crane. In the next section, an ex-
periment is discussed to validate that rubber can be a suitable

material for the rail pad, and Section 3 discusses the finite
element analysis used to investigate the above issue.

(1)
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FIGure 1: The slab vibration changing with the rail stiffness (K;)
and damping (C;) using the two-degrees-of-freedom model.

2.2. The Stiffness and Damping of the Rubber Rail Support.
The laboratory experiments, as shown in Figure 2 for the
setup, were used to find the stiffness k and damping ¢ of the
rubber pad for the rail support while the sine wave load was
used. The experiment can be simulated as a single-degree-of-
freedom model using the following equation:

kd + cd = Fsin wt, (2)

where d is the displacement, F is the amplitude of the applied
force, and w is the load frequency. The solution for this
equation is

d = asin wt + b cos wt, (3)

where
a= kF/[ (cw)? + kz],

, s (4)
b= —ch/[(cw) +k ]

The stiffness k can be obtained by fitting the experi-
mental data using a straight line regulation. The difference in
the displacement at the applied mean load, as shown in
Figure 3, is used to find the pad damping, which will produce
an equation as follows:

B(cw)? — A(cw) + BK* =0, (5)

where B and A are the average differences in the dis-
placement and force of the experimental data, as shown in
Figure 3. The pad damping ¢ can be obtained by solving the
above equation.

Figure 2 shows the experimental setup and a specimen of
the 1 cm thick, 6 cm by 6 cm rubber pad. Cyclic load control
at a fixed frequency was performed in the experiment, and
Figure 3 shows the experimental results under the load
frequencies of 20 and 25 Hz. Next, equations (2) to (5) were
used to find the best-fit stiffness (k) and damping (c) from
the experimental results, and the best-fit curves are also
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FIGURE 2: Experimental setup and the 6cm by 6 cm rubber pad
specimen.

shown in this figure indicating good agreement. This figure
shows the damping of the rubber specimen to be approx-
imately 14kN-s/m, and the stiffness is about 0.9E4 kN/m,
and these data, as shown in Figure 1, produced good effi-
ciency to reduce the floor vibration. Further studies are
performed using the finite element analysis of a full factory
model with a moving crane, as shown in Figure 4.

3. Finite-Element Parametric Studies

3.1. Vibration Standard Using the One-Third Octave Band.
The vibration based on the one-third octave band is used in
this paper, while the power spectrum density is

2
5,(n = DR (6)

where f is the frequency (Hz) and |Y ( f)| is the fast Fourier
transformation amplitude from a selected velocity record

y(t) with the time interval of T. Then, the root mean square
velocity level L, (f) is computed in decibels (dB):

Tu
NIRRT %

0

Ly (fc) =20 10810

where f), f, and f_ are lower band, upper band and center
frequencies, respectively, and the referred velocity o, = 1E-6
in/s (2.54E-8m/s). Equation (7) is frequency-dependent,
and one can obtain L, (f.) from each frequency to obtain
the frequency-independent vibration total dB:

<100 Hz

Z 10().1><Ly(fc)>. (8)

dBtotal =10 x 10g10<
fC

In this study, the particle velocities were obtained either
from the experiment or finite element analysis, where T' in
equation (6) was set to 8s and was shifted to 1s to select
another 8 s. The maximum one-third octave band results can
then be obtained from all 8 s data.

3.2. Structural and Finite Element Model of High-Tech
Buildings. For high-tech factories, the superstructures with
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FIGURE 3: Experimental and best-fit (equations (2) to (5)) results for the rubber pad at 20 and 25 Hz.
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FIGURE 4: Dimensions, speed, and finite element model of the moving crane used in this study (Mc =2t, Ms = 0.9t Kr = 0.4E5kN/m, Ks =

1.2E5kN/m, and Cs = 1kN-s/m).

long-span steel trusses are required, and dense reinforced
concrete (RC) columns with thick slabs are constructed to
reduce microvibration. In this study, a three-story building
was analyzed, and the vibration of the second floor will be
investigated, where the first story is the RC structure with
dense columns and other two are large-span steel truss
structures. Figure 5 shows two typical frames in the X and Y
directions, where the steel column spacing is 32 m and 12 m,
respectively. The square RC column size is 0.9 m, and the RC
slabs are 0.55 deep for the second floor and 0.45m for the
third floor. The slabs contain 0.4 m diameter circular holes
with the interval between two hole centers of 0.7 m. The steel
sections of the second story are listed in Table 1.

3.3. Finite Element Model of Moving Cranes and Rail Pads.
As shown in Figures 4-6, the crane moving on the second
floor (the first steel truss floor) contains four wheels, a
loading frame, and a product support. It was modelled as the

combination of four moving wheel elements, four three-
direction spring-damper elements for the loading frame, a
space frame with a member size of 100 mm x 100 mm x
10mm x 10mm (d X bg x t,, x t¢), and a lumped mass of 2 t
for the product support. The finite element models of the
spring-damper and moving wheel elements are modified
from the literature [20] to combine with the flexible frame of
the crane and the rail on the high-tech factory, as shown in
Figure 6. For the moving wheel element, the three-node
element stiffness for the nodal displacements (d;, 6,, d,, ds,

0,) is as follows:
k, —kr:|
T)
_kr kr

0 010 0
N, N, 0 N, N,

SW=TT[

where k, is the stiffness between the rail and wheel, d, is the
translation of the wheel node, d,,0,,d;, and 0, are the

(9)
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FIGURE 6: Finite element model including the high-tech factory, rails, crane, and slabs (nodes J, K, and C are slave nodes controlled by the

master node M.).



translations and rotations at target nodes 1 and 3, and N; is
the cubic Hermitian interpolation functions. The internal
forces of the wheel elements are

[fl my f, f3 ”"3]T=Sw[d1 0, d, d; 93]T
-[N; N, -1 N; N, ]k, (X),
(10)

where (f,,m;, f,, f3,-andm;) are internal forces and mo-
ments at nodes 1, 2, and 3, and the nodal forces should
exclude the rail irregularity terms ., (X). If the contact force
f, is positive, the wheel and rail are separated, and k, is set at
zero for the next Newton-Raphson iteration. Otherwise,
they are in contact. For a damper or spring linked to two
master nodes, the damping or stiffness matrix is

S = sBB', (11)

where s is the spring constant for the stiffness matrix S or the
damping constant for damping matrix S and B is a vector
generated from the coordinate difference between the master
and spring-damper nodes.

For the crane acceleration simulation, we assume that all
the displacements, velocities, and accelerations for vehicles
in the motion direction are relative to the current averaged
displacement, velocity, and acceleration. Therefore, the
forces at mass locations due to the averaged vehicle accel-
eration in the motion direction can be calculated explicitly as
the inertia forces in the negative acceleration direction. In
this study, the crane moves on the railway system on the
second floor for a distance of 48 m, then stops at the
rightmost side of the rail for 2's at the beginning, and then
moves in the left direction with an acceleration of 1 m/s* to
reach the final speed of 3m/s. After it moves a specific
distance at a constant speed, the crane begins to decelerate at
1 m/s”. Finally, it stops, and the total moved distance is 48 m.
The backward route of the crane is then the reverse of the
above procedures. The rail irregularity has an amplitude of
1.5mm per 10m of the rail in the vertical and transverse
directions of the rail, for which the irregularity parameters
are shown in Table 2 for both directions using the equations
and parameters from Reference [21].

3.4. Finite Element Model of the High-Tech Building and Rail
System. Figure 6 shows the three-dimensional finite element
mesh, including the high-tech factory, rail system, crane, and
waffle slabs, where the total number of degrees of freedom is
1,605,952. The beams, columns, and trusses were modelled
using the 2-node three-dimensional (3D) beam element with
the shear deformation effect, and the end release function
was used to simulate the truss member. The foundation at
each column bottom was simulated using a three-direction
spring with a stiffness of 2E6 kN/m for that connected with a
steel column and 1E6 kN/m for the others, for which these
stiffness values were approximately estimated from the
averaged soil stiffness of 3E4 kN/m”. The waffle slab with a
hole diameter of 0.6m and hole interval of 0.7m was
simulated using the 2-node 3D beam element with a 0.4m
and a 0.18 m wide rigid zone at both ends of the element. The
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TaBLE 2: Rail irregularity parameters used in the numerical
analyses.

A, o, ©, @ w N
(m*rad/m) (rad/m) (rad/m) (rad/m) (rad/m)
0.4E-7 0.0 2.1 0.08 150 2000

slabs at the bottom levels of the trusses on the second and
third stories were modelled using a 4-node plate element. The
rail system, located on the RC floor from point A to point B, as
shown in Figure 6, contained two I, = 0.19E-4m" and I, =
0.6E-4 m* steel rails, with an area of 0.17E-2m?. The 2-node
3D beam element was used to simulate the rails, for which the
spring-damper element representing the stiffness and
damping between rails and slabs was set in the parametric
study, where the interval between the supports was 1.3 m. As
shown in Figure 6, two slave nodes ] and K controlled by the
master node M at the beam center at each support were set,
where the two spring-damper elements are connected be-
tween the two slave nodes and two slab nodes. A slave node C
at the rail top controlled by the beam master node M at each
support was set for the target route of the moving wheel
element. The crane model could move on the rail system
connected to the high-tech structure. The average acceleration
Newton-Raphson method and the consistent mass scheme
were used to solve this problem, where the time step length
was 0.005 seconds, with 10,000 time steps being simulated.

Figure 7 shows a comparison of the results for the
measurements and finite element analysis of velocity dB at
5m from the rail centerline, while the velocity meter was
used to record the vibration induced by the crane moving at
an average speed of 3 m/s, as shown in Figure 4. The spring-
damper element with a stiffness of 4.8E5 kN/m and damping
of 10kN-s/m was used in the finite element model to
simulate the support between the rails and slabs, where the
stiffness was calculated from the steel rod supported between
the rail and slab, and the damping was estimated using a
damping ratio of 1%. The comparison indicated good
agreement between the experiment and finite element re-
sults. Thus, we used this model to perform the parametric
study discussed in the following section. Figure 7 also in-
dicates that the major vibration frequencies are ranging from
15 to 30Hz, and the reason should be the slab natural
frequencies invoked by rail irregularities. For this reason, we
showed the experimental results near this frequency range in
Figure 3.

3.5. Case Study. The parametric studies included the four
finite element analyses changing the rail pad damping to 10,
20, 30, and 200 kN-s/m? for a fixed pad stiffness of 1E4 kN/m?,
where the interval of the rail pad is set at 1.3 m. We also set
two different intervals for the rail pad (0.65 and 0.45m) for
another two finite element analyses using a pad stiffness of
1E4kN/m” and damping of 10 kN-s/m?. The above analysis
results, represented as the total velocity dB, are shown in
Figure 8. Figure 9 shows the analysis results for the four finite
element analyses with a pad stiffness of 1E6kN/m” and
damping of 10, 20, 40, and 200kN-s/m?, where the pad
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FiGure 7: Comparison of the velocity dB between the finite element
analysis and four experimental measurements at 5 m from the rail
centerline.

interval was set at 1.3 m. Figure 10 shows the analysis results
of the case with pad damping of 10 kN-s/m” and stiffnesses of
1E4, 4E4, 1E5, and 1E6 kN/m?, where the pad interval was set
at 1.3 m. Figure 11 shows the displacement of a point at the
rail induced by the moving crane under three different
stiffness values, 1E4, 4E4, and 1E5kN/m? of the rail pad.
These figures indicate the following:

(1) When a low-stiffness rail pad is used, as shown in
Figure 8, the increase in the damping value can
effectively decrease the slab vibration. This condition
can be obviously observed in Figure 1 as obtained
from the simple two-degrees-of-freedom formula-
tion. The stiffness and damping shown in this figure
are in the range of the rubber pad, as shown in
Section 2.2. Thus, using the rubber rail pad to reduce
crane-induced vibration is appropriate. However,
when shortening the rail pad interval, such as from
1.3m to 0.65m, the efficiency of the vibration re-
duction decreases since this condition increases the
equivalent stiffness of the rail pad, which in turn
reduces the vibration reduction efficiency.

(2) When the rail pad is very stiff, as shown in Figure 9,
the slab vibration is almost independent of the rail
pad damping. This condition can also be observed in
Figure 1, as obtained from the simple two-degrees-
of-freedom formulation. Since significant rail pad
stiffness causes very small relative deformation and
velocity between the rail and slab, the material
damping has no opportunity to reduce the vibration
transmitted from the rail. For this reason, if one uses
a stiffer rail pad, such as a steel pad, the damping of
the material is not important.

(3) Figure 10 clearly indicates that decreases in the
stiffness of the rail pad can also decrease the crane-
induced vibration, so a suitable small amount of
stiffness should be used. From the laboratory ex-
periments discussed in Section 2.2, it is obvious that
rubber is an appropriate material for a rail pad to
reduce crane-induced vibrations near the source.
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FiGuURe 8: Finite element results for the vibration total dB (equation
(8)) changing with the distance from the rail centerline under a rail
pad stiffness of 1E4 kN/m (where C is the rail pad damping and D is
the interval of the rail pad).
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F1GURE 9: Finite element results for the vibration total dB (equation
(8)) changing with the distance from the rail centerline under a rail
pad stiffness of 1E6 kN/m (where C is the rail pad damping and D is
the interval of the rail pad).

Rubber is not an expensive material, but it can be
used to make rail pads that will reduce crane-induced
vibration by about 3 to 5dB. It is noted that one can
also increase member sizes or install dampers to
reduce this vibration. However, the cost of such
alternatives will be much greater than that of the
rubber pad to reduce crane-induced vibration by 3 to
5dB.

(4) In the figures, it is shown that the vibration will be
relatively smaller at locations A and B because the
two locations have a big girder, where greater
stiffness may decrease the vibration. The displace-
ment field shown in Figure 11 indicates that the low
stiffness of the rail pad will increase the rail
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FiGUre 11: Displacement of a point at the rail induced by the
moving crane under three different rail pad stiffness values.

displacement induced by the crane load. However,
the displacement fields of the three different pads are
still much smaller than 2 mm, which is the working
requirement for the moving crane.

4. Conclusion

High-tech buildings often make use of automatic vehicles or
crane systems to carry products rapidly, but these moving
systems produce vibrations that harm high-tech processes.
This paper thus discusses how to reduce moving crane-
induced vibration using an appropriate rail pad. First, a
simple two-degrees-of-freedom system is used to model the
factory slab and the crane rail system, and the result shows
that when the stiffness of the rail pad is reduced, an increase
in the damping value can effectively decrease the slab vi-
bration. However, when a significant rail pad stiffness is
used, the slab vibration is almost independent of the rail pad
damping, and the vibration reduction cannot be high.
Laboratory experiments were conducted to determine the
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stiffness and damping of the rubber pad, for which the
results indicated that using the rubber rail pad to reduce
crane induced vibration is effective. Finally, a number of
finite element analyses with a full model of a high-tech
factory and moving crane were performed. The results in-
dicate that decreases in the stiffness of the rail pad can also
decrease crane-induced vibration, and it is obvious that the
rubber rail pad with low-stiffness and high-damping
properties is an appropriate material to reduce crane-
induced vibration. Moreover, the displacement field using
the rubber pad is still much smaller than the 2 mm moving
crane working requirement. The rubber material is not
expensive, and it can be used to make rail pads that reduce
crane-induced vibration by approximately 3 to 5dB. It is
noted that one can also increase member sizes or install
dampers to reduce this vibration. However, the cost will be
much greater than that for the rubber pad to reduce crane-
induced vibration in a range of 3 to 5 dB. The rubber rail pad
damps the vibration just near the vibration source, so the
efficiency should be high. However, when the vibration has
been spread out, the reduction of crane-induced vibration
will be more and more difficult. The layout of high-tech
buildings is often similar with floor stiffness ranging from
2E6 to 6E6LN/m. Thus, although this study analyzed a
certain factory using rubber pads, the result can still be used
to other high-tech buildings. We recommend that the nu-
merical simulation be analyzed prior to construction, and
then field experiments be performed to ensure that the
vibration is reduced when the factory is built.
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