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(a) The replica of warrior figurine  (b) The replica of warrior figurine

fixed by fish lines was overturned
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Fig. 1 The replica of warrior figurine fixed by fish lines was

overturned during shaking table tests
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(a) Replica of warrior figurine was (b) Replica of Tang tri-color glazed
overturned and damaged due to ceramic was severely damaged
the failure of fixed measures due to the failure of fixed

measures
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Fig.2 Replicas of figurines were overturned and severely
damaged when fixed measures failed during shaking

table tests
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(a) The Han dynasty figurine
was fixed by supports

(b) Cultural relic that was unable to
stand independently was fixed
by supports
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Fig. 3 Application of supports for fixing vulnerable figurine

cultural relics in museums
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(a) Replicas of cultural relics (b) L-shaped supports
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Fig.4 Figurine replicas and supports models
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Tab.1 Description of geometric parameters of warrior figurine replicas

S /g FEE/mm JAHESER R/ JRARECER RS E R/ ERECE PO m B/ REECN B s RS K
s mm FE % /mm mm Fi % /mm mm P B /mm T B L AH
1 0.732 270 172 94 110 67 151 60 2.51
3 2.005 420 282 145 188 100 235 80 2.93
5 6.521 600 405 207 269 125 336 105 3.20
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Tab.2 Description of geometric parameters of Tang tri-color glazed ceramic replicas

O - . 13 v FEE/ 5 4 JEe SR R/ RN B EE SR
G5 i /kg = B/ mm o e e
mm F& ¥ /mm mm F&J% /mm e /NTE JE HAE
2 1.541 350 172 110 197 100 1.97
4 3.276 480 238 159 264 125 2.11
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Tab.3 Description of supports parameters
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FXF R, SZ B EH A d 5 mm,8 mm, 10 mm
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fli £k fi 4k H4%0.461 mm
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Fig.5 Description of test layout

2.2 RENFFEE

RIS BRI & G AKOT R AR 3 5
TF BT AR AL B ST o R A B AR T COINY R
AL IR AR T AR B A SR AR AN KA TN OGRS A5 IR
i BT SRS G R4 L A A
120-3AA N AR J &, IR 38 A B A 81 5 977

2.3 MEANBTEMNEFR

8 SC P B R A ) (WW /T 0069—2015)
T Ol B L MR R A B S B IR T RS
PR B L e TR A I L SR £ X B
Yy 7 B SR A6 20 BT 12 0 BT U 9 S 1) b 72 R FH 4K
N o 7EVERE B FRZR 3 7R & A A b R S
YA AR A R R O & AR I B A

I DR AP T AN IR0 SCH) 3 R AR AT o PR AR I
B0 0 P A S A A SO A A AR R T
Fo SRR I IO A A S22 5 5 ik 3% i 2 fik Ak 1Y
JOE A il o0 M 7 9 I A 3l £ 65 T I R L K A1
S 5 TR BE I R R

1T SR IR T 1 BA T 1 1 e R R
i X 15 Y ] A SR ] R I, 25 R[] D5 A
o M) IO A e S A i 5 S S P A AR A . LA
R JH SCHR1E A2 B9 55 5 A 52 A R A, X
5Y 1 UL K N WA R S SR R
WAL 6 T 7%, 4% 08 A8 2 0 PN 2 A 5 4 T

Ao, Vg
(a) MR A () BH~EA
(a) Side schematicdiagram (b) Back schematic diagram
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Fig. 6 Layout schematic diagram of strain gauges
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Tab.4 Monitoring contents of each test equipment
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Tab.5 Average values of friction coefficients

i FEBR AR
1 0.25
3 0.27
5 0.36
2 0.35
4 0.32
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Tab. 6 Description of parameters of seismic waves

iﬂgﬁ%;ﬂi WU 44 B %Bﬁggi@f ﬂ%'ﬁi;ﬁgffﬁ
No.1 Northridge i 0.557
No.2 Hollister 0.191
No.3 Imperial‘Valley* 0.044

05 % 0.07,0.2,
No.d  Humbolt Bay¥  0.035 0.4,0.62
No.5 San Femando I 0.074
No.6 Taft I 0.556
No.7 EL-centrol I 0.191
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Tab.7 Description of test conditions

SCH A i B /mm KA iR Ul T A/ g A2/ mm
w1 1F 270,420,600 JH S N Nol.No.2 No.3 0.07,0.2,0.4,0.62 g 10
RS I L] 350,480 P ot oS e (XI5 Y 14 5096 20 28
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Fig.7 Schematic diagram of shaking table test for the

replica of floating figurine replicas
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Tab. 8 Motion state of the replica of floating figurine replicas under the action of seismic waves
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(a) 1S fRFR RN NI 72 i 28
(a) Time-history curves of rocking response
of floating figurine replica No.1

(b) 35 AT IE R AR i 2%
(b) Time-history curves of rocking response
of floating figurine replica No.3

(c) 55 A fiB 45 My SN2 I 22 fH 22
(c) Time-history curves of rocking response
of floating figurine replica No.5
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(d) Time-history curves of rocking respons
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(e) Time-history curves of rocking response

of floating figurine replica No.2 of floating figurine replica No.4
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Fig. 8 Time-history curves of rocking response of floating figurine replicas under the action of seismic wave No. 1
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(2) SRR BEES mm3 8 [ 52 (b) R BELAES mm2 42 [ & (c) KA EES mm3 42 & (d) SR FH BLAS mm3 4R 5
1= )8 2R, tEPGA= 15 fRERI, ZEPGA= 351/ HI, 7EPGA= 35l BRI, ZEPGA=
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(b) Small slipping was observed
under the action of seismic
wave No.3 with PGA=0.62g

(c) Torsion and slipping occurred
under the action of seismic
wave No.1 with PGA=0.62g

(d) Rocking and slipping responses
occurred under the actionof
seismic wave No.l with

(a) No obvious phenomenon was
observed under the action of
seismic wave No.1 with PGA=

0.62g when the shoulder of when the waist of figurine when the shoulder of figurine PGA=0.62g when the waist of
figurine No.1 was fixed by a No.1 was fixed by a 5 mm No.3 was fixed by a 5 mm figurine No.3 was fixed by a
5 mm support support support 5 mm support
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() RFTEARS mm3TREES S/ () RAEES mm3REE55M (o) RAEAES mmSCREES S (h) R EAR10 mm3C 22 [ & 55

JEERY, TEPGA=0.62g i}, TEPGA=0.62gfINo.1HhE JE RS, 7EPGA=0.62gf1 S 5 JE R, FEPGA=
No. 1R AR T RAEME WA T SRR R T 2R No. 1 Z AR B Tl R AW 0. 62gEI‘JNo 14 78 (Xe) 1
(e) Overturning occurred under the (f) Fracture at the root of the BB REL AR TREBBSEE

(g) The figurine slipped and the
support bent under the action of
seismic wave No.1 with
PGA=0.62g when the shoulder
of figurine No.5 was fixed by a
8 mm support

(h) Rocking and slipping responses
occurred under the action of
seismic wave No.l (X-direction)
with PGA=0.62g when the
shoulder of figurine No.5 was
fixed by a 10 mm support

support occurred under the
action of seismic wave No.1
with PGA=0.62g when the
figurine No.5 was fixed by a
5 mm support

action of seismic wave No.1
with PGA=0.62g when the
waist of figurine No.5 was fixed
by a 5 mm support

() RAERI0 mmsKBREESS () RAERI0 mm3 REESS (k) i%lﬂiSﬁﬁ}%f‘BB‘f (1) SRR ES SRR A, 72

R8RS, TEPGA=0.62gl] RIS, 7EPGA=0.62gH] f@%&ﬁﬁﬁfﬁﬁﬁﬁﬁ&ﬁ HEFARER PRI RAE
No. L EB(YF)EH T &4 No. IR B (YT EH T &4 (k) The surface of figurine was P
b2 g A damaged during the (1) The bottom surface wore out

under the reciprocating action
of seismic waves when the
shoulder of figurine No.5 was
fixed by supports

reciprocating action of seismic
waves when the shoulder of
figurine No.5 was fixed by
supports

(i) Slipping occurred under the
action of seismic wave No.1
(Y-direction) with PGA=0.62g
when the shoulder of figurine
No.5 was fixed by a 10 mm
support

(j) Slipping occurred under the
action of seismic wave No.1
(Y-direction) with PGA=0.62g
when the waist of figurine No.5
was fixed by a 10 mm support

(m) SCBE[E eSSy, TEMIER (n) RAHEAS mmzC 325 (o) RAEARS mmzC 3L B4 5 (p) RAEA10 mmz L E4 51
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(m) Severe cumulative (n) No obvious phenomenon under (o) Torsion and slipping occurred  (p) Slipping occurred under the
deformation occurred at the the action of seismic wave under the action of seismic action of seismic wave No.1
support ring under the No.1 with PGA=0.62g when wave No.l with PGA=0.62g with PGA=0.62g when the
reciprocating action of seismic the figurine No.2 was fixed by when the figurine No.4 was figurine No.4 was fixed by a
waves when the figurine No.5 a 5 mm support fixed by a 5 mm support 10 mm support
was fixed by supports
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Fig.9 Motion state of figurine replicas fixed by supports under the action of seismic waves
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(a) Time-history curves of rotation
of figurine No.1 whose shoulder
was fixed by supports under the

action of 0.62g-No.1 wave action of 0.62g-No.1 wave

(b) Time-history curves of rotation
of figurine No.1 whose shoulder
was fixed by supports under the

(c) Time-history curves of rotation  (d) Time-history curves of rotation

of figurine No.3 whose shoulder
was fixed by supports under the
action of 0.62g-No.l wave

of figurine No.3 whose shoulder
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Fig. 10

Time history curves of rotation of the figurine replicas fixed by supports under the action of seismic waves
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Fig. 12 Influence of different seismic waves on the seismic effect of the figurine replicas fixed by supports
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Tab.9 Required sizes of supports for effectively fixing
figurine replicas of different bodily type
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(a) Smaller slipping occurred under the
action of seismic wave with PGA=0.4g
when the figurine No.4 was fixed by a
S mm support (With silica gel cushion)
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(d) SRH B8 mm 42 5845 6,72
PGA=0.62gHh B AF A T KA
B R

(d) Torsion and slipping occurred under the
action of seismic wave with PGA=0.62g
when the figurine No.4 was fixed by a
8 mm support (Without silica gel
cushion)
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cushion)
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PGA=0.62gH FBIHAEH T RAEHE

(b) Slipping occurred under the action of
seismic wave with PGA=0.62g when the
figurine No.4 was fixed by a 5 mm
support (With silica gel cushion)
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(e) No obvious phenomenon was observed
under the action of seismic wave with
PGA=0.4g when the figurine No.4 was
fixed by a 8 mm support (With silica gel
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(¢) Torsion occurred under the action of
seismic wave with PGA=0.4g when the
figurine No.4 was fixed by a 8 mm
support (Without silica gel cushion)
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(f) Smaller slipping occurred under the
action of seismic wave with PGA=0.62g
when the figurine No.4 was fixed by a
8 mm support (With silica gel cushion)
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Fig. 13 Motion state of figurine No. 4 of Tang tri-color glazed ceramics under the action of No. 2 wave (Comparison of the effect

of withing silica gel cushion)
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under the action of seismic
wave (Y-direction) when the
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Fig. 14 The change of the strain at the root of the support of figurine No. 3 fixed by supports under the action of No. 1 wave
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Fig. 15 Time-history curves of strain at each measuring points when figurine replicas were fixed by supports under the action of

No. 1 wave (PGA=0.
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(a) Comparison of peak value of
strain at side b of the root of the
support for fixing figurine No.4
under the action of X-direction
seismic wave
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(e) Comparison of peak value of
vertical strain at the side d of

contact surface of figurine No.4

under the action of X-direction
seismic wave
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(b) Comparison of peak value of
strain at back a of the root of
the support for fixing figurine
No.4 under the action of
X-direction seismic wave
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(c) Comparison of peak value of
strain at side b of the root of the
support for fixing figurine No.4
under the action of Y-direction

seismic wave
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(g) Comparison of peak value of
vertical strain at the side d of
contact surface of figurine No.4
under the action of Y-direction
seismic wave
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(d) Comparison of peak value of
strain at back a of the root of
the support for fixing figurine
No.4 under the action of
Y-direction seismic wave

2400

(h) YR BB IAEF T 3R 545
{RHEfl b N PME S HcAbRH
12 [vq) J82 AR W AE K B

(h) Comparison of peak value of
vertical strain at the back ¢ of
contact surface of figurine No.4
under the action of Y-direction
seismic wave
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Fig. 16 The change of strain at each measuring points of figurine No. 4 fixed by supports under the action of No. 1 wave

(Comparison of the effect of withing silica gel cushion)
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Fig. 17 Comparison of seismic responses of figurine No. 4 fixed by supports under the action of No. 1 wave (Comparison of

the effect of withing silica gel cushion)
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Shaking table tests of figurine cultural relics fixed by supports

WANG Mengl'2, SHI Xun'?, YANG Wei-guo"z, GE Jz'a-qz'S, MA Bo-tao®,
ZHANG Man-sheng®, LIU Pei'*
(1. Department of Architectural Engineering, School of Civil and Architectural Engineering, Beijing Jiaotong University,
Beijing 100044, China; 2. Beijing’s Key Laboratory of Structural Wind Engineering and Urban Wind Environment,
Beijing 100044, China; 3. China Aviation Planning and Design Institute ( Group) Co., Ltd., Beijing 100120, China)

Abstract: In order to study the seismic effectiveness of the most commonly used support method for fixing figurine cultural relics,
the full-scale shaking table tests of the seismic system (two types of figurine replicas with typical size and vulnerable materials and
fixed measures of supports) were carried out. The seismic responses of the cultural relic replicas and the interaction between the cul-
tural relic replicas and supports under different working conditions were obtained. The influence of the key body shape parameters
of figurines, the clamping position of metal supports, the support size, the installation gap between cultural relic replicas and fixed
measures on the movement state of cultural relics was discussed. The seismic effectiveness of support measures was evaluated and
reasonable suggestions were put forward. It provided the necessary basis for the optimal design of fixed method for this type of cul-
tural relics with the principle of safety and minimum intervention. The results showed that all the floating figurine replicas were
overturned, which had a great risk of damage. The rocking responses of figurine replicas were effectively reduced after independent
supports were used for fixation. As the ratio of the center of gravity height to the base width of the figurine replicas increases, along
with the increase in their mass, the obvious plastic deformation or even the root fracture occurred in the case of smaller supports,
resulting in overturning and damage of figurine replicas. At the same time, with the increase of the size of the supports, the im-
provement of the fixation effect was limited. Based on the principle of minimum intervention for cultural relics, and considering the
seismic safety and the art exhibition, the support size should be optimized. The rocking responses of figurine were controlled to
some extent when its shoulder was fixed by the support, however, with the increase of the fixed position, the sliding response of
the figurine was more obvious. The surface of the figurine was easily damaged because of the interaction between the support and
the figurine. When the gap between the two was filled with silica gel cushion, the rocking and sliding responses of figurine replicas
were reduced by nearly 40% and 50% respectively, the strain at the root of the support was reduced by nearly 40% , and the strain
at the contact area between the figurine and the support was reduced by nearly 60% , which effectively improved the seismic effec-

tiveness of support measures.
Key words: shaking table test; figurine cultural relics; metal support; seismic effectiveness; shock absorption measures
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