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Abstract. The Forbidden City, the former Chinese imperial palace, now houses the Palace
Museum. It is not only famous for its splendid wooden palace complex, but also prestigious for
the millions of precious artefacts stored. The Forbidden City is located in the center of Beijing,
which is a high seismic hazard zone. Wooden structures usually perform well during
earthquakes because of their large deformation and damping capacities. Meanwhile, most
artefacts are fragile due to their delicate shapes and aging issues, and also due to their
unanchored place form. Only a few of those artefacts are on exhibit, while most of the others
are placed in cabinets and stored in warehouses. This paper focuses on seismic protection of
these cabinet stored artefacts. Considering the tremendous amount and the rigorous
requirements for moving the artefacts, base isolation is not a favored method. Using base
isolation requires lifting the artefacts or cabinets while installing isolation bearings and this is
very time consuming because of the rigorous requirements for moving artefacts. Also, artefact
damage might happen during this process. Thirdly, much more spaces are required to
accommodate the potential isolation deformation. Considering all these adverse aspects, this
paper tries to use dampers to connect all adjacent cabinets to enhance the integrity and
increase the damping ratio and thus protect the stored artefacts. This method is applicable for
both new and existing cabinets. No artefact movement and extra space are required. All the
dampers are installed with mechanical buckles and the whole installation is reversible. In order
to validate the effectiveness of this method, shake table tests and finite element analyses based
on practical cabinet layout with and without this damping method are designed and conducted.
Ten ground motions are chosen and used to conduct fragility analyses. The cabinet sliding
displacements are chosen as the damage index. Seismic fragility curves of the cabinets with
and without dampers are plotted and compared. Results demonstrate the effectiveness of the
proposed damping method.

1 INTRODUCTION

The Forbidden City, the former Chinese imperial palace, now houses the Palace Museum.
Currently, more than 1.80 million pieces of artefacts are stored here. Dedicate shapes, brittle
materials and aging issues are the major reasons why many of the artefacts are fragile.
Meanwhile, Beijing, where the Forbidden City seats, is an earthquake prone area and thus the
seismic damage risks of these invaluable treasures are high. Past earthquakes have
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demonstrated that tremendous damage to artefacts might be caused due to earthquakes. For
example, during the 2008 Wenchuan earthquake, 4379 pieces of artefacts damaged, including
208 pieces of high value [1].

In order to reduce the potential adverse consequences caused by earthquakes, the dynamic
response characteristics of artefacts and related floating items under earthquakes have been
researched [2-11]. Many methods, both traditional and innovative, have been proposed and used
[12-20]. As illustrated in Figure 1, nylon lines are used to offer extra constrains. Side support
are added at the horse leg. Clamps are used to fix the vase and prevent the vase overturn.
Meanwhile, modern methods like base isolation have also been used. The acceleration
responses of the floating items could be significantly reduced.

(1) Nylon lines (2) Side support (3) Base fixation
Figure 1: Traditional methods used to protect artefacts

Both traditional and innovative methods have been demonstrated effective. The problem is
the awareness of taking seismic measures. The vast majority are just left there without any
seismic protections. As for the numerous treasures in the Palace Museum, most of them have
not been properly seismic protected. Another factor needs to be considered is that only a few
of these artefacts are exhibited while most of the others are stored in the warehouse. It is not
practical to take measure like nylon lines to protect each artefact because there is too much
work, and this will cost years to complete. Besides, there are the risks that damage might be
caused during the seismic protection process instead of earthquake itself. Base isolation has the
same issues. The artefacts need to be moved during the application.

To protect these artefacts while avoiding unnecessary movement of these artefacts, a
compromise method is advocated. Since most of the artefacts are placed in the cabinets and are
stored in warehouses, silicon dampers are used to connect these cabinets to increase the system
damping and integrity during earthquakes. The dynamic responses of the cabinets are expected
to be decreased and those cabinet stored relics are to be protected. Numerical simulations and
shake table tests are used to validate this method.

The numerical simulations are first presented and the shake table test results are then
discussed.
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2 NUMERICAL SIMULATIONS

In the numerical simulation, the cabinets are established with SHELL element. The dampers
are established with two-node combination damper element. The static friction coefficient is
set as 0.2 and related dynamic friction coefficient is set as 0.16. The models with and without
dampers are shown in Figure 2. The plane layout is plotted in Figure 3. The size of the cabinets
is 1200 mm =< 600 mm = 2000 mm (height). There are two types of cabinets with different
masses, which are 200 kg and 400 kg, respectively. As for the damper parameters, the velocity
exponent 0 is 0.25. The damping coefficient is set as 5.0 kN(s/m)°.

(1) Without dampers (2) With dampers
Figure 2: Numerical models with and without dampers
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Figure 3: Plane layout of the cabinets
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Ten ground motions are chosen and used to conduct the fragility analyses. The information
is listed in Table 1. Related acceleration spectra at X direction are plotted in Figure 4.

Table 1: Ground motions in the numerical analyses

No.  Earthquake name  Year Station Magnitude Focal distance
01 'Mammoth Lakes-01' 1980 'Long Valley Dam (Upr L Abut)' 6.06 15.52
02 'Chi-Chi, Taiwan' 1999 'CHY036' 7.62 44.74
03 'Cape Mendocino' 1992 'Rio Dell Overpass - FF' 7.01 24.55
04  'Imperial Valley-06' 1979 'Delta’ 6.53 35.17
05 'Kocaeli, Turkey' 1999 "Yarimca' 7.51 25.07
06 'Imperial Valley-06' 1979 'Calipatria Fire Station' 6.53 58
07 'Chi-Chi, Taiwan' 1999 'CHY034' 7.62 46.82
08 'Chi-Chi, Taiwan' 1999 'NST' 7.62 89.2
09 'Kocaeli, Turkey' 1999 'Duzce’ 7.51 99.52
10 ‘Trinidad' 1980 'Rio Dell Overpass, E Ground' 7.2 78.22

— 01X

Spectral Acceleration/g

Period/s

Figure 4: Acceleration spectra of the 10 input ground motions at X direction

Table 2: Damage states

Damage State Description Residual lateral dispalcement (mm)

DSO Intact (0,10]
DS1 Slight (10,100]
DS2 Moderate (100,200]
DS3 Severe (200,above)

In the numerical simulations, IDA analyses are conducted. The resolution of the PGA
increment is 0.1 g. The residual lateral displacement is chosen as the damage state (DS). Four
DSs are defined and listed in Table 2. The numerical fragility results are listed in Table 3. In
the table, results at different DSs with and without the damping systems are listed,
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corresponding fragility curves are plotted in Figure 5.
It can be seen from the results that dampers are effective. The sliding distances are reduced
with the use of dampers. As the PGA increases, the effectiveness also increases.

Table 3: Fragility results of the cabinets

Damage probability without dampers Damage probability with dampers

PGA/g PGA/g

DS1 DS2 DS3 DS1 DS2 DS3
0.1 27.84% 0.00% 0.00% 0.1 20.25% 0.00% 0.00%
0.2 62.54% 0.01% 0.00% 0.2 54.42% 0.00% 0.00%
0.3 80.24% 1.02% 0.28% 0.3 74.63% 0.48% 0.12%
0.4 89.01% 8.87% 2.92% 0.4 85.42% 5.10% 1.42%
0.5 93.56% 27.53% 11.26% 0.5 91.28% 18.53% 6.26%
0.6 96.06% 50.69% 25.56% 0.6 94.59% 38.56% 15.98%
0.7 97.50% 70.42% 42.59% 0.7 96.54% 58.72% 29.44%
0.8 98.36% 83.80% 58.72% 0.8 97.72% 74.64% 44.17%
0.9 98.89% 91.67% 71.89% 0.9 98.46% 85.40% 57.95%
1.0 99.24% 95.89% 81.61% 1.0 98.93% 91.97% 69.55%
1.1 99.46% 98.02% 88.32% 1.1 99.25% 95.72% 78.60%
1.2 99.61% 99.07% 92.74% 1.2 99.46% 97.77% 85.30%
1.3 99.72% 99.56% 95.55% 13 99.61% 98.85% 90.06%
1.4 99.79% 99.80% 97.30% 1.4 99.71% 99.41% 93.37%
1.5 99.84% 99.90% 98.37% 1.5 99.78% 99.70% 95.61%
1.6 99.88% 99.96% 99.02% 1.6 99.84% 99.85% 97.11%
1.7 99.91% 99.98% 99.41% 1.7 99.88% 99.92% 98.11%
1.8 99.93% 99.99% 99.65% 1.8 99.90% 99.96% 98.76%
1.9 99.95% 100.00% 99.79% 1.9 99.93% 99.98% 99.19%
2.0 99.96% 100.00% 99.87% 2.0 99.94% 99.99% 99.47%
0.1 27.84% 0.00% 0.00% 0.1 20.25% 0.00% 0.00%
0.2 62.54% 0.01% 0.00% 0.2 54.42% 0.00% 0.00%
0.3 80.24% 1.02% 0.28% 0.3 74.63% 0.48% 0.12%
0.4 89.01% 8.87% 2.92% 0.4 85.42% 5.10% 1.42%
0.5 93.56% 27.53% 11.26% 0.5 91.28% 18.53% 6.26%
0.6 96.06% 50.69% 25.56% 0.6 94.59% 38.56% 15.98%
0.7 97.50% 70.42% 42.59% 0.7 96.54% 58.72% 29.44%
0.8 98.36% 83.80% 58.72% 0.8 97.72% 74.64% 44.17%
0.9 98.89% 91.67% 71.89% 0.9 98.46% 85.40% 57.95%
1.0 99.24% 95.89% 81.61% 1.0 98.93% 91.97% 69.55%
11 99.46% 98.02% 88.32% 1.1 99.25% 95.72% 78.60%
1.2 99.61% 99.07% 92.74% 1.2 99.46% 97.77% 85.30%
1.3 99.72% 99.56% 95.55% 1.3 99.61% 98.85% 90.06%
1.4 99.79% 99.80% 97.30% 1.4 99.71% 99.41% 93.37%
1.5 99.84% 99.90% 98.37% 1.5 99.78% 99.70% 95.61%
1.6 99.88% 99.96% 99.02% 1.6 99.84% 99.85% 97.11%
1.7 99.91% 99.98% 99.41% 1.7 99.88% 99.92% 98.11%
1.8 99.93% 99.99% 99.65% 1.8 99.90% 99.96% 98.76%
1.9 99.95% 100.00% 99.79% 1.9 99.93% 99.98% 99.19%
2.0 99.96% 100.00% 99.87% 2.0 99.94% 99.99% 99.47%
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Figure 5: Fragility curves of the cabinets with and without dampers

3 SHAKE TABLE TESTS

Shake table tests are also conducted to validate the effectiveness of this method. Two types
of cabinet layout are tested and shown in Figure 6. Three sets of three-dimensional ground
motions at three different PGA levels are input. The PGA at 0.20 g, 0.40 g and 0.62 g are tested
[21]. The acceleration amplitude at three directions are set as X: Y: Z= 1.00: 0.85:0.65. Iron
blocks are placed in the cabinets to simulate the floating relics. The test phenomenon are
presented in Figure 7. The acceleration and relative displacement responses of the cabinets are
plotted in Figure 8.

It can be seen from the phenomenon that (1) the sliding distances of the floating brick are
smaller with dampers than without dampers. (2) The sliding distances of the cabinets are also
smaller with dampers than without dampers. (3) Less cabinet doors opened during earthquake
with dampers. Meanwhile, the response histories shows that both acceleration and relative
displacements can be reduced. The relative displacement is significantly reduced.

(1) Layout A (2) Layout A
Figure 6: The shake table test layouts
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(1) Without dampers, Layout A, PGA 0.20 g (2) With dampers, Layout A, PGA 0.20 g

(5) Without dampers, Layout B, PGA 0.62 ¢ (6) With dampers, Layout B, PGA 0.62 g
Figure 7: Traditional methods used to protect artefacts
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Figure 8: Acceleration comparison at Layout A, 4# cabinet, PGA=0.62 g under Tangshan earthquake
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Figure 9: Relative displacement comparison at Layout B, 12# cabinet, PGA=0.20 g under Tangshan earthquake

4 CONCLUSIONS

Floating artefacts, as treasures to the whole society, have not been fully seismically protected.
With the increasing awareness of seismic protection, measures are expected to be taken.
Considering the potential work amount and the risk of artefact damage during the seismic
protection application, a compromise measure is proposed and researched for the cabinet stored
relics. The cabinets are connected with dampers to increase the system integrity and damping.
The stored relics are not directly touched or moved. Numerical simulation and shake table tests
are conducted to validate the effectiveness of this method. Fragility curves of the cabinets are
plotted. Results shows that the acceleration responses and lateral sliding distances of the
cabinets can be reduced. As the PGA of the input ground motion increases, the effectiveness
increases.
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