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Fig.1 Weathered white marble beam
(Hall of High Heaven of the Imperial Palace)
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Fig.2 Experiment device for repairing beams

with non — through cracks

K3 O Bl R EE I I R B, 1 R GE T
2 mm, PUTE BRI B E , BT AT 3 MR A, HE
SR AR S . RS AR T, 58 TS
IR BRE R R RS A M AS . A AR 50



48 SR S5 R

831 &

VR A7 R B RO B, R = B P
MBS0 A i B R

(a) JEHKHBORE

(b) NBHEEE
B3 BRI I

Fig.3 Experiment device for repairing beams

with through cracks

1.3 EEL#E

JE AL B E AT, B RN 0.5 mol/L
AL E5 (CaCl,y) #1120 ¢/L YBR[ CO(NH, ), JiR
B, 1 E W 50 mmol/T. CaCl, ¥R, L4
THAAWIEER, ER SN 66 pl/min, A5
FeEA AR VAERFR W, # & 10 min J53E A 0.1
£ VSR E S W, B A S A IRRE SRk i
Wo REEREBE A, MR e s e AT
R BRI MR TG % B R A R G +F
LLANB WIS SR, 2 MR w4
Bk, o VRS SEE R 4 mm (47 RE T 4% R FR
/N R ABRE R,

TUR R AR BEIRT B IRE R 0. Smol/L

¥

(a) V#3510 mm

(b) Vi#i%i 7 mm

55 e B2 CaCl, F1 CO (NH, ), 1R &% W, [ E W
4750 mmol/L 1Y) CaCl, %, 442 IH T2 10 ¢
WY 2= A B0 5 T 2%, R VR T R N B
66 wL/min, & FEERIAWE A R 33 pl/min,
A 1.6 mL B, 8 10 min 57 A 0.2 mL
BB, feJr i A 8 mL S FEER AT . AR R RE A
L2 3d 18 HEVR B By ) H1 4 HE YR K7 1) 19 4
BE , BREHEERRNA S AD KRABBE
ARSI BE B B AT ] 48 mL TR A1 240 mL
BRI

2 RS0

2.1 EREBEREAREEAXRE

2.1.1 P BERTE A RINIRS N 4
P, b B OB S Al VO RGBT
W REE IR AR, MEWH S a0 RET V
REAL 552 (1% 28 3 T S50, RS 30 IX Sl 7 v 5
B RS MMER . B B ) R R
FIe P BRI 75 A IR (B (), Ak B A TR
BATE VRl T S BT X e ] A A8 52 I et e
WAL B ) A2 DX Skt o (2

2.1.2 st fEMEEHIKR T, AR I
PIASXE AR SCAE KT BE D 120 mm, _EJ7 B9 P XH AR
BRI EE D 40 mm, VR ER A7 T2 f0 o B R
AR B AR AT AT 3 R A . A R i 2K
SRR 1 PR,

(c) VHi%EE4 mm

4 R R A BB S T A AL L

Fig.4 Appearance comparison of the marble beams with non — through cracks before and after restoration
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Table 1 Damage loads of the beams with non — through cracks

V5 B/ mm BEIRES MR 2/ kN
0 5 9.50 +0.81

4 REE 9.17 +0.44
BEE 9.26 £0.41

; Ry 7.85 £0.38

B5 A 8.23 £0.49

0 FsE 6.61 +0.31

B2 )5 7.16 £0.43
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Fig.5 Damage loads comparison of the marble
beams with non — through cracks before

and after restoration
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Fig.6 Typical failure locations of the marble beams with non — through cracks after restoration

(the width of V groove equals 10 mm)
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Fig.7 Appearance comparison of the marble beams with through cracks before and after restoration
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Table 2 Damage loads and flexural strength of the beams with through cracks
— - e R e/ kN LT L/ MPa
KB WA BT L Sty
VO -1 5.491 2.637 10. 898 5.234
0 VO -2 6.029 1.248 11.446 2.369
V4 -1 4.981 1.894 12.076 3.752
4 V-4-2 4.492 1.400 9.768 2.795
V7 -1 2.893 4.893 6.755 9.407
7 V7 -2 4.274 1.732 9.911 3.451
V10 -1 3.580 1.814 9.524 3.556
10 V10 -2 3.919 2.417 9.803 4.629

HIZE 2 A0, REAL VT -1 SHARE M 2257 R,
S U PT RN 2 (2. 893 kN) W ZE AR T 575 — 4
[F A5 AR A i (4. 274 kN 565 0075 3 0 20 1o 2%
(4.893 kN) & 35 & 28— KB Y. HAKEM S —
U YT FAL N 22 57 AN K, 208 S I Ay
BIRTH KB,

B VT =1 5he 7 A, 55 — S I i B

158 T E—UE-A1
& = Bk
100F © o B—REB-42
. . B WA ir-412
X sof
> o)
@ a
= 60
ﬁ N o
i 40} °
20F ° ¢
Y 4 7 10
Vi 55 %/ mm

10.490 0. 915 MPa, 28 — R Z #1580 & & 3. 684 +
0.917 MPa, 5 Y8 47 56 B 3 {1k B 5 — S 3y
9 35.12% . XMW MICP REA ZCR R WA 41 4L,
IFRE T H LT, T T B E A
AR AL VO = 18 B IR fi 28RN BT B 9 R AU A
100% , T3 HAYRE -5 Z AT He i, 45 R 5] 8 fie
MRo

we S WBHAI
. e = 5 R4 L
100} o o B—WAHr-412
i oo B4
< ° . E
@ 80
=y
i 60} o
H .
= .
3 40|
:‘S . . L]
20f o ¢
0 1 1 1 1
0 4 7 10
Vi 5% )%/ mm

8 B R4 A R U T A B AT ORI o JRE ) L

Fig.8 Damage loads and flexural strength comparison of the marble beams with through cracks in the two bending tests
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Fig.9 Damaged cross section of the marble beams

with through cracks after restoration
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Fig.10 Cross — sectional CT scan image of the
marble beams with through cracks before and

after restoration (Sample V7 -2)
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Fig.11 CT scan image in V — shaped cross section

of the marble beams with through cracks

after restoration (Sample V10 - 1)
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Fig. 12 Relative ratio of grey value in cross section
of the marble beams with through cracks

(Sample V10 - 1)

4 ZgHRE

AR B S RS SR EE A =
AVRY B S R B i AR U A R IR ]
XAMB I AR AT, BRI

1) BREJG A RAGERTEFOLN, BES5 0
TR, BN Ar . BRI PR I R 2
AT R AL T4 fih AT 20 e R IR

2) XFFZAMAARTE VA RSE, 1R R
Je RS AR B A S A I G Bl VR i
T, B A 2 AR L 8 K

3) X B R, 1 RME S B P IT oR B RE
PRI 3 5 SR 19 35. 12% , ¥I{E N 3. 684 MPa, fix
[ REIAF 5.234 MPa,

4) CT FHHMEEAE PN E B R W BE M B2
BEAB 2 AT TS, 42 Ak o 168 2 i 558 T LA 07



52

SR S5 AR

$31 &

PREEF SRR ASDURE A A SCYE A /Y

—FE T AT TR WL B A OW CT &R P
JIHEIE T ER AT R Wk T SEBrE 2 T
T, AN S TE MG He i B2 AR B v 2 i i 42 52 o
i, T B2 B B T A X S B R Y R
PR T 245 )

E4

g AW E] T AT A AR G A OO

(IBCE Y5 (No. 8162025 ) [k 1 35 i & BL 5] “ GREAT”
531 R 5 SO R S5 SRR 10 3
K24 Grainne El Mountassir 1# 1| Rebecca Lunn 2§ #% FlI
James Minto {#i-1-XJ AR A BTMK , 7 b — I B0

Sk

(1]

(3]

(8]

[91]

RN SCUA A MR AR BT 7 I [ D . db5T: v [ b
JiR2E(de5T) ,2011.

LI Hongsong. Character and evaluation method of historical rock
deterioration| D]. Beijing: China University of Geosciences (Beijing) ,
2011.

i 7, GRS R B BB SCETEE A BE DU B A R AR S
[J]. BUETEBEBET),2001 (1) -84 - 88.

LU Shoulin, LIANG Baoliu, CHENG Changbing. Weathering of
the white marble in the Palace Museum [ J ]. Palace Museum
Journal ;2001 (1) :84 -88.

ik BA sk . ALRTIUE F A S i 2R AL RO
HLEBESE[T]. TR %S, 2016 (11) ;7 - 13.

ZHANG Tao, LI Dongqing, ZHANG Zhongjian. Damage categories
and deterioration mechanism of stone cultural relics of white marble
in Beijing[ J]. Geotechnical Investigation & Surveying,2016(11) ;
7-13.

A RSN 5O R A B 4 2 S R WW/T
0002—2007 [ S]. Jb 52 : SCHy i fiiAE, 2008.

National Cultural Heritage Administration of the People’ s Republic
of China. The classification and symbols for the diseases of ancient
stone objects; WW/T 0002—2007 [ S].
Press,2008.

VERGES — BELMIN V. Illustrated glossary on stone deterioration
patterns [ M]. Paris; ICOMOS Documentation Centre,2008.
WHIFFIN V S, VAN PAASSEN L A, HARKES M P. Microbial

Beijing: Cultural Relics

carbonate precipitation as a soil improvement technique [ J ].
Geomicrobiology Journal 2007 ,24(5) :417 —423.

DEJONG J T, FRITZGES M B, NUSSLEIN K. Microbially induced
cementation to control sand response to undrained shear[ J]. Journal
of Geotechnical and Geoenvironmental Engineering, 2006, 132
(11).1381 -1392.

CHEN Xihai, GUO Hongxian, CHENG Xiaohui. Heavy metal
immobilisation and particle cementation of tailings by biomineralisation
[J]. Environmental Geotechnics,2018,5(2) :107 —113.
RAMACHANDRAN S K, RAMAKRISHNAN V, BANG S S.

Remediation of concrete using microorganisms [ J]. ACI Materials

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Journal ,2001 ,98(1) .3 -9.

WIKTOR V, JONKERS H M. Quantification of crack — healing in
novel bacteria — based self — healing concrete [ J ]. Cement and
Concrete Composites,2011,33(7) :763 -770.

Wl RRIENE. 25 Aty A A A (1 A 0 3 3 o o 3 e 5
[J]. Tolk#@4,2015,45(7) .48 - 53.

YANG Zuan, CHENG Xiaohui. Experimental study of deteriorated
historic masonry structures reinforced by microbial grouting method
[J]. Industrial Construction,2015,45(7) :48 —53.

Whies BRI, SR A. B T BB A B AL B M TR I
MR [J]. AT EHR,2018,51(6) 111 ~119.

CHEN Tingting, CHENG Xiaohui, GUO Hongxian. Influencing
factors of bio — grouting precipitation in sand column based on
numerical simulation analysis [ J ].
Journal ,2018 ,51(6) :111 —119.

J P Adolphe, J F Loubie’re, J Paradas, et al. Proce’de’ de traitement

China Civil Engineering

biologique d’ une surface artificielle: European patent, 90400G97. 0
[P].1990.09.

LE METAYER - LEVREL G, CASTANIER S, ORIAL G, et al.
Applications of bacterial carbonatogenesis to the protection and
regeneration of limestones in buildings and historic patrimony[ J].
Sedimentary Geology,1999,126 .25 —34.

RODRIGUEZ - NAVARRO C, RODRIGUEZ - GALLEGO M,
CHEKROUN K B, et al. Conservation of ornamental stone by
Myxococcus xanthus — induced carbonate biomineralization [ J].
Applied and Environmental Microbiology,2003,69 (4) 2182 —
2193.

JROUNDI F, GOMEZ - SUAGA P, JIMENEZ - LOPEZ C, et al.
Stone —isolated carbonatogenic bacteria as inoculants in bioconsolidation
treatments for historical limestone [ J ]. Science of the Total
Environment ,2012 ,425 .89 —98.

JROUNDI F, FERNANDEZ - VIVAS A, RODRIGUEZ -
NAVARRO C, et al. Bioconservation of deteriorated monumental
calcarenite stone and identification of bacteria with carbonatogenic
activity[ J ]. Microbial Ecology,2010,60(1) :39 —54.

MUYNCK W D, LEURIDAN S, LOODV, et al. Influence of pore
structure on the effectiveness of a biogenic carbonate surface
treatment for limestone conservation[ J]. Applied & Environmental
Microbiology,2011,77(19) :6808 —6820.

ZAMARRENO D V, INKPEN R, MAY E. Carbonate crystals
precipitated by freshwater bacteria and their use as a limestone
consolidant[ J]. Applied & Environmental Microbiology,2009,75
(18) :5981 -5990.

ZHEE, JE SO , TR ESR , 45 I P s B3 i A TR 1 2
PR L], A BT R 22224 (A SR BLA ) ,2009,37 (9)
36 -41.

LI Peihao, QU Wenjun, XU Deqiang, et al. Remediation of
historic marble architectural heritages by bacterially — induced
biomineralization [ J ].
Technology ( Natural Science Edition) ,2009,37(9) :36 —41.
ZHU W K, TAO M, ZHANG Y K, et al. Coating of microbially

Journal of South China University of

produced calcium carbonate onto stone materials [ J ]. Science

China Technological Sciences,2015,58(2) :266 —272.



55 6 ] T 2545 A MDA SR IR B 18 SR I A R A IR I 53

[22] 1%L mmiAE e LS TEMGEMFsE [ D], db ot . i4E historic stone monuments by microbial induced carbonate precipitation
K=,2013. [C]//PAPAYIANNI I, STEFANIDOU M, PACHTA V. Proceedings
YANG Zuan. Research on mechanism and performance of high — of the 4th Historic Mortars Conference. Thessaloniki: Laboratory of
strength microbial mortar [ D ]. Beijing: Tsinghua University, Building Materials, Department of Civil Engineering, Aristotle
2013. University of Thessaloniki,2016.747 —754.

[23] TAN Qian, GUO Hongxian, CHENG Xiaohui. The remediation of

Experiment research on the restoration of white marble beams
using microbially — induced carbonate precipitation
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Abstract; Stone relics suffering from diseases such as cracks due to deterioration, need proper restoration
methods. In our work, in order to simulate the restoration of cracks in stone relics, the technology of microbially —
induced carbonate precipitation was applied to the restoration of broken marble beams. The research objects were
some white marble beam models (40 mm X 40 mm x 160 mm) with V — shaped cracks, some of which
penetrated the beam completely and some that did not. The restoration method was grouting and free infiltration.
The effect of restoration was evaluated by comparing the change of load capacity and flexural strength before and
after the restoration and by visualizing the restoration process of through cracks using computed tomography ( CT)
scanning. The results show that after restoration, 1) the surfaces of the cracks are dense and smooth, the color is
similar to that of the base material and that the overall appearance is nice; 2) the load capacities of beams with non —
through cracks were all increased, and the flexural strengths of the beams with through cracks reached a mean value
of 3.684 MPa (recovering up to 35. 12% of the original strength) and the maximum value of 5.234 MPa. The
qualitative and quantitative results of CT scanning also indicate that the density of bio — cementation increases as the
restoration goes on, and that the restoration quality of contact surfaces is weaker than that of other locations.

Key words: Microbially —induced carbonate precipitation technology ; White marble beam; Restoration of cracks;

Mechanical test; CT Scanning

(REHE KEHA)



