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Abstract: Cave temples, a unique type of cultural relics in China, possess extremely important historical, artistic
and scientific value. Cracks are the main cause of instability, seepage, weathering and other forms of damage in
these structures. Conventional external curing grouts and reinforcement methods are ineffective in addressing
shrinkage cracking and insufficient strength caused by water shortages in deep cracks during the later curing
stages. This study prepares montmorillonite (MMT)-modified natural hydraulic lime (NHL) for internal curing
through a one-step in situ polymerization process and systematically evaluates the hydration behavior and
performance of the modified NHL during curing. Results show that the internal curing effect of NHL is optimal at
a 2% MMT content. After 7 days of curing, the autogenous shrinkage of the modified sample is only 56.70% of
that of the blank sample, demonstrating excellent water retention. Moreover, the compressive strength of the
modified NHL after 28 days of curing increased by 22.03% compared with the blank sample. This improvement is
attributed to MMT’ s ability to continuously release interlayer-adsorbed water under the sample’s internal
humidity gradient during the entire curing process, promoting the hydration reaction of NHL, reducing autogenous
shrinkage, and improving the internal curing effect. This study provides an important theoretical and practical
foundation for the development of internal curing grouts and reinforcement techniques for cracks in cave temples.
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Table 1 Chemical composition of NHL2 %
JE R w(Na,0) w(CaO) w(Si0,) w(MgO) w(ALO,) w(Fe,0,) w(K,0)
NHL2 2.16 78.16 9.74 6.91 1.81 1.66 0.89

R2 MMTHWHLZFAR

Table 2 Chemical composition of MMT %
JE KR w(Na,0) w(MgO) w(ALO,) w(Si0,) w(CaO) w(Fe,0,)
MMT 8.47 2.00 19.30 66.46 0.73 3.96

M—Montmorillonite(MMT)
Q—OQuartz(Si0,)

MR/ (a.u.)

0 10 20 30 40 50 60 70
20/()

(b) XRDM& %

E1 MMTHSEM B F 1 XRD EiZ
Fig.1 SEM photos and XRD patterns of MMT
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MMT Hil S5 76 7K F iR 24 b, L5843 WK o AR A — 22 i & 9 NHL2 1 MMT, 5 PCE W /K Il F &
Y157 il K K He (w/e) R 0.46. K5 & B 3 oRHE A 40 mmx40 mmx40 mm (89 HI L H 2 S P 4k 24 h )5
JBRASE, ZE AN B AR A F T HEAT SR, M RAN 5] 35 40 0 100 0 e Kk A R M Sl e . b PCE 2 2
NHL2 Jit 5 19 0.26% , MMT [ 8 & 43 il 5 NHL2 Ji & (9 0. 1% 2% F1 3% , fK X 4% 5 i NHL2/MMT-0, NHL2/
MMT-1 NHL2/MMT-2 NHL2/MMT-3, k¢ 5 Bt Fe U2 3 frs .

®3 HEROEHR
Table 3 Sample preparation

HE i NHL2/g MMT B /% PCE & /% IKIR Lt
NHL2/MMT-0 600 0 0.26 0.46
NHL2/MMT-1 600 1 0.26 0.46
NHL2/MMT-2 600 2 0.26 0.46

NHL2/MMT-3 600 3 0.26 0.46




% 10 9 OBEER AR R RS &G KAAT A Bk R AT R 165
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K X 4 2647 41 (XRD, D8Advance, H 4% ) | fi B it 21 4 5% 3% 4% (FT-IR, VERTEX 70, Bruker, £ [ ) X
NHL2 7K Ak 7= ¥y #4758 1 2307 5 K 25 8 3 FH AL (TG-DTA, Jupiter STA449C , 1 [ ) X /K 4k 7= ¥ & i 47 2
AT, FHIRE R 10 °C/min, MK IR B X (8] 4 2= i & 900 °C 5 >R 4714 fE 7 1 73 8% (SEM, FEI Verios460, 3¢
) WLEZE MMT 5 NHL2 $RE G 50 1025 A 1% B0 DA ROK AR 7= 9 09 A K o A 45 B0, 43 AF MMIT 78 NHL2 2 0k P 35 4
1ot TR Y 1 P LB 5 5% FH F BHLS 2% A (BSQ120-10AA , Sigma, F1 ) %) A4 By [ U 45 1ot T2 9047 Wa I, iy 50038 R 4R
# 4t (ASMCI-9, sigma, H1 [E ) SR 48 FAb B, {1 09 1% 2% 2% I A% K B2 7 mm, 98 2 O 3 mm, 485K 5 R
10 mm, 5% & 4 mm ; 58 & 08 2 % AR 1 EN 469-2:2010 47, 8 F 7 fEIREE HL(1036PC, 55 K, )38 NHL2
Bl AL 1 7 d .28 d F 4T R B BE I 2 3 %k 0.01 KN/s, [] B X3 A 114 B o M R0 A K P BE 34T 1E A .
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NHL2 7K b J W B, FEoKORE 1 1% 43 ik iR — %5 (C,S ) 5 7K & AE = i AR Bl 7K Ak 6 1% 45 (C-S-H) 1 Ca(OH), , 1}
P NHL2 J A4 rfoak 4k 7= ) 19 28 4k, 340 W K Ak B g gk AR 1] 2(a) & A [A] 48 i MMIT 20 NHL2 [ 4k 28 d /9
XRD &3 , i AT, MMT B3 3 B4 B0OAS NHL2 K AL 7= 80 i B AR 2 R, (E L AR G 35 1 & A A8k . &1 2(b)
4 NHL2/MMT-2 i FE [ 4 3 d.7 d.28 d ) XRD El3i% . A LLA B, AR [ 4k 28 d J5 , K4k 7 9 Ca(OH), 7 18°
2 AT AT S 0 B R T B O o [T Ak 3 R aURE P B AR K, S N SR ROR AN W] BE G A 1 3
I, AR N H K AS R B, K Ak SR R S AT MIMIT A PN 35 47 4 FH 788 W o 47 11 o0 A2 i 17 /KA i o 3 3%
WARIKAL 7= 0B W 22 . MMT AR5 00 6 7K 4 7K 1 78 NHL2 [ 4k i A5 v 43 2 R A7 4K 359, 1l 453 14 i 7K b
SN HEAT AR BRI T 43

P—Portlandite(Ca(OH),) C—Calcite(CaCO;) P—Portlandite(Ca(OH),) C—Calcite(CaCO5)
o Q—Quartz(Si0,) S—Dicalcium silicate(C,S) r - —: Q—CQuartz(Si0,) S—Dicalcium silicate(C,S)
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Fig.2 The influence of montmorillonite on the phase of hydration products of natural hydraulic lime slurry
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Y1 CaCO, I & i, W& 3(b) () Ui . H & 3(b) AT, B4k 14 d i), B MMT 428 82 (93 i, NHL2 K 4k ™
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Fig.3 Thermoanalysis of NHL2 sample internal cured with MMT for 14 days
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&l 4 2 KAl #8 B MMT N 3% 97 NHL2 3¢ K [ 46 14 d #9 FT-IR 38 . Horb L3 643 em™ 4b 14 9% 3h 0 X 1
Ca(OH), " —O—H MM 4 I 38 5 1 420 em™ Ab 1) I 3l 14 Xt i CaCO, 1 O—C—O 4 1 52 6 Bk A 455 9% 51 ;989 cm!
B 3T A W2 S W o 10 C—S—H™, H B A 81, NHL2 J AR =25 G 7K 4k ) C—S—H .Ca(OH), Lk & CaCO,, H:
L, C—S—H 1y W I 4 i MMLT 45 i 119 386 K328 387 38 5, 2 BH /K Ak R Rz 2 1 C—S—H i # 35 in . [) isf 08 8% 3]
—O—H 1Y 1 47 ¥ 2y e 1 8 MMT 42 & 1% 17 32 8 15 5, 006 W) NHL2 [& 4k o 72 v A= i 7K Ak 7 9 Ca(OH), %
Wk hn . Gl FT-IR 4341, 3 — 20 R WI7E NHL2 S A P9 &8, MMT $5U6 A7 119 )22 1] W B 7K 7 0 B8 46 B2 i AR T
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Fig. 4 FT-IR spectra of NHL2 sample internal cured with different MMT dosages for 14 days
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Fig.5 The interface combination between MMT and NHL2
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HMMT. MMT (4415 % Si—0 Al—0 G AN A8, AE NHL2 & Az 7K A6 57 B, 33 26 S 1 e BB A% R 7K
A 5 7 $ AL A, A R T KA SO ) AT o
25 EREIMMRAKEEAERPEEY

MMT PR HC R 1 J2 4R 285 4 RS 28 4 1, BE A W A 1 B R B JUARE 9 /K0, 0 L Bl ok A 1 9 55 9
KBl B 6 M ATHEBE MMT 3557 NHL2 $ORHE AL s RS (062 # B8 R o T LB 28 F R 70 A5 L o 1 4k Bl
RIS B0 2 BL% X2 A R 3R AR IS, C,S (S0, %5 %% i 5 K 0 4 o 76 T 7 /F F R 0 3 70 45 EL RS0 |, 1 Al
RIS, TEBH T C,S . SiO, 45 % B R MW R TUE , [ 10 38 3 45 v 5 b B /K s 4 o 5 /0 T Aok A A1
REGAE/ ZA B S0, T T2 . MMT B & 722t dbds 5 Far M B HER R R A )
U B TERRE TR B A MMT WA AR 23 B4 2 B0 42, 332 LAl 9 R 470 b4 RE I AN A I D 34

6 AEBEMMTNFFP NHL2IKFHHZER A
Fig. 6 Optical photograph of NHL2 specimens internal cured with different MMT dosages
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8 St T Al 48 i MMT Xt NHL2 H kL AL it 5 Ui i 52 . B 8 (a) i n] LA 1), MMT A9 it
NHL2 [ U454 B & @930 175 L NHL2/MMT-1 NHL2/MMT-2 #l NHL2/MMT-3 il BE (0 048 40 1) 2 25 1R
FE1 89.69% .56.70% Fi1 64.46% . NHL2 1 F W45 — it 53 h 34~ B B« AIF IR 255 3 d Ry DRk e 4 B B2, 265 3~
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Fig. 8 Effect of different MMT dosages on autogenous shrinkage during curing of NHL2 paste
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