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A Study on Deterioration of Stone Monuments by Acid Fog
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ABSTRACT : In order to predict the deterioration of stone monument due to acid fog, an artificial fog
test using pH4.0 and pH5.6 was applied to the Gyeongju Namsan granite, decite and marble. After the
test had weathered Gyeongju Namsan granite a larger weight reduction due to acid fog than fresh one.
Decite has shown the most significant changes among the tested rocks with about 0.005 % of weight
reduction. Decite and weathered granite will have considerable weight reduction due to acid rain than
the acid fog, whereas the marble was expected to show a weight reduction regardless of the phase of
water. The porosity and water absorption rate of weathered granite had significantly increased. This
result means that the weathered rock is predicted to be more susceptible to acid fog than the fresh
rock. The absorption rate of the marble after the test had shown approximately 50 % increase. The
color of the samples had slightly changed towards yellow, such tendency was greater shown in
weathered rocks. The marble reacted with acid fog had an increased whiteness. A large amount of
cation in the samples is caused mainly by the dissociation of minerals through the reaction with acid fog.
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AT E AHEs ol FAEE IAlE i)
29, 53] 4Hgulel oa) @Ak sjsfel] #af o
WA kel A7) 8 Folth A" A
2 H ofe] MzEo] &) FAAHEA =z
EREROIMNE 7] 9 4Hdulel oig A
T7F AT FAHLE o] FA 3 th(Frasca
and Yamamoto, 2004). =ZEo] A3+ Y]
7183 Aol t2r] gl dnkste
MzEY &4AAH WAYUS AHdd BAE
o= ghislAl z18)5kal tHMoroni and Poli,
2000; Bonazza et al., 2005). $BUztA = 4+
W =l o8l vebe e BESE AT
H]$3}o(Lee and Kim, 1994), F3}A4)Zofo)| A
2008 FHESAATA R&D ATHAE 2
T2 Abgulef ogt MzEIA| &AL
=3 AlE o O ARER WEFHIT ok
(Do et al., 2009).

71 2@ ES] dEAR] AHd8l= “Hl(rain)”©] 7]
2o H2E J&FE 7A= A= “acid rain”
< 78 AFOE st gFolFh 2 4HH]
 HEe] A7)0l whet HFo g Wl ope} 7]
AQl ele] FHEE EAgh WiE T4 1]
AgE S0l 7] ol Ffshe 2=, YA=a
71 1-100 ymZ 0.1-3.0 mm<! HEYART 4
33| A3 FEFo] Hth(Jung, 1997). AH3eH el
I3 A+= 1955 Houghtonol] 2J8] 4HetA]S <)
9] pH7} 3.0 AEE 4HSIE S0 WxE ] 1
AzZgro] YHEE L2 F L (Houghton, 1955), oF
Mt T8 H=EEH)7F 2 A9 ZF-Eot 10
vl A% 4abgQds, ARl F8 FAAE]
0.9k NOy 9 ¥l 75 SUtHTopol, 1983).
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Fig. 1. Deterioration phenomenon of stone monument in outdoor and fog in Gyeongju area.
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Table 1. Condition of weathering simulation by artificial acid fog and the tested rock samples

Condition of weathering simulation

rock samples

pH4.0 fog with artificial weathering test
pH5.6 fog with artificial weathering test

Simulation number ; 200 cycle
1 cycle ; 24h fog with 22h weathering test

granite
fresh granite in Gyeongju Namsan
weathered granite in Gyeongju Namsan
decite
marble

C
B—H— | P
A

Fig. 2. Photo and mimetic diagram of test equipment for weathering by artificial acid fog (A: Ultrasonic
oscillator, B: Fan, C: Rock sample, D: Ultrasonic atomizer chamber, E: Controller, F: Test chamber).
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Table 2. Analyses item, time and instrument for the tested rock samples

Analysis Time to Measurement Instrument
weight initial, after 60, 120, 200 cycle micro valance (4 digit)
color initial, after 120, 200 cycle spectrophotometer(CM-2600d, Minolta)
porosity initial, after 120, 200 cycle wet analysis (DIN 52103)
water absorption initial, after 120, 200 cycle wet analysis (DIN 52103)
microstructure initial, after 200 cycle SEM

mineral composition initial, after 200 cycle

ionic concentration initial, after 200 cycle

(Leo1455VP, LEO electron Microscope Ltd)
XRD (X'pert-proMPD, Panalytical)

ion chromatography(IC 2000, Dionex)

$31] 243, BRAEAE ol 831 A=
38 ZYSA FFES FHEL HUNATA
DIN 52106 (Determination of water absorption
and saturation coefficient of natural stone and
mineral aggregates, German Industry Norm, 1988)°]
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Table 3. Acidity (pH) and ionic concentrations of the fog water in Gyeongju area on 2009 and
prepared artificial fog water for the test (ppm)
F ‘ - Anion Cation
ater
08 wale P SO NOy CI  Ca¥ Mg K Na'
Fog water in 4.42- 8.0- 6.5- 6.8- 0.2- 0.03- 0.01- 0.1-
Gyeongju area 5.53 30.0 13.0 26.8 4.6 0.6 0.5 1.9
Artificial 4.0 23.0 9.3 20.5 4.5 0.23 0.45 1.23
fog water 5.6 22.5 8.5 20.1 4.0 0.25 0.38 1.21
B G2-4.0-f 0.006

G1-5.6-f

£ G2-5.6-F

Welgtloss (%)

0 40 80 120 160 200

Cycle of Test

(@

0.004

‘Weightloss (%o/cycle)

0.000

pHS 640 pHS 6-1ain

BGl aG2 mTa ©Mr

(b)

Fig. 3. (a). Weight loss of rock specimens by acid fog. (b) Comparison of weight loss with acid fog, acid rain

and weathering test.
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Fig. 4. Water absorption rate and porosity of rock specimens by acid fog.
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Table 4. Color value and difference (AE) of rock specimens by acid fog

Initial After 120cycle After 200cycle
Samples  pH : : . : : : : . :
L a b L a b AEp10 L a b AEa0
Gl 4.0 7020 152 476 7073 235 720 263 7133 244 756 3.16
5.6 7266 027 269 7216 026 299 058 7152 1.18 3.02 1.50
4.0 71.57 221 691 7348 2,63 932 310 7634 272 10.02 572
G2 5.6 6521 1.19 516 6429 166 649 1.68 66.13 230 818 3.35
Ta 4.0 7465 082 312 7637 207 531 3.05 7550 235 6.03 340
5.6 76,78 0.81 509 7615 192 774 294 78.00 213 789 3.33
M 4.0 8749 001 079 8794 009 078 046 8899 0.19 0.88 1.551
5.6 8734 -005 075 8775 -006 085 042 8847 0.0l 0.88 1.14

A BEAdAS 1EEt S LR/ E
7] Sl ARl AR BARlFIL W &
BE SAHAE FYsH st A A - 3o A
& ZABIATE A AAEEL, 2, b AlE
22 Uehdlon WHAE A - & Al AVER
Ol AE(4E, = v(AL*)+(4a*?) +(40%%) ,
AL'=L"-LY, Aa™=a"j-a’y, 4b=b"| -b')E A

sle] Table 40 YERATE

2003] AHRAAIE ] S AT A Fd4ts
Zde] AEE 1.50-3.162, A= Hwd &
ettt 53] gk A= <Wlel o8 M)
31602 E=H HL SQoEE 1 WItE 1A
g & e AEE UPTHKS A 0067, 2011).
HEgo] YA 4E F At E2EE FE W)
AL b'(F-HAE) F7lolH, ol Aol FF
W3kl 9SS AN (Table 4). pH4.0 7}
AE A wkgE7dl Adasyt 343] #Agh vhi,
pH5.6 N9} WHSAloll= WHg-Z7]|HTh HESAIZE
o] AojALE AWl =7t 543 At
pH5.6 SHlol &g G1 AlHe Wsid
ajoltt,

AT AFdsk G T3] G229
AE A - & A= Gloll vlg)] ATh2003] & A
E: 3.35-5.72). AHdebol 23k G2o] AP hHsis
T2 oA 71 Aotk AMg ks 2
G2 AHET) 73 el WA HRE-E7)RE
AgAsE sk dhgo] zldgel mEA s W
AT AT Ot R Y HESAoll=
W27 BT AIZEe] e e WIPg =)

o Ao 39 G2t o ke RESAl Y
B AdiskE AAE o Glol 4 st
HHSSHA-S we] Ao} fAksi

Aol 9l HES3E S-S go M= W) F
Azt AGHSE B o o] WA =T} ok
o b'o T/ AEEE FEsI o
a &= F7lsle AMTrL ARE BT 39
A HSL = Qo] AT WE xfo]7) AL
Ak

ol A 2Hdelell ok A sty vla
A Zom S0 RE A9 WHIlE B 7} fith
AWgste] FA47F FAZSTIAE f4EE GAA|
AETE= 2] HEL)Y 7l & AHebist
9 Hhgo 2 gy WwAaTr) STk ARE
Hole Aoz diglgde] =74 FESQ el
Ao Fo] 8-0]2(S0.5, NOy, CI) 53 kg
ske EiA o] A 31(CaSO, + 2H,0) 522 HAEo
Ueh+= 272 dodn o] 4zl Ak
el ofsl WskE diElg AEERe] SR
2 HAA gEL e szl mE i e
A= 27)ddle FARBRY Aol 72t
w2} 4 Qe QJsliA ekt O AAlE AHE
Bk & AFoA A tiglee] 82 A
3= gi7] S =29 2l E3AdA TEE
= Al AgHsiel= 2 Aol BAth AA
7] FollAe AN Qe &7] Foll Ffr=]of
AT T A mAdAEe] FESH, 43
lete] Hhgo 2 whsjajo] wAle] MyE w3t
2 o o]gig mAdAEe] FYEo A Z2Ast
7] W&ol thr] ol =& Y E3AE= of
T Moz HelEtiBonazza et al., 2005; Do et

— 141 —



A9 - QS - =8P

Table 5. Ionic concentrations of rock surfaces by acid fog (in ppm)

Cation Anion

Samples pH N N o~ o 3 2 _
Na K Mg Ca Cl SOy NOs

raw 229 89 14 245 18 14 6

Gl 4.0 286 175 57 279 28 33 14
5.6 277 160 58 277 20 34 12

raw 295 289 14 345 18 14 6

G2 4.0 484 538 20 408 60 155 27
5.6 477 539 17 400 58 154 24

raw 113 124 24 250 18 14 8

Ta 4.0 196 215 33 381 &3 165 56
5.6 182 194 33 379 85 152 53

raw 191 42 156 984 15 14 16

Mr 4.0 190 49 208 1801 277 340 143
5.6 181 47 209 1814 143 344 136

al., 2006). A9 WIE Gl G2oll 28381%7] wEel, Al

UMNEO BR OlYE

29 = #H3l
Table 5

= T84 ol2AR] e Yt Hls] Atk
7A4Hd b9k 2008 WSS A|EE Na', KW 2
Ca®" & Jol29 o] At nHls] F 25%,
100% 2 15% S7Ftth pH5.6 QHHeke] Wk
NME A AR daFo] YMAHOZRY 7]
ZETh A EHelA HAER dol2e
T4 FE BIERE U AY F a1, W
of gHfE o]0] 2008 AFES AXEAH FHE
He] F5& 3 FHUNEE So7t JFE AY
T UAHAIE =% Eoll 93l AAEAG siHegs
P F= Zo] Eoizt Aol wHU A 3k 7
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3
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s
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Fig. 5. X-ray diffraction pattern of rock specimens by acid fog.
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Fig. 6. SEM photographs of surface under acid fog environment (pH4.0, 200 cycle test) of rock specimens.
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