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Abstract 
A vibration control system for an automated warehouse was developed that can be applied to 
existing warehouses as well as newly built ones. The device used for this system is the “post-
installed mass damper” that can be post installed on the cargo storage space in an automated 
warehouse. This damper has a large mass that causes a sustainable effect of reducing the 
response across a wide range of natural frequencies of an automated warehouse, which vary 
depending on the number of stacked cargoes and their weight. The results of the shaking table 
test demonstrated that the fall of cargoes by the earthquake ground motion could be prevented 
by using this damper because the accelerations of the rack were reduced to 50%-70%. Moreover, 
this effect was confirmed by the analysis conducted with the proposed model. The acceleration of 
the rack top was reduced to 80% and the maximum slip displacement of the cargoes was reduced 
to 25%. 

Keywords: automated warehouse; post install; mass damper; cargoes fall; vibration control; 
shaking table test; response analysis. 

1 Introduction 
Fig. 1 shows the overview of an automated 
warehouse. The warehouse is the steel structure 
that consists of racks and automated conveying 
equipment. It can automatically control the 
storing and shipping of a large number of cargoes 
within a small floor space. The cargoes are 
corrugated cartons stacked up on plastic palettes 
for easy transportation by automated conveying 

equipment in the automated warehouse (Fig. 2). 
The palette with the corrugated cartons (cargoes) 
is stacked on but not fixed to the steel bracket of 
the rack column. Hence, the cargoes slip by the 
earthquake ground motion and may fall from the 
storage space due to the strong motion. 

In the 2011 off the Pacific coast of Tohoku 
Earthquake (The 2011 Tohoku earthquake) and 
the Hyogoken-nanbu Earthquake, 1995, cargoes in 
warehouses fell on the floor and it caused 
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significant damage to their content and to the 
automated conveying equipment. An example of 
such damage is shown in Fig. 3. These damages 
required a long time for recovery and resulted in 
the stoppage of the supplies for human life aid. 
The importance of the countermeasure against 
the earthquake for automated warehouses was 
widely noticed. 

Some countermeasures have been proposed, that 
use damping joint for warehouse columns [1] [2], 
mass damper [3] [4], or a seismic isolation system 
[5] [6]. The countermeasures using the damping 
joint or seismic isolation system were especially 
developed for newly built automated warehouses, 
but not for the existing ones. The mass damper 
was proposed as a countermeasure for the 
existing automated warehouses [3] [4]. However, 
with a small mass ratio (mass of the damper/ 
generalized mass of the rack) as suggested in [3] 
[4], these dampers are not effective for the wide 
range of natural frequencies of the automated 
warehouses that vary depending on the number 
of cargoes and their weight. 

Here, the authors developed a mass damper that 

is effective for the wide range of natural 
frequencies of the automated warehouses [7]. 
Moreover, the damper can be installed at the 
storage space for cargoes in the automated 
warehouse using the automated conveying 
equipment. The details of the damper were 
contrived for post installation. 

In this paper, the specifications of the proposed 
damper are introduced, and the method for the 
post installation of the damper is presented. 
Experimental results of the shaking table test for a 
part of an automated warehouse are shown, and 
the effect of the damper is verified. Additionally, 
the analysis model of the cargoes based on the 
experimental results is proposed, and the results 
of the response analysis for an actual warehouse 
with the proposed model are presented. 

2 Features of the mass damper 

2.1 Mass ratio and damping 
The natural frequency of the automated 
warehouse changes depending on the load 
conditions, e.g. the amount of stored cargoes, the 
variation in the weight of the cargoes, slip 
characteristics of cargoes between the steel 
bracket and the palette. For example, consider the 
case of a warehouse with a height of 30 m and the 
cargo weight of 540 kg. The natural frequency of 
the warehouse on being fully loaded is 0.91 Hz, 
while it is 1.67 Hz when the warehouse is empty. 
This means that the mass damper should enhance 
the effects of consistent vibration control against 
varying natural frequencies of the warehouse. The 
mass ratio for the proposed damper is set at 
approximately 10%, because the damper can have 
a consistent effect with a large mass ratio. The 
frequency response functions of the warehouse 
with and without the mass damper are compared 
with each other to examine the effect of the mass 
ratio. The mass ratio of the damper is either 2% or 
10%. Each mass ratio is set as the optimal 
damping ratio that is described in section 5.1. As 
illustrated in Fig. 4, the analysis model used in the 
study is the two masses model. One mass, Mw, is 
the mass of the warehouse, and the other mass, 
Md, is the mass of the mass damper. The two 
masses are connected to each other by the spring Fig. 2. Aspect of cargo 
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and dashpot of a viscous damper (kd and hd). The 
frequency response functions are shown in Fig. 4. 
Fig. 4(a) shows the case where the natural 
frequency of the damper, fd, is tuned with the 
natural frequency of the warehouse, fw. Both the 
natural frequencies have the same magnitude of 
1.0 Hz. Fig. 4(b) shows the case where the natural 
frequency of the damper (fd = 1.0 Hz) is not tuned 
for natural frequency of the warehouse (fw = 0.8 Hz). 

As shown in Fig. 4, it can be confirmed that a large 
mass is more effective than a small mass for 
reducing the response acceleration across the 
wide range of natural frequencies that vary 
depending on the number of cargoes and the 
weight of cargoes. 

2.2 Post installation method 
Fig. 5 shows the outline of the proposed mass 
damper. Fig. 5(a) shows the picture and Fig. 5(b) is 
the configuration diagram of the damper. Springs 
and an oil damper connect the moving mass and a 
base. These springs are tuned to the natural 

frequency of the warehouse or to a frequency that 
is a little less than the natural frequency. The base 
is fixed on the column of the rack with a fix 
appliance. 

The warehouse operation should not be stopped 
even while installing the damper. The dampers 
were contrived for transportation by the 
automated conveyer system for the same reason. 
The outer dimension of the mass damper is 1100 
mm × 1100 mm, and the height of the damper is 
reduced to 305 mm. The weight of the damper is 
below the maximum capacity load of the cargo. 
Moreover, the bottom surface of the damper is 
flat for easy transportation. This flat bottom is the 
pan that avoids oil leakage from the oil damper. 

3 Shaking table test 
To demonstrate the effectiveness of the mass 
damper, the shaking table test for a test rack with 
the damper was conducted. In this section, the 
outline and results of the experiment are 
presented. 

3.1 Outline of experiment 
Fig. 6 illustrates the outline of the test rack and 
the measurement points. The basement of the 
test rack is a steel trestle that is supported by 
linear guides and springs. The weights are 
installed on the trestle for tuning the natural 
frequency of test rack to that of the whole 
warehouse. The test rack is the model of the three 
upper layers of the actual warehouse. The 
proposed mass damper is installed on the top 
layer, and the cargoes are stacked in the other 
layers. The cargoes are configured by four layers 
of corrugated cartons, where each layer has eight 
corrugated cartons. A band fastens the top layer 
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of the corrugated cartons. The natural frequency 
of the test rack is 1.0 Hz, which corresponds to 
that of the warehouse that is 25 m high. The 
natural frequency of the damper is tuned to 1.0 Hz, 
and the damping ratio is 24%. 

Accelerometers are placed on the steel bracket, 
palette, top of corrugated cartons, fix appliance of 
the damper, and moving mass. Displacement 
sensors are installed on the palette and on the 
corrugated cartons for measuring their slips (Fig. 6). 

For input ground motions, two observed ground 
records are selected: (a) The 1952 Kern County 
earthquake recorded at the Taft station (Taft 
wave), (b) The 2011 Tohoku earthquake recorded 

at the K-NET KNG009. The synthetic acceleration 
time history is also used, which is generated in 
random phases for fitting into the design response 
spectrum defined in the Japanese building code 
(Japanese building code wave). Fig. 7 shows the 
normalized time histories of the input waves. In 
the experiment, these waves are scaled to have 
the maximum acceleration as listed in Table 1. 

3.2 Result of experiment 
The results of the experiment are listed in Table 1. 
Fig. 8 shows the final states of the quantities listed 
as No. 7  and No. 8 in Table 1. These photos are 
selected because it is easy to compare the effect 
of the proposed mass damper. In the case where 

Fig. 7. Normalized time histories of input wave
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no damper was used (No. 8), the cargoes fell. On 
the contrary, when the damper was used (No. 7), 
the cargoes did not fall, while a short slip between 
the palette and corrugated cartons was observed. 

The maximum acceleration distributions in cases 
of quantities listed as No. 5, No. 6, No. 7, and No. 
8 are shown in Fig. 9. As shown in Fig. 9(a), the 
accelerations of the rack in cases where the 
damper is used (No. 5 and No. 7) are reduced to 
50%-70% of those in the cases where no damper 
is used (No. 6 and No. 8). In the case No. 7, the 
acceleration of the steel bracket in the third layer 
is smaller than that in second layer. 

In case of No. 8, the corrugated cartons of the first 
and second layers and the palette of the second 
layer collided with the vertical brace. Moreover, 
the corrugated cartons were in contact with each 
other. Therefore, as shown in Fig. 9(b), the 
accelerations at the top of the corrugated cartons 
and at the palette of second layer show large 
values. On the other hand, in case of No. 5, No. 6, 
and No. 7, which are not affected by the collision, 
the acceleration of the palette is smaller than that 
of the steel bracket, because the cargoes may slip. 
The acceleration of the corrugated cartons was 
larger than that of the palette owing to the 
vibration of the cargoes. The acceleration of the 
corrugated cartons in the case where the damper 
is used was reduced to 20%-70% of the 
acceleration when no damper was used. Obviously, 
reducing the acceleration is effective for reducing 
the slip displacement. As a typical example, Fig. 10 
shows the time histories of the cargoes’ slip 
displacement for the cases where the damper was 
used (No. 7) as well as where the damper was not 
used (No. 8). In the case where no mass damper 
was used (No. 8), the cargo slipped above 400 mm 
in 7 sec to 12 sec, and the cargo fell at the 12 sec 
mark. In the case where the mass damper was 
used (No. 7), the cargo slipped about 150 mm, but 
did not fall. 

As a result, it can be observed that the proposed 
mass damper is effective for decreasing not only 
the response acceleration but also the slip 
displacement, and prevents the cargoes from 
falling. 

4 Model of the cargo behavior 
In this section, the analysis model of the cargoes’ 
slip is proposed based on the experimental results 
of the test rack. This model will be used for the 
response analysis of the actual warehouse in the 
next section. 

4.1 Aspect of the cargoes 
As mentioned above, cartons are stacked on 
plastic palettes in layers that are about 1.0-1.5 
times the height of the palette width. After the 
Hyogoken-nanbu Earthquake, 1995, it has been 
encouraged that the cargoes should be wound by 
using a shrink or a band. From Fig. 8, it seems that 
the corrugated cartons collapsed. However, they 
slipped together until they fell. Hence, the 
corrugated cartons can be assumed as one elastic 
body. 

4.2 Analysis model 
Fig. 11 shows the analysis model, which is the two 
masses model. One mass, M1, is the mass of the 
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corrugated cartons, and the other mass, M2, is the 
mass of the palette. The linear spring, k1, and the 
dashpot represent the vibration of the cargo. The 
frequency of the cargo is 4.62 Hz. The non-linear 
spring, k2, represents the cargo slip. The damping 
ratio of the dashpot, h1, is 16.7%. The hysteresis 
model of k2 is shown in Fig. 12. Static friction and 
dynamic friction are incorporated in the model. 
The coefficient of static friction, s, is 0.46 and the 
coefficient of dynamic friction, d, is 0.17. These 
constants are decided based on the previous test 
results [8]. 

The analysis results as well as the experimental 
results for case No. 3 are shown in Fig. 13. It can 
be concluded that the analysis can substantially 
reproduce the experimental results both for 
accelerations and for slip displacements. 

5 Analysis of full scale model 
In this section, the effect of the proposed mass 
damper is discussed with the results of the 
response analysis of the actual rack using the 
analysis model of the cargo. 

5.1 Outline of the analysis 
Fig. 14 illustrates plan and view of the actual 
warehouse, which has 2 lines, 18 rows, and 16 
layers. In this study, the analysis model of 
warehouse is the one row and two lines model, 
which is a part of the actual warehouse, as 
illustrated in Fig. 14(b). 
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Fig. 14(d) illustrates a part of the analysis model of 
the cargo. Steel elements of the rack are modelled 
as the beam elements of the frame model. In the 
analysis model, the cargoes are arranged such 
that all the storage space in the racks is occupied. 
The mass of one cargo, which is the sum of the 
mass of the corrugated cartons and the mass of 
the palette, is approximately 500 kg, and the 
cargoes are stacked up to 80% of the stacked ratio 
(the number of stacked cargoes/capacity). 
Therefore, the weight of the cargo is set as 400 kg. 
The natural frequency of warehouse is 0.66 Hz. 

The mass damper is installed on the top of the 
rack, and the mass ratio of the damper is 2% or 
10%. A generalized mass is determined at the 
layer where the mass damper is installed. The 
optimal natural frequency of the damper, (fTMD)opt, 
and the optimal damping ratio of the damper, 
(hTMD)opt, are calculated by eq. (1) and (2), 
respectively. Here,  is the mass ratio of the 
damper and fw is the natural frequency of the 
warehouse. 

5.2  Result of analysis 
Fig. 15 shows the maximum response 
distributions, for cases without the damper, with 

the 2% mass ratio damper or with the 10% mass 
ratio damper. The accelerations and slip 
displacements increase as the layers reach the 
upper part of rack. It can be confirmed that the 
accelerations are reduced in cases where the 
damper is used. The acceleration at the top of 
rack in the case of 10% mass ratio is reduced to 
80% of the acceleration in the case where no 
damper is used. The slip displacement at the top 
of the layers is reduced in the case of 10% mass 
ratio to 25% of the slip displacement in the case 
when no damper is used. On the other hand, in 
the case of 2% mass ratio, even though the 
accelerations from the third to the fourteenth 
layers are reduced, the acceleration at the top of 
rack is greater than the one in the case where no 
damper is used. Moreover, the slip displacement 
at the top of the layer is reduced to only 92% of 
that in the case when no damper is used. 

To confirm the effect of the reducing response 
across the wide range of natural frequencies of 
the warehouse, Fig. 16 shows the maximum 
response distributions in case of 100% stacked 
ratio. The weight of cargo is set as 500 kg, where 
the natural frequency of the warehouse shifts to 
0.59Hz. The dampers for each mass ratio are the 
same as the case shown in Fig. 15. As shown in Fig. 
16, in the case when no damper is used, the slip 
displacement of the sixteenth layer is smaller than 
that of the fifteenth layer, because the cargoes 
move complicatedly owing to their elasto-
plasticity hysteresis. In spite of this result, the 
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accelerations and slip displacements in the case of 
10% mass ratio are still reduced. On the other 
hand, those in the case of 2% mass ratio are larger 
than the ones in the case of 10% mass ratio. 
Particularly, the slip displacement at the top of the 
layer is larger than that at the top of the layer in 
the case when no damper is used. 

Consequently, it is clear that a large mass is more 
effective than a small mass for the reduction of 
the response acceleration and the slip 
displacement of cargoes, even if the natural 
frequency of the warehouse is changed. 

6 Conclusions 
A vibration control system for an automated 
warehouse was proposed in this paper, and its 
effect was discussed with the following 
experimental results and analysis: 

1) The effect of reducing the response 
acceleration was confirmed for the wide range 
of natural frequencies that vary, and it 
depends on the number and the weight of the 
cargoes. 

2) The effect of the proposed mass damper was 
confirmed by the shaking table test. 

3) The model of cargoes slip was proposed. It 
was confirmed that the behavior of the 
cargoes could be predicted with the proposed 
analysis model of the cargoes. 

4) The effect of the proposed mass damper for 
reducing the response was also verified by the 
response analysis. 
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