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CuCO,+ CO,+ H,0 — Ca(HCO,), (2 1)
2KALSi, O, + 11H,0 — Al,Si,O,(OH), + 4H,Si0, + 2KOH (2 2)

276,50, + Oy, + 10H,0 — 4Fe(OH); + 2H,Si0, (2 3)

Aol TR aAe Bal(4f#, decomposition)<t
metamorphism) ¥}7goll wahA 2Add=o] 2EA 7] wdel 3
o wu gt domu vl vhesth

Antd oz HEZES AATIE ofy <19
(kaolinite)®] ~ FAFAAFA R A (SEM) A3 o] w7 (sheet)o] A=}
(lattice) x5 7FAa Ao, F 7o 7] @9+ Z(unit structure) =
Si-O= Ag¥ AMAA (tetrahedral) H3<18 2>3 Al-0¢] Aoz #
W Al (octahedral) ¥7¢<Z1¥l 3>0] S o= Agsto] SAE A EE

& gAaA Ak

1>9] Zh&EuolE

10) +384, FEZFE9, (F)VAN pp. 52-82, 1996.
Mitchell, James K. and Kenichi Soga, Fundamentals of Soil Behavior, 3rd Ed.,
John Wiley & Sons, Inc., pp. 35-81, 2005.
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(James and Soga, 2005 : p. 53)
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Vil
O and | ' Hydroxyls
a0

a9 3. AI-O @9 FHA(a)e WAV (H)S FFetHA
Ajste] wE ZH A I(b)e] EA =,
(James and Soga, 2005 : p. 54)

i<}

EgoA dutdg oz dway = HEFEELS GAE Al (monoclinic) HEE
AMAFA Al (triclinic) o] €3l 2A4d FAFE S E 2 A A8 F}(silica, Si0») £}
&7 1 U (alumina, AlO3) 7} FAZolA W, St A FAEZo2A F
3} = Aol FeyOs FeO, MgO, CaO, Na.O, @ KO o] Eol7 =1%
Ao Fret Tl wek oy A AR e JAEZES JAdsta g
FE (G EA AR %2 Wl FES ot Athb<g 4> o]
o Zo] FAE HAEZ=L T4 FHd we 23(1119) +F Ee
35(218) 7% A% Utk 2% FERE M FELES THEE Y E
3% Tx2E A FEZES 29Eo] E(smectite), +EEZ Ul E

s

2 2} o] E(illite) Solth.<1y 5>

N
d
=

=

g

Rl

(montmorillonite), ~12]

11) Sparks, Donald L., Environmental Soil Chemistry, 2nd Ed., Elsevier Science,
p. b3, 2003.
Grimshaw, R. W., The Chemistry and Physics of Clays and Other Ceramic
Materials, 4th Ed., Wiley-Interscience, pp. 97-175, 1971.
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Uxygen or Hydroxyl O @  Various Cations

mﬁi’fﬁ““’
-— &f’

Repeated to form a sheat

Packed according to

OOO

/A

Tewahedral £\

\/

[ Octahedral
Stacked inionic and covalent bonding to form layers

1:1 Semibasic unit 5 g 2:1 Semibasic unitt
'

Stacked in various ways ‘

seEBEHEES

/

Kaolinite  Halloysi

Chlorite  Mixed Layer
a9 4 AEZES A,

(James and Soga, 2005 : p. 55)

a9 5 gy T AEGE.
(Sparks, 2003 : p. 53)
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7hEelvol Ex AE7t APHA B ARAAATHAREE) o LFry
WA Fo] FAVI(OH)E A dstA AR Fejolar, A #e] ol
(cation) 2719 AbA9 470 (OH) o] o= FZeistolAl Ft} o] AFAA
T3 ZA o] 3 B(EE) o7 o] Fol ZAA(EIRE 7T 1
ol x5 I:1 dolgt skaL, ojufjo o]x3st= 11
ool dolA ol AL E3ste FEATE hEElUelES w4t xo|th 1)

<19 6>

}d

i
ol

® O Silicons

a9 6. 7JhEEYolE Ao a9 AR,
(James and Soga, 2005 : p. 57)

0

Finter-layen) ol & 2 &

Fe 49% Qu @i 2 49
s, ol F3be ¥ UelA Fast FaCERG TS

ol
™
O

gle] Wk o "k~ o]&H(van der waals attraction forces)o = T 7% Z0]

HAA Advk<ad 7>

12) &3¢, JEFES, ()AL pp. 52-82, 1996.
13) Sparks, Donald L., Environmental Soil Chemistry, 2nd Ed., Elsevier Science, p. 143,
2003.
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=97 g <ad 14 = o
(sl el daL, v& A& Si-
AP A TS dAShE AWMEE)AARR o)FAXE AbA Wl gtk dA}
o] FAlel (OH) ol=o] $1A&tt. 13 o] AAHA & F /e A2 A
718 g A st AL A AR 409 FEbRe kA Wl gl
= 2709 (OH) & 6709 Sol(anion) o2 E&|&el 9Jx]o] A" o] £o]
Ak Al o2& FAoR dto] Byl 6719 Sol2oz AHBuA
i A = Zeise] 7] wiiEel WA o] o] Fojxlt}. o]et o] 2749
AP A 3 Afolel B A @O o] Fojxl FAAZE 211 Foltt o] A o]

ool FA ) o] kst 211 F Atelol FXF Fbto] AV o] A &=
I Fol o] FEEAA)FAL ATh<

=
b
o
= O
2
g

jas)
—

4
jult)
o)
\V

14) Mitchell, James K. and Kenichi Soga, Fundamentals of Soil Behavior, 3rd Ed.,
John Wiley & Sons, Inc., pp. 58-61, 2005.
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Montmorillonite on Wetting” , Zeitschrift fir Kristallographie, Vol. 97,
pp. 260-270, 1937.
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AHED) ] dE A A EA AstAE AT o R Addsilon, ALE
& AatAle]l FHE 5AS <E 3> YEITS

50) Wheeler, George, Alkoxysilanes and the Consolidation of Stone, The Getty
Conservation Institute, pp. 13-29, 2005.
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HE781 8] Vol. 21, pp. 33~40, 2007.

52) FHLRAATL, LA PEAGAE) FaA A 05 L A A G AP,
pp. 143-178, 2006.
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56) Liu, Xian-Dong and Lu, Xian-Cai, “A Thermodynamic Understanding of Clay-
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(Smith, 1963 : p. 819)
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Deterioration and Conservation of Stone, Germany, Vol. 2, pp. 1159 - 1170, 1996.
58) Inmaculada, Gonzalez J. and Scherer, George W., “Effect of Swelling Inhibitors on
the Swelling and Stress Relaxation of Clay Bearing Stones” , Environmental
Geology, Vol. 46, pp. 364-377, 2004.
59) Smith, Peter A. S., “Putrescine Dihydrochloride” , Organic Syntheses, Vol. 4,
p. 819, 1963.
60) Chandrasekhat K. and Vasantha Pattabhi, “Redetermination of the Structure of
Putrescine Dihydrochloride” , Acta Crystallography, B36, pp. 2486-2488, 1980.
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o <13 23>61

W // cg/{r)'stal ,C{f’/ %

(a) “J"\,‘%Jm"m“"w V1

B e
Y A{/// .‘%@.’e crystal I/é, A

(b) %%?%%w |93A

k clay@ crystal -
//7 XD

/@// a7, a)@/wsﬂﬁ: /
//

6’ 49//’/@/ A0

-N H.N HaN HaM HiN \H,n hJN 1
(c) (
ca. 27 6 A
H N

6 L ;
/@ / crystal/
/g/ //@/// I _L

29 23 9h Ul AEAAAY 9 mAE
(DL, 1994 © p. 284)

2 AT E HEFES Thste S AREA

=% UM REAeE fal dEdd s Ry F
Al AdA A FolA F3rF el M dA A=
HAAAY Ae a3E AYEgdt FEFE =3T4%
AUSS AHu7] 9s) A&d Fsias o do] Fa&d FEZED 29

o|Ec] thdt ZEtAe] a¥E Wud AyE ngor HEFEO T
1

=
Tz dEgs v HA e A3AQ] Unil sandsteinfestiger OH 1003} =
FA Y (door) HEE 2l 74342l Funcosil KSE 300 EE Aelst gt o

61) IR, BT Lo ARRERORE & L TR LT, + 7 2 2 %, 26(1), pp. 282-287, 1991.
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HA A A 2= Antihygro(RemmerAl, 59)S A &3 th.<1d 24>

o

o] A 74;

7yzy A gslo], Agid oz ek el OH 1003 -6 A % A e
s} e A (elastic) o] WA S AE WEE B KSE 300 Eo

) WEAAAT BEAX EHE HHE=AE AR U o]l Yt

step size 0.04, 40kV, 30mA, L8] 26+ 5°~20°9] FA4 ZZqA A2

A3 d A (XRD, PW 3710, Philips, Holland)< A Al3te] & A Aol <]
W AEGRY 7 Ande WaE Fesg,

3 4 AdstA e BEAAA g A =3
A= A 2=

R 2 A4

R-1 44 A + OH 100

R-2 A4 A4 + KSE 300E

R-3 A A+ BEAAA

R-1’ A Ad + HEAAA + OH 100
R-2’ AN Y + BEAAA + KSE 300E
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-

qEAdgANE FstAl= A Fo FRAFY 7] T FEY HEs

o 7hgidl 7k R o] FAksh 2 (Si(OH)) 9 ol 8H8-(CoH0H) 0] A3 A =

i, gA0ReE HAAAY] A 7HSI0)¢ E(H0)ol BT &

olE wrUA Z-A g ud mAY
o

il
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=
D
&
o
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.
rlo
o
i)
>
vk
)

SILRES BS OH 100 #3Al= Ao 37 T 4
]

A el E(soDoll A A Aeje] Az Wit dubA o og g
ol ES & g GEga dgdg Aol EVt i3} whgeto] Hikis
nSi(OH)s 4#ke}b o gh-go] A= 7heia] vhe-¥ 2= (SiOH) 719
il Subshol wel & 3w (oligomer)?l A Z2HSi-0-Si) YA A4
. A2 ixpe] Aol fe A= SHE SEFEol dHH L
2 dojdtt webA whg AlZte] A&HHE A5 FFAVE Ao
AAdH o] whgo] ShuEw frEleh 2ol HmrF FEdiel AR A 1A
el R WstetA

<% 25>+ SILRES BS OH 1005 7oA 28Y &<t vkg-A1717] A

62) Brinker, C. and Scherer, G. W., Sol-Gel Science, Academic Press, 1990.
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Weight (%)

% 28 25%be] ZFshAl g = AdE Aol 1W v A 2.(SEM)
(a) 1004, (b) 1,000%)
110 0.07
o 3133°C
r_... T
100 — 30 4
- _
‘|I m
% | £
\ 28+ 006 ©
43437 (@) g
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= 26+ =
o fal
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2502+ 41005 g
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T 22 4
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5079
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40 T T T T . 0.04
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ol W= 217 g/em’ol A 219 g/em’~2.22 g/cm’Z k7 AR o=
ZA5 ATt M. Pore Al&EE 219 g/em®dl A 219 g/cm’®~2.27 g/cm’dl] o]

i
i

oz Wy gon S Pore AlZolA = 221 g/em’olA 222

g/em’~2.27 g/em® FFOoE W7t Z71E Qo)

T U=

M e vol%) | (g/em®)
L A A 12.06 2.17
L-1 Unil Sandsteinfestiger H 3.08 2.20
L-2 Funcosil Steinfestiger 300 2.79 2.21
L-3 Unil Sandsteinfestiger OH 100 2.08 2.22
L-4 Unil Sandsteinfestiger OH 2.18 2.20
L-5 Funcosil Steinfestiger 100 2.76 2.19
L-6 Unil Sandsteinfestiger OH 1:1 2.54 2.18
L-7 Funcosil Stone Strengthener OH 2.37 2.21
L-8 Funcosil KSE 300 E 5.26 2.18
L-9 Silres BS OH 100 2.06 2.21
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3# 6. Medium Pore A 29| 73kl Ae] A3 5o ¥=&3 A= v

TEE UE

Al & & 3HA| 3

(vol.%) (g/cm”)
M Al A 9.72 2.18
M-1 Unil Sandsteinfestiger H 1.71 2.24
M-2 Funcosil Steinfestiger 300 1.33 2.26
M-3 Unil Sandsteinfestiger OH 100 1.08 2.27
M-4 Unil Sandsteinfestiger OH 0.99 2.26
M-5 Funcosil Steinfestiger 100 2.28 2.19
M-6 Unil Sandsteinfestiger OH 1:1 0.86 2.22
M-7 Funcosil Stone Strengthener OH 1.90 2.22
M-8 Funcosil KSE 300 E 6.70 2.22
M-9 Silres BS OH 100 1.83 2.25

¥ 7. Small Pore A 859 Z3A Az A3z T FF&3

=g ik

T U=

M e (vol%6) | (g/emd)
S e A 772 2.21
S-1 Unil Sandsteinfestiger H 2.13 2.22
S-2 Funcosil Steinfestiger 300 1.83 2.26
S-3 Unil Sandsteinfestiger OH 100 1.08 2.27
S-4 Unil Sandsteinfestiger OH 1.39 2.26
S-5 Funcosil Steinfestiger 100 2.28 2.18
S-6 Unil Sandsteinfestiger OH 1:1 2.76 2.22
S-7 Funcosil Stone Strengthener OH 1.90 2.25
S-8 Funcosil KSE 300 E 2.70 2.25
S-9 Silres BS OH 100 1.43 2.27
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D EREY

B Aol FAMCE BL FHT F 9t F0E DN
el Zgstach dol sl ARe FAE A F

Gol ARZE RAF A s, BAL AW S

W, = Mma — My (g)
Mpa @ W71 3ol A Bl g AR 9] F7

O FEZTFE(EE HAPESTTFE Waa )

Wga = (Wa / mg )*100, (in wt.%)

UM FEFTES TEY A7) et 344%~556%E SAHEHAL
u, AskAl A7 Fele 0.96~337%9 FAE YERUTE<E 8% 10>
E | XM= ZstAl 97 TEEFTES P SRS
W, M. Pore A &A= 7334 33 Z3bA] 7, S. Poreoll A= ZF3A] 73
ZstAl 9= AEg AR FEFTEel Bol HAaHddu. AspAl A" ¥

FUE BEEFEL DAL FIEH DA A, <29 50l 3
E dHe] TS} FEELEN BAT wASe] T FolE
s FREFE0 FoE: A FAsAn

63) FRESFAAT L, LA YEAGHAE) FaA A 44 @ ANA 3G 47,
pp. 143-178, 2006.

64) AE-3), ANAG AR EojAg e Wb E A pp. 139-148, 1995.
(110 CelA —r71]7]- QA w 74A] AZAZ)
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¥ 8. Large Pore Al &9 Z3lAd FE&

M et (wt.2)
L e A 5.56
L-1 Unil Sandsteinfestiger H 3.37
L-2 Funcosil Steinfestiger 300 2.80
1L.-3 Unil Sandsteinfestiger OH 100 1.65
L-4 Unil Sandsteinfestiger OH 1.50
L-5 Funcosil Steinfestiger 100 2.37
L-6 Unil Sandsteinfestiger OH 1:1 2.58
L-7 Funcosil Stone Strengthener OH 1.55
L-8 Funcosil KSE 300 E 2.42
L-9 Silres BS OH 100 0.99

% 9. Medium Pore A 59 Z3Ad &=

e Eh (wt.2)
M e A 4.46
M-1 Unil Sandsteinfestiger H 2.52
M-2 Funcosil Steinfestiger 300 191
M-3 Unil Sandsteinfestiger OH 100 1.52
M-4 Unil Sandsteinfestiger OH 1.78
M-5 Funcosil Steinfestiger 100 1.95
M-6 Unil Sandsteinfestiger OH 1:1 2.25
M-7 Funcosil Stone Strengthener OH 1.70
M-8 Funcosil KSE 300 E 4.66
M-9 Silres BS OH 100 247
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# 10. Small Pore A159 734 2EE544 v

SRl ae]
AE e S =T
(wt.2)

S A A 3.44
S-1 Unil Sandsteinfestiger H 1.76
S-2 Funcosil Steinfestiger 300 1.53
S-3 Unil Sandsteinfestiger OH 100 1.12
S-4 Unil Sandsteinfestiger OH 1.44
S-5 Funcosil Steinfestiger 100 1.14
S-6 Unil Sandsteinfestiger OH 1:1 1.39
S-7 Funcosil Stone Strengthener OH 0.96
S-8 Funcosil KSE 300 E 3.02
S-9 Silres BS OH 100 1.08

3 4]
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2

o

I\ £

o

o

o] BABREEFTES AT Ao, <2¥ 35> EAdE
R EZE e
3 11. Large Pore Al&9] ZstAd RAdEF5AS vl
- 5 = ) 2=
s 284 e
(kg/m” - t
L A A 5.80
L-1 Unil Sandsteinfestiger H 0.28
L-2 Funcosil Steinfestiger 300 0.47
L-3 Unil Sandsteinfestiger OH 100 0.15
L-4 Unil Sandsteinfestiger OH 0.11
L-5 Funcosil Steinfestiger 100 0.28
L-6 Unil Sandsteinfestiger OH 1:1 0.13
L-7 Funcosil Stone Strengthener OH 0.45
L-8 Funcosil KSE 300 E 0.50
L-9 Silres BS OH 100 0.30

¥ 12. Medium Pore A 89| Z3lAd A

e F Al Bl

EAdEEFAT

Al 7 3kA (kg/mt - £
M Ay A 3.85
M-1 Unil Sandsteinfestiger H 0.23
M-2 Funcosil Steinfestiger 300 0.55
M-3 Unil Sandsteinfestiger OH 100 0.14
M-4 Unil Sandsteinfestiger OH 0.68
M-5 Funcosil Steinfestiger 100 0.50
M-6 Unil Sandsteinfestiger OH 1:1 0.62
M-7 Funcosil Stone Strengthener OH 0.21
M-8 Funcosil KSE 300 E 0.49
M-9 Silres BS OH 100 0.25
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¥ 13. Small Pore A 29| 73t RAAEZFAS v
CAHE RS
A8 7 sk A - ) 1/2)
(kg/m” - t
S g 2 1.15
S-1 Unil Sandsteinfestiger H 0.07
S-2 Funcosil Steinfestiger 300 0.30
S-3 Unil Sandsteinfestiger OH 100 0.04
S-4 Unil Sandsteinfestiger OH 0.10
S-5 Funcosil Steinfestiger 100 0.05
S-6 Unil Sandsteinfestiger OH 1:1 0.14
S-7 Funcosil Stone Strengthener OH 0.09
S-8 Funcosil KSE 300 E 0.10
S-9 Silres BS OH 100 0.14
L9 M-3
0.50 0.20
0.—10 /// “
y 0.15
€ 0.30 - Efﬂ/
2020 20101 B
0.10 0.05 |1:
0.00 ' omnlB .
0o0 050 100 150 D00 05 100 150
W .
S5
0.10
I
2om ﬂd/w
jmls)
002 4@
0.00 L L
0.00 0.50 1.00

a9 3. sk Ae F

Ml

A RABEFEE,

(Vh = A17h)
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L. Pore ¢t AE BAREZSAS7E My deE 580 kg/(m’t'?), =
BAl EH Y HAS F3l 1AZE Fete] 58kge] Eo] AR A
ol F Adue ol 1Al AWML AEEA o] Ao wo] &
ofzttheE 2 olym, FAdo] v F 4 A o9t V= sk
AutA o2 A3 AEW RA#RS met 2 EorteE 59 4ol 59
o FetAlE A & Agd Ws wep RARdES
FAFE A% 23 0.11~050 kg/(mZtWM oz gasdrt. Awka
o7 EAZF 9l Ao BAREEFASFE Olkg/(mtHE B 7FEe
2 2 u, Z3tA 49 A% L. Pore ABolAE A 9y FIaas
Bty &% wlo] ofd Aotk F1t 7|9 AR M. Pore

= 55457 385 kg/(mt")el A ZshA 302 A
2§ A zolA A 014 kg/(mt") 74A F]E Aoz yEyT S,
115 kg/(m*t"A) el A Zepa5L A 5 0.04 kg/(m’t"?)
AL B 5 ded, 98 Z3A F ASA 304 MY =L

el
e B RAdEEFsee] Wsbts uefdivhd AdshAl 3] BE

3
>
rlr

3L
[¢)
S a7)9 Arsel 488 5 A= A AdW AR B9T + 9

Q@ Z3A A= A 3} Fo dY9 vnpRAG=w3

A T o] A} AstAE Ae o Fs EHE Uolnr] 9 e}
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BE "ol Uk Bxe] gozmRE, T ALY 9 FHo Eou AL
of whehA <rajol AstAeE zoleh dvp kst st HA=A

PN
s ¢ 4 Ak

65) 60Mesh PR Z Im Zo]& trackS Y51 7 9o SAANEE 1 4A3 IS
Fo] BHA I = A (ANEE 2kg 1 FAE Fo Aze an %’4% 30WE FHA7]
=d vl 53 B A vt FAE A v o8 £AH F& F49)
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FatAe] A o] A AR wREAIFH 9
14>9} <29 36> ERH ST

3

R4

A

¥ 14. Large Pore A8 Zshd Ael A3t Fo] vhmAd FAE4 )
vh 2 515
Al & 7 shA
5 10 15 20 25 30
L A A 013 1 075 | 0.83 | 093 | 0.95 | 1.03
-1 Unil Sandsteinfestiger H 0.31 | 040 | 042 | 0.56 | 0.58 | 0.61
L-2 Funcosil Steinfestiger 300 011 | 0.15 | 0.18 | 0.22 | 0.25 | 0.32
L-3 Unil Sandsteinfestiger OH 100 | 0.13 | 0.16 | 0.21 | 0.33 | 0.36 | 0.38
L-4 Unil Sandsteinfestiger OH 0.11 | 0.18 | 0.21 | 0.28 | 0.31 | 0.36
L-5 Funcosil Steinfestiger 100 018 | 0.19 | 0.20 | 0.32 | 045 | 0.53
L-6 Unil Sandsteinfestiger OH 1:1 018 | 023 | 0.24 | 0.26 | 0.28 | 0.31
L-7 | Funcosil Stone Strengthener OH | 0.19 | 0.21 | 0.28 | 0.35 | 0.38 | 0.44
L-8 Funcosil KSE 300 E 0.19 | 0.23 | 0.24 | 0.30 | 0.36 | 0.42
L-9 Silres BS OH 100 0.11 | 0.17 | 0.20 | 0.22 | 0.27 | 0.32
12
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=% visE CR 30002 =A3ste] L'ab TMAZ et Lab™ A
: HF
O

of wel FAMoE Hrt

ZE AN RE A BHe dEedeAelE AsAE Aeg 5o A
EE A 1 AYE <HF 15>, <X 16>, 183 <% 17><>ﬂ [BRSRR]
t}. o]

Ao A AHE F de AAH AIAE A & F 3F w49
Az HESAIZES AR GAOAME dtel A Foto = FHESHA
Al A F45 At ZFol7F o L'ah" ol A=

< *e‘ﬁ%—s— T k= %MH, o= 73}
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¥ 15. Large Pore A 89 Z3tA 28 Ay Fo AMx vlw(L'ah’)

Al & 7 sHA L a b*
L e A 76.71 0.03 3.97
L-1 Unil Sandsteinfestiger H 51.43 0.62 7.88
L-2 Funcosil Steinfestiger 300 52.65 0.31 6.39
L-3 Unil Sandsteinfestiger OH 100 40.78 0.61 8.72
L-4 Unil Sandsteinfestiger OH 42.33 1.00 9.20
L-5 Funcosil Steinfestiger 100 54.83 -0.08 8.10
L-6 Unil Sandsteinfestiger OH 1:1 49.95 0.94 11.33
L-7 Funcosil Stone Strengthener OH 54.99 0.29 7.35
L-8 Funcosil KSE 300 E 53.35 0.30 8.12
L-9 Silres BS OH 100 51.92 0.22 9.96
- 69 -

@@@79



3% 16. Medium Pore Al=9] 7Z3lA 22 2} $9

AE Hla(Lah’)

Al & 7 3kA L a b*
M g A 73.12 0.01 3.52
M-1 Unil Sandsteinfestiger H 66.47 1.63 11.64
M-2 Funcosil Steinfestiger 300 55.20 1.97 6.26
M-3 Unil Sandsteinfestiger OH 100 67.17 1.35 7.06
M-4 Unil Sandsteinfestiger OH 64.99 1.45 8.93
M-5 Funcosil Steinfestiger 100 69.81 1.17 6.64
M-6 Unil Sandsteinfestiger OH 1:1 71.64 0.24 10.63
M-7 Funcosil Stone Strengthener OH 65.57 2.02 11.86
M-8 Funcosil KSE 300 E 66.02 0.99 9.07
M-9 Silres BS OH 100 59.64 1.77 12.08

¥ 17. Small Pore A 89 Z3A A Ay Fo AMx vlw(L'a™h)

A& 783 A L a b*

S e A 66.52 -1.25 4.27
S-1 Unil Sandsteinfestiger H 56.32 -0.74 7.26
S-2 Funcosil Steinfestiger 300 54.27 -0.62 5.64
S-3 Unil Sandsteinfestiger OH 100 54.06 -0.42 7.68
S-4 Unil Sandsteinfestiger OH 53.68 -0.07 5.06
S-5 Funcosil Steinfestiger 100 61.27 -0.34 521
S-6 Unil Sandsteinfestiger OH 1:1 55.69 -0.39 6.16
S-7 Funcosil Stone Strengthener OH 54.15 -0.79 6.90
S-8 Funcosil KSE 300 E 54.59 -0.91 2.84
S-9 Silres BS OH 100 48.26 -0.75 3.37
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= ARl Bk Bolt F7, Sl AHFE B A

AAHA=A7E HA vzl A siof gt AdstA F3hd

A AHo A AHAAR AAAH s F F oGRS AAWY Do

3 AFAFALE 14 A F Aojx 2-3
Ao wrgol ehxa Byl %

A A GHEe

N
i)
=2
o
o
)
o

doll AbFAYE Sl W o] AEAE

Az ZA3AYE Pk <F 18> 2zl A AHH
S EAsIRon <2y 39> o]E Hla 3},

okA A W=

T 1 2 3 4 5 6 7 8 9
L. Pore | 1.39 | 0.70 | 3.56 | 1.87 | 1.16 | 1.54 | 2.36 | 0.21 | 1.95
M. Pore | 1.46 | 0.74 | 285 | 1.65 | 0.72 | 1.23 | 2.32 | 0.81 | 2.10
S. Pore | 1.53 | 1.99 | 283 | 215 | 1.40 | 0.71 | 241 | 222 | 343

10.00

BOD [
£ 600 ] b - |mS.Pore
o oM .Faore
o 400 Fp--- -] - -| ([OL.Pore
<

2.00 -l ™

OCD 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9
ZEH HE

9 39, skl Ay F s A FAde(%).
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o] Aol A iAol A FAHE& (%) A FF AVIkE daglol
734 3(Unil Sandsteinfestiger OH 100)3 734l 7(Funcosil stone
strengthener OH)©¢| 2% o]Ao 2 t& ZsiA 59 vl&] =52 & F 9
th g7t e 2434 1(Unil Sandsteinfestiger H) 9] A 8] &8 3=
A7)e A&l 14~15%E Yern oy F=9 a7|7F & A (L.
Pore)oll = 734 30] 356%% 7Hd =& 3 & BHow, A3k 7o
2.36%, ©lo] ZFshAl 9(Silres BS OH 100)7F 2% 7H7bs #o=2 SHAHHS
=9 2717 SHM. Pore)?l Aol ZFshAl 33 7o) 2% ol A
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OH 100)% 2% 7}7h2 25 YeblSAT. S, Pore 940l ZF3kAl 97}
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RN <" 4>l <a™ 41(H)>= dAel d4d At 2
of mAlTE ARz, 4 AS REd <I¥ 4l(a)>9] devt 2

A kel Feel AT <29 41(h)>, <29 4l(e)>1gal <1
41(H)>+= FEJA T A9 Ao mHoay BE daso] At

Aol ofsf whdts] A& = Aom dAidn.

; : [ 4
(e} L.Fore (£) L.Pore

19 41. Unil Sandsteinfestiger OHZ= | 2] 3l oFX A 5 9]
1] Al - % (SEM)
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Ethyl silicate, Si(OC,Hy), H,0 in Air

Si(OR), + H,0
> Si((;H)4 2 - Hydrolysis ﬂ EtOH 1
| | SR
Polymerization m oS

Bondingw/ﬁparticles

(M-Si-0-Si-M)

9 44, R Aol E AFskAle] 44 AstvlziYE.

gRar
-si-c-aiai{&"o
Ed B o
3 ¥ I.-'I",

(a) (b

a9 45 dE2A Al E AepAe] A BRI
(@A 29, (A

(Wheeler, 2005 : (a)p.38, (b)p.47)
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E 19, AspA AP A5 dRek Fa&e] Wt

A Unil sandsteinfestiger H 2.62 2.65 3.03 1.10
B Funcosil Steinfestiger 300 2.60 2.69 3.78 1.65
C Unil sandsteinfestiger OH 100 |  2.34 2.47 961 4.14
D Unil sandsteinfestiger OH 2.63 2.65 2.56 1.57
E Funcosil Steinfestiger 100 2.32 2.41 10.46 6.16
F Unil sandsteinfestiger OH 1:1 2.33 2.41 10.69 6.77
G Funcosil Stone Strengthener OH|  2.62 2.65 3.15 1.17
H Funcosil KSE 300 E 2.38 2.61 9.20 5.10
I Silres BS OH 100 2.70 2.65 3.30 1.66

A B C D E F G H
ZatHg A B

FCEEETEEES

Y 47 AsAE A A% F G

!

3},
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TETTE
oA A 5 73544 (Wt.2%)
st A 35t %
A Unil sandsteinfestiger H 0.76 0.1
B Funcosil Steinfestiger 300 0.71 0.41
C Unil sandsteinfestigerOH 100 3.58 0.38
D Unil sandsteinfestiger OH 0.66 0.33
E Funcosil Steinfestiger 100 3.42 0.24
F Unil sandsteinfestiger OH 1:1 3.54 0.55
G Funcosil Stone Strengthener OH 0.47 0.26
H Funcosil KSE 300 E 2.97 0.81
I Silres BS OH 100 0.89 0.41
A B C D E F G H |
ZEHE AR
FEEET S

_86_

@@@96



8-
o

w

I
file)
ﬂe

=
ofy

o

o
i)

—
file)

N

o

BA
o

—_
fite)

Nr

el
°

dl, ofefje] AellM X

L
—
A

How en}

I 77| 25E A

KR4
p. h

A 2

9]

ke A FZE ] o

o

<

-
.

(0, kg/(m*t"%)

T

n
.*o_._u

)

Al

30x, 60z, 300x, 600z,
23>

=,

AF R A0

&

&t

¥ 21-%

FS o<

S

NI 0IR| N Q|| ©o|x|ww
S| N ||| R | R oM L0
S|lF R N | S| |||
DN S| O] =|OS|—=|D|~|0©
AN | = [~ | N[~ ||~ ||
N | R[R (W[ | |©|10| W0
S|V || NN O M
SlFIN|l LS| |0 |~ |
DN DO =|©O|—=|D|0~|00
i B o N B R B B N I Bl e [ R R e R
O O VD |||
Ml |S(F||m|w|—| S| =
SlniN|ocl|Q|~o| |
2|2 |2|5 8|5 |2|5|2
t|lmimlololo|l | o=
Mis|lolx|Slele|o] Y2
SN DD || OO
BR2E8IEF|EER
el N = E= I I =)
M| eI WS RS
HHEIEREEEEE
ClINIZIElaENE=SE
| (W |||~~~
MR Q |||
28|88 |8E8|5|2 8|8
3211212111
D|loln|lo|l 4|l o,
_58.7.19.9.5.4.7.1
N|H || 0| R[] |0|©
SN S| O | HA|~|O |0
AN |~ [ | |~ [ ||
mﬁABCDEFGHI
!

_87_

@@@97



& Lo

o

X 22 FslAE & dA R FH] EAAEZTSTEH(ES, 9
GMNE| 0z 30% | 60% | 300% | 600% | 1800% | 3600%
A 22328 | 22329 | 22329 | 22329 | 22329 | 22331 | 223.33
B 19221 | 192.27 | 19228 | 1923 | 192.31 | 192.36 | 192.45
C 161.16 | 161.18 | 161.18 | 161.2 | 161.23 | 161.3 | 161.34
D 209.43 | 209.44 | 209.45 | 209.46 | 209.47 | 20952 | 209.56
E 16697 | 166.99 | 166.99 | 16699 | 166.99 | 167.03 | 167.06
F 21891 | 21891 | 21892 | 21894 | 21896 | 21899 | 219.03
G 179.73 | 179.76 | 179.78 | 179.79 | 179.79 | 179.84 | 179.89
H 17095 | 171.06 | 171.11 | 17119 | 171.26 | 1714 | 17152
I 1863 | 186.33 | 186.33 | 186.34 | 186.34 | 186.37 | 186.41
¥ 23 A3tAE A s FH RAAEEFES 99
XA E| 0% 30% | 60% | 300% | 600% | 1800% | 3600%
S 20655 | 2068 | 206.84 | 207.21 | 207.62 | 2081 | 20891
A 22322 | 22323 | 22325 | 22326 | 22327 | 2233 | 22334
B 1921 | 19215 | 19218 | 192.19 | 192.23 | 192.27 | 192.33
C 160.1 | 160.21 | 160.26 | 160.32 | 160.37 | 160.47 | 160.58
D 209.32 | 209.38 | 20941 | 209.45 | 209.48 | 209.58 | 209.7
E 166 | 166.15 | 16624 | 1665 | 16671 | 167.25 | 167.85
F 21787 | 21842 | 21858 | 219.07 | 21945 | 220.35 | 220.95
G 179.62 | 179.68 | 179.69 | 179.75 | 179.78 | 179.83 | 179.91
H 17043 | 17056 | 1706 | 170.73 | 1709 | 171.13 | 171.45
I 18624 | 186.38 | 186.41 | 186.48 | 18654 | 186.66 | 186.81
EABESSE $S 58 ZAE e o 4 HE Bt FE
o]F S FFT F AUk BEHOR FLEHE B *S AzF 1HF4
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% 25 ZsAe A3 F A% weh(E)
A A A% Az g ¥ A= g3

Al &
L a b* L a b*
A 43.48 2.88 4.67 40.39 3.23 5.77
B 44.34 3.01 4.88 41.36 5.29 4.98
C 44.94 3.43 5.19 41.46 2.99 5.75
D 44.10 3.06 513 49.65 2.12 4.89
E 47.58 2.98 4.46 45.23 3.50 4.72
F 44.20 3.20 5.16 41.71 3.04 5.30
G 41.94 2.90 2.50 40.65 4.08 3.71
H 45.38 3.22 5.85 41.88 4.25 4.79
I 47.09 2.67 4.06 42.29 3.89 4.84

9 53 AskAl Ae d3 ¥ Labh 4A g
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Akt

Ao Az diA] AR <" 46>A A AAA A oA

FE<l muscovite, illite, vermiculite, 28] 3L clinochlore %©°] 3%F-f 4
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A i W 5} 7 W 5h-&
(doo;, A) (Adoo;, A) (%)
R 14.18 - -
R-1 14.19 0.01 0.07
R-2 14.28 0.10 0.70
R-3 13.87 -0.31 -2.19
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69) Nagelschmidt, G., “The Structure of Montmorillonite” , Zeitschrift fur
Kristallographie, Vol. 93, pp. 481-487, 1936.

70) Bradley, W. F., Grim, R. E. and Clark, G. F., “A Study of the Behavior of
Montmorillonite on Wetting” , Zeitschrift fiir Kristallographie, Vol. 97,
pp. 260-270, 1937.

71) Schultz, L. G., “Lithium and Potassium Absorption Dehydroxylation Temperature
and Structural Water Content of Aluminous Smectites” , Clays and clay minerals,
Vol. 17, pp. 115-149, 1969.
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Study on the consolidating mechanism of stone
monuments containing clay minerals
with swelling properties

Lee, Sang Jin

Department of Cultural Properties
The Graduate School
Gyeongju University

(Supervised by Professor Do, Jin Young)

(Abstract)

In this study, the consolidating mechanism and consolidating effects of the
consolidating agent(consolidants) were investigated, which have been used to
the weathered stone monuments on the conservation field. In order to
investigate the consolidating mechanism of the weathered stone monuments
containing clay minerals, the consolidating effects were studied by applying 9
types of the ethylsilicates consolidants to both the tuff and the shale
containing clay minerals.

Because the gelation rates and the contents of the silica for each
consolidants were different respectively, the properties of gelation forming silica
gel and the infiltrating efficiency of the consolidants were slightly different.
The physical properties such as a bulk density, a porosity, a total water
absorption rate, and a capillary water absorption rate were changed in all stone
samples after consolidating experiments. The values of bulk density were
increased, and the values of the porosity, the total water absorption rate, and
the capillary water absorption rate were reduced. This is because the stone

particles were effectively coated with silica gel on the surface and the inside
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of the stone samples forming the three-dimensional net structures from the
ethylsilicate consolidants after those infiltration into the stone samples.

For the consolidants with high contents of the silica among the 9 types of
the consolidants, both the decreasing effect of the porosity and the restrain
effect of water permeation were good. The results was considered that the
gelation in pores of the stone samples was good as much as the contents of
silica.

Although all consolidants can form the silica gels and reveal the sufficient
consolidating efficiency, the probability causing the secondary weathering such
as slaking, swelling, and shrinking was found by XRD analyses about the
swelling property of the clay minerals. The XRD results showed that the
lattice spaces of the clay minerals was changed by infiltrating the consolidants.

Through the investigation of the reaction mechanism between the stone
samples containing clay minerals(smectites) and the consolidants, both the
expansion and the shrinkage of the Ilattice space were found. Such the
expansion and the shrinkage can cause the physical damage to the stone, that
can change the crystal structure of rock-forming minerals and cause the
internal stresses between mineral particle. For instance, some cracks and
exfoliations were caused on the stone surface after consolidating the stone
sample consisted of diatomite.

On the contrary, in case the swelling inhibitor that can reduce both the
expansion and the shrinkage were applied to the stone samples containing the
clay minerals, the changes of the lattice space were reduced. The inhibiting
mechanism of the swelling was considered that the internal stress was
mitigated by modifying the surface properties and by affecting as a buffer
layer after infiltrating both the swelling inhibitors and the consolidants on the

surface of the mineral particles.
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