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To investigate sodium silicate slurry curing mechanisms and sandstone interactions during crack
restoration, an in-situ fiber Bragg grating (FBG) sensor system was established to monitor
temperature, humidity, and micro-strain during curing. The surface morphology and material
composition of sodium silicate slurry at different temperatures were also investigated. The results
indicated that CH3;COOH from CH3;COOCH,CH,OOCCH3; hydrolysis reacted with Na,O.nSiO,,
generating heat (max heating rate: 0.42 °C/h at 35 °C), reducing humidity (max dehumidification rate:
0.79% RH/h at 35 °C), and inducing shrinkage strain (peak at —115.23 pe at 35 °C). The grout achieved
optimal curing, forming a densified structure with small CH;COONa migration, inducing only 31.62 pe
micro-strain on the sandstone surface at 35 °C. Smaller fissures reduced sandstone strain and
damage, confirming sodium silicate is more suitable for small fissures at 35 °C. This study advances
heritage conservation and fiber optic sensing via intelligent relic preservation technologies.

As a common type of rock, sandstone is widely distributed globally and
serves as the primary material for many cultural heritage sites such as
ancient buildings, sculptures, and grottoes". It not only possesses immense
historical and artistic value but also represents a precious legacy of human
civilization. However, due to long-term exposure to natural environments
and anthropogenic factors, These artifacts are often susceptible to water
damage, weathering, and microbial deterioration, which subsequently lead
to the formation of cracks, necessitating effective restoration and con-
servation measures. Therefore, the effective restoration of cracks in sand-
stone is crucial for extending their lifespan”.

Currently, the primary crack restoration methods in sandstone include
support reinforcement’, bolt-anchor reinforcement’, and grouting
restoration®'’. While support reinforcement can enhance the load-bearing
capacity of cultural relics to a certain extent, it may also impact their
appearance and overall integrity’. bolt-anchor reinforcement can enhance
the internal connectivity strength, but may result in surface damage to the
cultural relic and increase the risk of secondary damage’. Among these,
grouting restoration is the most common and effective method, allowing for
the selection of suitable grouting materials based on crack size. It can fill
significant fault zones and superficial cracks caused by geological

movement, physicochemical weathering, microbial erosion, and other
damaging factors. Grouting materials include natural hydraulic lime’,
acrylic resins’, metakaolin’, and sodium silicate slurry*™"’. Sodium silicate
grout slurry is one of the most widely used chemical grouting materials
owing to its low cost, adjustable setting time, high strength, and low
viscosity’. It demonstrates superior physical and chemical stability, as well as
enhanced permeability and adhesion during the curing process. Zullo’
prepared sodium silicate-based grouting materials and injected them into
boreholes at the Camaldoli site, verifying the effectiveness of the sodium
silicate-based grouting materials. Fang'’ utilized sodium silicate-doped
cement-based grouting materials for the grouting restoration of cracks in the
cliff body of Klippe in Hangzhou. The results indicated that the incor-
poration of sodium silicate could enhance the durability of the hardened
grout and improve the restoration effectiveness. These results highlight the
potential of sodium silicate slurry in various restoration applications.
Temperature, humidity, and micro-strain during the sodium silicate
grout curing process are crucial factors that affect both the grouting effect
and the sandstone itself. Excessively high or low temperatures can lead to
incomplete curing and reduced the slurry strength''. Changes in humidity
can affect the hygroscopicity and expansibility of the grouting material,

Chonggqing Key Laboratory of Optical Fiber Sensor and Photoelectric Detection, Chongging Key Laboratory of Modern Photoelectric Detection Technology and
Instruments, Chongqging Engineering Research Center of Intelligent Optical Fiber Sensing Technology, Chongging University of Technology, Chongging, China.

e-mail: zhongnianbing@163.com

npj Heritage Science | (2025)13:244


http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-01722-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-01722-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-01722-x&domain=pdf
mailto:zhongnianbing@163.com
www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-01722-x

Article

further affecting its bonding strength and durability with the sandstone rock
mass'"">. Micro-strain variations in the grouting material directly affect its
bonding state with the sandstone rock mass"’. Additionally, the micro-strain
on the rock mass surface is one of the most crucial indicators that directly
represents the damage intensity to the cultural relic during the crack
restoration process of the rock mass'*">. Therefore, in situ and continuous
decoding of temperature, humidity, and micro-strain of the sandstone and
grout are key to revealing the solidification mechanism of the slurry and the
interaction between the slurry and sandstone during the crack repair
process.

The decoding techniques for grouting materials and the physical
properties of sandstone primarily include scanning electron micro-
scopy (SEM)'*", Fourier-transform infrared spectroscopy (FTIR)"®",
and nuclear magnetic resonance (NMR)*"". Infrared thermal imaging
(IRT)* has also been used. While these techniques can provide
important information regarding pore structure, chemical composi-
tion, diffusion characteristics, and distribution, they face challenges in
terms of achieving real-time in situ monitoring. This includes the
temperature, humidity, and micro-strain during the grouting material
curing process and the resulting micro-strain changes in the fractured
structures. Fiber Bragg grating (FBG) sensors exhibit high sensitivity,
strong anti-interference capabilities, and compact size. They can also
perform quasi-distributed measurements and have been widely applied
to temperature, humidity, and micro-strain detection®'. For example,
Giovanna Palumbo conducted an experimental evaluation utilizing
FBGs for real-time temperature and early-stage shrinkage monitoring
of geopolymer matrices”. Jun-Yi Guo Developed an FBG-based
humidity sensor suitable for unsaturated soils, conducted measure-
ments and analyses of humidity in various sand-kaolin mixtures, and
verified the feasibility of the sensor in unsaturated soils”. However,
there have been no reports on the application of FBG sensors for real-
time in situ temperature, humidity, and micro-strain monitoring
during the grouting material curing process or for micro-strain on the
sandstone surface.

To obtain in situ online data on the temperature, humidity, and micro-
strain spatial distribution within the grout and the micro-strain on the
sandstone surface, sandstone samples with varying hole diameters were
designed and prepared. These samples were created to simulate the sand-
stone deterioration characteristics. A mathematical model for temperature,
humidity, and micro-strain detection using FBG sensors was established.
FBG sensors for temperature, humidity, and micro-strain were developed,
and a detection system was constructed. An FBG detection system was used
to acquire real-time data on the curing process, including the temperature,
humidity, and micro-strain in sandstone holes and the micro-strain on the
surface. Optical microscopy, field-emission SEM (FESEM), X-ray photo-
electron spectroscopy (XPS), and X-ray diffraction (XRD) were employed to
characterize the morphology and composition of the sandstone samples
before and after restoration. The results revealed the relationships between
the internal temperature, humidity, shrinkage strain, and micro-strain on
sandstone surfaces during the grouting process. The grout diffusion,
transport characteristics and its curing reaction products within the sand-
stone were also analyzed. The findings of this study enhance our under-
standing of the curing mechanisms of chemical grouts in repairing
sandstone cracks and the interaction mechanisms between grouting
materials and sandstone bodies. Additionally, they help evaluate the effec-
tiveness and reliability of grout in repairing sandstone fissures and aid in
accurately assessing the damage caused to cultural relics during curing.

Methods

Experimental materials

The Polyvinyl alcohol (degree of alcoholysis: 98.0-99.0 mol%), chitosan
(degree of deacetylation: > 95%), glacial acetic acid (purity: 99.8%), con-
centrated sulfuric acid, ethylene glycol diacetate (=99%), and silane cou-
pling agent used in this study were all analytical grade. Analytical grade
materials were purchased from Aladdin Biochemical Technology Co., Ltd.

(Shanghai, China). The sodium silicate solution (Baume degree: 40 Bé;
modulus: 3.1 ~ 3.4) was purchased from Tianjin Huashi Chemical Reagent
Co., Ltd. The epoxy resin was obtained from Huibo New Materials Tech-
nology Co., Ltd. The stainless steel capillary had inner and outer diameters
of 450 and 600 um, respectively, and a length of 2 cm. The porous stainless
steel tube had inner and outer diameters of 3 and 4 mm, respectively, and a
length of 3 cm. FBG was purchased from Beijing Tongwei Technology Co.,
Ltd., with an optical fiber cladding diameter of 125 um, core diameter of
10 pum, and a grating region length of 10 mm.

Sandstone sample preparation

The sandstone cylindrical sample, simulating stone cultural relics, had
a diameter and length of 5 and 10 cm, respectively, and was purchased
from Shandong Yuze Stone Industry Co., Ltd. To simulate damaged
stone cultural relics, a hole was drilled at the center of the top of the
sandstone sample, with a depth of 8 cm and diameters of 1, 2 and 3 cm
for the grouting restoration experiments and sensor installation for
in situ real-time monitoring. Before conducting the grouting experi-
ments, the sandstone sample was placed in a drying oven at 80 °C for
24 h for preparation.

Slurry preparation

Subsequently, 20 ml of sodium silicate solution was added to 10 ml of
deionized water and 3.8 ml of diethylene glycol diacetate solution. The
resulting solution was stirred for 5 min to obtain the grouting sodium silicate
material for sandstone pore restoration, as shown in Fig. Se6.

Slurry curing mechanism

When sandstone cracks are restored with sodium silicate slurry, diethylene
glycol diacetate (CH;COOCH,CH,00CCH3;) undergoes hydrolysis, pro-
ducing acetic acid (CH;COOH)™*:

CH,COOCH,CH,00CCH, + H,0 == HOCH,CH,OH + 2CH,COOH
(1)

Subsequently, the main slurry component, sodium silicate
(Na,0O-nSi0,), reacts with the hydrolysis product, acetic acid (CH;COOH),
to produce sodium acetate (CH;COONa), silica (SiO,), and water (H,0)*":

Na,O - nSiO, 4+ 2CH,COOH — 2CH,COONa + nSiO, | +H,0
(2)

where n is the sodium silicate modulus, which indicates the SiO, to Na,O
molar ratio. The CH;COONa generated in reaction is dehydrated to form
C,H3Na0,-3H,0”. Na,0-nSiO, readily reacts with CO, in air™:

Na,O - nSiO, + CO, — Na,CO; + nSiO, | 3)

After the sodium silicate slurry curing reaction with diethylene glycol
diacetate is completed, the resulting CH;COONa and SiO, mixture serves as
a solid material for sandstone crack restoration. This solid material offers
several advantages, including good compatibility with sandstone, high
strength, corrosion resistance, excellent thermal stability, and non-
toxicity ***.

Sensor preparation and packaging

FBG Humidity Sensor (FBG-H). To enable the FBG sensor to detect
humidity, a polyvinyl alcohol (PVA)-chitosan humidity-sensitive
hydrogel was prepared. One gram of chitosan powder was added to
20 ml of 4% glacial acetic acid solution and stirred at room temperature
for 4 h. Then, 1.5 g of PVA powder was dissolved in 12 ml of deionized
water and stirred in a 95 °C water bath for 3 h. Finally, 2 ml of the PVA
solution was added to the prepared chitosan solution and stirred at room
temperature for 6 h to obtain the PVA-chitosan hydrogel (Fig. S3). Next,
the FBG was pre-treated as follows: (i) The FBG was immersed in 98%
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concentrated sulfuric acid for 60 min to remove the polyacrylate coating.
Then, the fiber grating region was cleaned with anhydrous ethanol and
deionized water for 10 min and left to dry at room temperature. (ii) The
fiber grating was placed in a 10% silane coupling agent for 30 min to
enhance the adhesion strength of the humidity-sensitive film on the fiber
surface. After removal, it was rinsed with deionized water and placed in a
vacuum drying oven at 90°C for 15min. (iii) Finally, a humidity-
sensitive material was coated and the lift-off method was used to apply the
humidity-sensitive material to the FBG surface. A pair of tweezers was
used to pick up 0.1 g of hydrogel, controlling the tweezers to slowly lift
along the fiber grating, and then placed in a drying oven at 60 °C for
20 min. This operation was repeated five times, resulting in a humidity-
sensitive film with a thickness of 59 um formed around the fiber grating
region (Fig. S4). The FBG-H response characteristics to humidity, tem-
perature, and micro-strain are shown in Figs. S1-2.

FBG Micro-Strain Sensor (FBG-S). To monitor strain changes during
the slurry curing process and eliminate strain interference from the
humidity detection results, an untreated bare FBG was introduced as a
micro-strain sensor (Fig. 1). The sensor was in direct contact with the
slurry or sandstone surface. An FBG strain sensor in contact with the
slurry was used to detect the temperature and micro-strain changes
during the slurry curing process. The FBG-S response characteristics to
micro-strain and temperature are shown in Figs. S1-2.

FBG Temperature Sensor (FBG-T). To accurately monitor the tem-
perature changes during the slurry curing process, a stainless-steel
capillary tube was utilized. The tube had an inner diameter of 450 um and
a length of 20 mm. It was used to package the bare FBG and eliminate
temperature interference from the micro-strain and humidity measure-
ment results. The ends were sealed with epoxy resin to prevent the slurry
from entering the tube during testing. The sealed sensor served as a
temperature sensor (Fig. 1 and S4a), ensuring that the measurement
process was unaffected by slurry strain. The FBG-T response char-
acteristics to temperature are shown in Fig. S2.

Integrated FBG-T, FBG-H, and FBG-S packaging. To simultaneously
measure the temperature, humidity, and micro-strain at the same loca-
tion while providing effective sensor protection, a porous stainless-steel
tube (PSST) was employed. This tube had an inner diameter of 3 mm and
length of 25 mm, encasing the grating areas of the FBG temperature,
humidity, and strain sensors. The end of the FBG was fixed using epoxy
resin (Fig. 1 and S4b).

Temperature and humidity detection and micro-strain mea-
surement principle

As the external temperature changes, the FBG effective refractive index also
changes. Simultaneously, thermal expansion causes the grating period to

£y
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Epoxy resin Capillary

Drilled sandstone Computer

Fig. 1 | Schematic of the sensor and measurement system structure.

change, leading to a drift in the FBG center wavelength (Ag) owing to
temperature variations. The total FBG wavelength shift (Adg ;) under the
influence of temperature alone is given by”*:

My = A1 AT(a+¢) = Ky AT (4)

Where a is the thermal expansion coefficient of the optical fiber material, ¢ is
the thermo-optic coefficient, AT is the temperature change, and Ky ; is the
temperature sensitivity coefficient. However, because of the photo-elastic
effect in optical fibers, strain can cause a drift in Ag. Therefore, when an
optical fiber is affected by external strain, it is sensitive to both strain and
temperature. The drift of the Bragg center wavelength (AAg ,) is defined as
follows™:

Mg 5, = Ag L[(1 = PYAe+ (a + )AT] = K, [Ae+ Ky ,AT  (5)

Where P, is the optical fiber optical elasticity coefficient, A¢ is the strain
variation experienced by the optical fiber, and K, ; and Ky , are the strain
and temperature sensitivity coefficients, respectively.

When a humidity-sensitive material is coated onto the FBG surface, the
material undergoes hygroscopic expansion and desorption-induced con-
traction. The resulting tensile or compressive axial strain is transmitted to
the fiber grating, leading to a shift in the Bragg resonance center
wavelength®. Therefore, the Bragg center wavelength (A 5) of the
humidity sensor can be defined as:

Adp 3 = A 5[(1 — Po)epy + (1 — Po)er + (1 — P)Ae + GAT]  (6)

Where ey denotes the humidity expansion coefficient, ey represents the
fiber thermal expansion coefficient after coating with a humidity-sensitive
film, and Ae is the strain variation experienced by the fiber grating itself. The
former are expressed as:

AmEm
= B A ~ ) AR )
AmEm
&p = [AiMEM n AfEf](‘xM(T) — agr)AT (©)]

Where Ay and Ag represent the cross-sectional areas of the humidity-
sensitive film and optical fiber, respectively; Ey; and Er denote the
Young’s moduli of the humidity-sensitive film and optical fiber,
respectively; ayrmy and ayry represent the humidity and thermal
expansion coefficients of the humidity-sensitive film, respectively; and
agrpy and agr) represent the humidity and thermal expansion
coefficients of the optical fiber, respectively. Because the bare FBG
was insensitive to humidity, the humidity expansion coefficient was 0.
From(6), it can be concluded that:

Ay 5 = Ag 5(KggARH + K, ,Ae + Ky ;AT) 9)

Where ARH represents the humidity change and Ky, K », and Ky 3
denote the humidity, strain, and temperature sensitivities, respectively.
Here, Kgyy can be expressed as:

EriC,

Ky =0 —=P)[1 —
ru = ( I Efr%_FEM(tz_i_ztrf)]“M(RH)

(10)

Where r¢ represents the optical fiber radius; ¢ is the humidity-sensitive film
thickness; and G, is the surface bonding coefficient between the fiber grating
and the humidity-sensitive film. At this point, the humidity sensor is
simultaneously influenced by the temperature, strain, and humidity. To
eliminate the effects of temperature and strain, temperature and strain
sensors were used as the temperature and strain compensation units of the
humidity sensor, respectively. Based on Egs.(4), (5), (6) and(10), a matrix
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model can be established as follows™:

Mg 4 K, 0 AT
AAB72 = | Ky, K¢, 0 Ae (11)
Adg 5 Ky 3 K., Kpy||ARH

Through calibration experiments (Figs. S1-2), the humidity sensitivity
coefficient of the humidity sensor (Kryy) was found to be 11.3 pm/%RH. The
strain sensitivity coefficient (K, ,) was 1.3 pm/pe, and the temperature
sensitivity coefficient (Kt _3) was 13.4 pm/°C. The strain sensitivity coeffi-
cient of the micro-strain sensor (K ;) was 1.3 pm/ye, and the temperature
sensitivity coefficient (K1 ») was 9.9 pm/°C. The temperature sensitivity
coefficient of the temperature sensor (Kt ;) was 9.9 pm/°C. By substituting
the sensitivity coefficients of the above sensors into (11), the matrix model is
obtained as follows:

My 4 99 0 0 AT
My, | =199 13 0 Ae (12)
Mg 134 1.3 11.3| | ARH

Therefore, by using the FBG demodulator, the drift of the Bragg center
wavelength from the temperature, humidity, and micro-strain sensors can
be collected in real time. Combining these data with Eq.(12) allows
obtaining accurate information on temperature, humidity, and micro-strain
during the sodium silicate curing process in rock fractures, as well as micro-
strain changes on the rock surface.

Monitoring system for sandstone pore grouting repair process
parameters

The temperature, humidity, and micro-strain monitoring system used for
the sandstone pore-grouting repair process is shown in Fig. 1 and S7. This
detection system mainly consisted of a fiber sensor array, FBG demodulator,
sandstone sample, sodium silicate slurry, and a temperature and humidity
control chamber. The fiber sensor array included three sets of integrated
FBG sensors for the in situ detection of the temperature, humidity, and
micro-strain distribution within the sandstone cracks. Additionally, it
comprises three sets of FBG-S to detect the micro-strain distribution on the
sandstone surface. The FBG demodulator (SM125-500, Micron Optics Inc.)
had a light source bandwidth of 1510-1590 nm, wavelength resolution of
1pm, and a sampling interval of 0.5s. The three sets of temperature,
humidity, and micro-strain sensing units within the sandstone cracks were
positioned at heights of 2, 5, and 8 cm, respectively. The strain sensors on the
sandstone surface were wrapped around the sandstone sample at the same
height and secured with epoxy resin. The prepared sodium silicate slurry
was uniformly injected into the holes using a syringe, and curing was per-
formed under controlled temperature and humidity conditions.

Analytical methods

The surface morphology of the samples was characterized using a camera
(D5200, Nikon, Japan), an optical microscope (BK6000, OTT Optics), and
FESEM (Zeiss Sigma HD). The setup was equipped with an energy-
dispersive X-ray spectroscopy (EDS) system for elemental analysis. The
sample composition was investigated via XRD and XPS. For XRD analysis
(using a Japan RIGAKU Smartlab X-ray diffractometer), Cu radiation was
employed at a tube voltage of 40 kV and current of 100 mA, with a scanning
speed of 2 °/min. For XPS analysis (using a Thermo Fisher Nexsa photo-
electron spectrometer), Mo target Ka radiation was used, with the sample
binding energy referenced to the carbon peak Cls (284.8 eV).

Results

To investigate the morphological characteristics of the sandstone matrix and
slurry after curing at different temperatures, the slurry (25.12 ml) was
injected into the cracks in the sandstone sample (diameter: 2 cm). Then, the

samples were cured in —5, 15, 35, 55, and 75 °C environments for 7 d, with a
relative humidity (RH) of 20%, 50%, 40%, 15%, and 5%, respectively. The
morphological features of the samples were observed using a camera, optical
microscopy, and FESEM, as shown in Fig. 2.

As shown in Fig. 2a-e, the sandstone surface morphology exhibits
significant differences after sodium silicate slurry curing at different tem-
peratures. After curing at 55 and 75 °C, the sandstone surface morphology
did not change significantly. At -5 °C, the surface of the sandstone sample
showed signs of water spots. After curing at 35°C, a small amount of
crystallization appeared on the surface of the sandstone sample. The most
noticeable changes occurred after curing at 15 °C, where a large amount of
white crystalline salt was precipitated. As can be seen in Fig. 2f-j, the overall
slurry volume exhibits minimal reduction after curing at —5 and 75 °C. By
contrast, the slurry shrank to varying degrees after curing at 15, 35,
and 55 °C.

As shown in Fig. 2k-o, the sandstone cross-sectional body color is light
yellow, which is attributed to the sandstone being yellow sandstone, pri-
marily composed of quartz, kaolinite, and srebrodolskite’"". After curing
the slurry in the sandstone cracks at —5, 55, and 75 °C, the sandstone
retained its light yellow color. However, after curing at 15 and 35 °C, white
salts appeared in the cross-section of the sandstone sample. These white
crystalline salts precipitated from the inside, creating a distinct boundary
between the yellow crystals and white crystalline salts, as shown in Fig. 21, m.

As shown in Fig. 2p, significant unreacted material accumulated on the
surface of the product cured at —5 °C. This is attributed to the slow reaction
rate of the slurry in the sandstone holes at —5 °C. Figure 2q-s show varying
degrees of white crystal accumulation on the surface morphology of the
cured products within a temperature range of 15-55°C, with the white
crystals being most uniformly distributed and densely structured at 35 °C
(Fig. 2r). This uniformity is due to the more complete reaction between
sodium silicate (Na,O-nSiO,) in the slurry and the hydrolysis product,
ethylene glycol diacetate (CH;COOCH,CH,00CCH3)*. By contrast, the
slurry cured at 75 °C exhibits noticeable cracks (Fig. 2t), caused by internal
strain generated from the excessively high temperature, which leads to
structural damage of the slurry.

As shown in Fig. 2u, the surface structure of the product cured at —5 °C
consists of larger aggregate structures. This is because of the slow reaction of
the slurry at such low temperatures, which led to significant unreacted
material aggregation. Figure 2v indicates that the surface of the product
cured at 15 °C has numerous small-sized particles, resulting in a rough and
porous surface morphology with improved material density. Figure 2w
reveals a smooth and dense surface of the product cured at 35 °C, with good
dispersion, further confirming that the slurry reacted most thoroughly at
this temperature. Figure 2x and S9 show numerous acicular crystals on the
surface of the product cured at 55 °C, which is attributed to rapid nucleation
when the Si concentration reached the supersaturation threshold during the
slurry dehydration and condensation processes™. Additionally, cracks begin
to form on the surface of the cured product because of internal thermal
expansion during the curing process’”. As shown in Fig. 2Y, the surface of
the product cured at 75 °C exhibits numerous cracks. These cracks result
from excessively rapid temperature increases during the curing process,
which cause excessive internal thermal expansion stress, ultimately leading
to severe damage to the internal structure.

As shown in Fig. 2, when the slurry is cured at 35 °C, it permeates from
the inside of the sandstone to the outside, forming crystalline salts both
within the sandstone and on its surface. To determine the sandstone
compositional and microstructural changes before and after slurry curing,
XRD, XPS, and EDS were used to characterize the sandstone samples, as
shown in Fig. 3 and S8.

As shown in Fig. 3a, the main component of the sandstone sample
before grouting is quartz, along with trace amounts of kaolinite and
srebrodolskite™”'. After grouting, a significant C,H;NaO,3H,O char-
acteristic peak was observed in the sandstone sample. This is attributed to
the reaction between the sodium silicate(Na,O-nSiO,) and the acetic acid
(CH3COOH) produced from the ethylene glycol diacetate (CsH;00O4)
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Fig. 2 | Morphology images of the sandstone and slurry. a-e Side images of the
sandstone samples after water glass slurry curing at -5, 15, 35, 55, and 75 °C,
respectively. f-j Top images of the sandstone samples under the same curing con-
ditions. k-0 Optical microscopy images of sandstone cross-sections cured at —5, 15,

35, 55, and 75 °C, respectively. p-t Surface optical microscopy images of curing
products inside the cracks at —5, 15, 35, 55, and 75 °C. u-y Surface FESEM images of
curing products inside the cracks at —5, 15, 35, 55, and 75 °C.

hydrolysis, as described in Reaction (2). This reaction forms sodium acetate
(CH3COONa) and silica (SiO,) with water evaporation from sodium
acetate, resulting in the formation of white crystalline C,H;NaO,-3H,0.
Figure 3b shows that the post-grouting sandstone sample mainly contains
six elements: Mg, Na, O, Ca, C, and Si. The significant increase in the sodium
and carbon contents after grouting suggests the formation of sodium
organic salts. Figure 3c shows that the binding energy of Si 2p in the pre-
grouting sample is located at 102.88 eV, indicating that Si predominantly
exists as SiO, in sandstone™. This finding is further corroborated by the
XRD data presented in Fig. 3a, which confirm that quartz is the main crystal
phase in the sandstone. Figure 3d displays C 1 s peaks at 284.8, 286.88, and
288.51 eV, corresponding to C-C, C-O, and C=0 bonds***¢, respectively,
suggesting that carbon primarily exists in the form of CH3COO'. Figure 3e
shows O 1 s peaks at 531.78 and 536.40 eV, which correspond to C-O and
C=0bonds”, respectively. Meanwhile, Fig. 3findicates that the Na 1 s peak
is primarily located at 10709 eV, further confirming that the main
product on the surface of the post-grouting sample is C,H;NaO,-3H,0.
Additionally, Fig. S8 shows an increase in the O and Si elemental contents in

the pores of the sandstone sample after slurry curing, along with the pre-
sence of Na, indicating that C,H;NaO,-3H,0 was generated within the
sandstone. In summary, combining the results shown in Fig. 3a-f and S8, it
can be concluded that when the sandstone pores are filled with slurry and
cured at 35°C, a CH;COONa and SiO, mixture gradually forms. This
process generates C,H;NaO,-3H,0 crystals both within and on the sand-
stone surface.

Discussion
To investigate the sodium silicate slurry curing process in sandstone, an FBG
detection system was used for temperature, humidity, and micro-strain
measurements. Testing was conducted at -5 (20% RH), 15 (50% RH), 35
(40% RH), 55 (15% RH), and 75 °C (5% RH). The sandstone samples had
pore diameters of 2 cm, and the experimental results are shown in Figs. 4-7.
During the sodium silicate slurry curing process at different tem-
peratures, the slurry temperature first increased rapidly, followed by a slower
increase, and reaching a peak before gradually decreasing to ambient tem-
perature, as shown in Fig. 4a—c. This behavior can be attributed to the
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Fig. 3 | Compositional and microstructural
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Fig. 4 | Spatial distribution of the temperature variation (AT) of the sodium
silicate slurry within sandstone holes under different environmental tempera-
tures during the curing process. a—c AT distribution within the slurry at heights of
2, 5, and 8 cm, respectively. d Average heating rates of the slurry at different
environmental temperatures and rock heights.

12,24

following reasons: (i) Na,O-nSiO, is weakly alkaline'**, and reacts with
CH;COOH generated from CH;COOCH,CH,0O0CCH; hydrolysis,
resulting in an acid-base neutralization reaction that increases the slurry
local temperature. At this point, the heat released by the reaction exceeded
the heat dissipated, leading to a rapid slurry temperature increase. (ii) As the
curing reaction progressed, the CH;COOH and Na,O-nSiO, concentra-
tions within the slurry gradually decreased, resulting in a reduced amount of
heat being released by the reaction. When the released heat equals the heat
dissipated, the slurry temperature stabilizes. (iii) Once the curing reaction is
completed, no additional heat is released and the process is dominated by
heat dissipation, causing the slurry temperature to gradually decrease until it
reaches the ambient temperature.

Figure 4a—c also show the internal temperature change distribution in
the slurry during the sodium silicate curing at different ambient tempera-
tures. The temperature variation magnitude comparison is as follows:
75>55>35>15>-5°C. This is because at higher ambient temperatures,

the chemical reaction intensifies, leading to a greater increase in the slurry’s
internal temperature. Specifically, at 75°C, the temperature change is
maximal, Reaching 23.64 °C; whereas at —5 °C, due to the extremely slow
reaction within the slurry, the temperature change is negligible.

Figure 4d shows the average slurry heating rates as it increased from its
initial temperature to its peak at various ambient temperatures. The results
reveal a distinct heating rate distribution across different sandstone heights,
specifically: 2>5>8 cm. This phenomenon can be attributed to SiO,
accumulation at the bottom of the sandstone holes. SiO, has a higher density
and is formed during the slurry curing process (considering that the
sodium acetate density is 1.45 g/cm®, whereas the silicon dioxide density is
2.13 g/cm®). Consequently, the slurry at the bottom was cured first™’. Fur-
thermore, the bottom section had minimal exposure to air, and was thus the
least influenced by the ambient temperature. Therefore, the reaction at 2 cm
is the most vigorous, exhibiting the fastest heating rate and highest tem-
perature, with the heating rate reaching up to 11.12 °C/h at 75 °C. By con-
trast, the 8-cm height experiences the greatest exposure to air, resulting in a
faster heat release rate and, consequently, the slowest reaction and heat-
ing rate.

For environmental temperatures of —5 to 75 °C, the humidity of the
sodium silicate slurry in the sandstone pores rapidly decreases to approxi-
mately 60% during the curing process and then gradually slows down, as
shown in Fig. 5a-c. This can be attributed to the following reasons: (i)
During the initial curing stage, the reaction rate between Na,O-nSiO, and
CH;COOH is fast. This leads to a rapid increase in temperature (as shown in
Fig. 4), which consumes moisture inside the slurry and causes rapid eva-
poration, in turn resulting in a swift decrease in humidity. (ii) When the
humidity decreases to approximately 60%, the slurry curing reaction is
nearly complete, and the temperature decreases slowly (as shown in Fig. 4).
The curing rate slows down, reducing the amount of H,O consumed during
the curing process. Consequently, moisture evaporation inside the slurry
due to temperature effects also decreases, resulting in a gradual decline in
humidity within the slurry, which eventually stabilizes.

Figure 5a—c also show the humidity variation distribution in the slurry
during curing at different temperatures over the same curing time. The
humidity variation comparison is as follows: 75>55>35> 15> —5 °C.
This is because higher temperatures can increase the chemical reaction rate
of the slurry, allowing more water to participate in the reaction within the
same timeframe and moisture to evaporate more quickly at elevated
temperatures™ . At 15, 35, and 55 °C, a slight increase in moisture was
observed at heights of 2 and 5 cm. This is because the curing process occurs
sequentially from bottom to top’. As the slurry transitions from liquid to
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Fig. 5 | Spatial distribution of the humidity of the sodium silicate slurry within
sandstone holes under different environmental temperatures during the curing
process. a-c Humidity distribution within the slurry at heights of 2, 5, and 8 cm,
respectively. d Average dehumidification rates of the slurry at different ambient
temperatures and rock heights.

solid at heights of 2 and 5 cm, the internal porosity increases, and gravity
accelerates the downward transport of pore water*"*’. At 75 °C, the curing
rate is too fast, while at —5 °C, the reaction is extremely incomplete, with the
moisture reduction primarily due to H,O freezing in the Na,O-nSiO,
solution. Therefore, the “humidity increase phenomenon” does not occur at
75 or —5 °C. Additionally, Fig. 5a—c indicate that after 7 d of curing, the
closer the slurry was to the top of the sandstone sample, the lower the
internal humidity. At a height of 8 cm at 75 °C, the humidity reaches a
minimum of 6.80%, whereas at 2 cm and —5 °C, the humidity is highest at
59.55%. This is because the slurry at the top (8 cm height) had the largest
contact area with the environment, leading to the fastest moisture eva-
poration and the highest water molecule exchange rate with the environ-
ment. Additionally, this region had the most contact with CO,, facilitating
Reaction(3) and resulting in a rapid moisture decrease at the top of the
slurry. Consequently, the humidity at a height of 8 cm remained close to the
environmental relative humidity after curing.

Figure 5d shows the average dehumidification rate distribution of the
slurry at different heights as it decreased from an initial humidity of
approximately 100%RH to 60%RH at different temperatures. The results
reveal a distinct dehumidification rate distribution across different sand-
stone heights, specifically: 2 > 5> 8 cm. This is because the slurry curing
occurs in a “bottom-up” manner. At a height of 2 cm, the slurry begins to
react first, resulting in the earliest humidity decrease. Additionally, the slurry
temperature at 2 cm was the highest (Fig. 4d), leading to the fastest reaction
rate and minimal influence of external humidity, resulting in the fastest
dehumidification rate. Consequently, the dehumidification rate at 2 cm
height was the highest, reaching 2.38% RH/h at 75 °C.

As shown in Fig. 6a-c, at different environmental temperatures, the
strain exerted by the sodium silicate slurry on the sensors during the curing
process within the sandstone pores first increases, then decreases, and finally
stabilizes. This can be attributed to the following reasons: (i) During the early
curing stages, the rapid temperature increase (as shown in Fig. 4) leads to
slight thermal expansion of the slurry, resulting in expansion strain. (ii) As
curing progresses, the slurry at the top gradually transforms into
CH;COONa and SiO,, which increases the viscosity"**’. Additionally,
continuous moisture consumption leads to a reduction in volume, thereby
increasing the shrinkage strain. (iiij) When the curing of the top slurry
approaches completion, the slurry converts to C,H;NaO,-3H,0 and SiO,,
causing the temperature and humidity to stabilize (as shown in Figs. 4-5),
resulting in a gradual internal strain stabilization within the slurry.
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Fig. 6 | Spatial distribution of the micro-strain changes of the sodium silicate
slurry within sandstone pores under different environmental temperatures
during the curing process. a—c Strain change distribution within the slurry at
heights of 2, 5, and 8 cm, respectively. d Maximum shrinkage strain (Max S-strain)
variations of the slurry at different environmental temperatures and rock heights.

Figure 6a—c also show that the shrinkage strain of the slurry is highest at
55 °C. This can be attributed to the following reasons. At —5 °C, the slurry
curing is extremely slow and the reaction is very incomplete, resulting in a
smaller shrinkage strain. At 75 °C, the curing process occurs very rapidly.
However, the excessively high temperature during curing led to significant
thermal expansion strain (Fig. 2y), which counteracted some of the
shrinkage strain. Additionally, rapid moisture evaporation resulted in
insufficient reaction, leading to a smaller shrinkage strain at this tempera-
ture. Within a range of 15-55 °C, the slurry curing rate increases as the
temperature increased. Therefore, at 55 °C, the curing rate is fast, leading to
strain accumulation and an increase in strain, resulting in the most pro-
nounced volume shrinkage during the curing process (as shown in Fig. 2i).
At environmental temperatures of 15, 35, and 55 °C, a slight decrease in
shrinkage strain is observed after reaching the maximum shrinkage strain.
This is because the humidity increased slightly during the mid-curing stage
of the slurry, leading to a mild volumetric expansion (Fig. 5a—c). Addi-
tionally, the heat generated during the curing reaction resulted in thermal
expansion strain that counteracted some of the shrinkage strain, thereby
reducing the overall shrinkage strain.

Figure 6d shows the maximum shrinkage strain (Max S-strain) dis-
tribution of the slurry at different heights and temperatures, which is in the
order of 2 > 5 > 8 cm. This can be attributed to the fact that the slurry begins
to react first at a height of 2 cm. As the slurry at the bottom underwent
curing, its volume began to shrink, causing a downward displacement of the
uncured slurry above it. As the reaction progresses, the slurry viscosity
gradually increases*!. Therefore, the slurries at heights of 5 and 8 cm
experienced downward tensile strain, which counteracted a portion of their
own shrinkage strain. The closer the slurry was to the top, the greater the
tensile strain it experienced, leading to a larger counteraction of its own
shrinkage strain. Consequently, at 55 °C, the slurry at a height of 2cm
experiences the maximum shrinkage stress, reaching up to —126.07 pe.

During the sodium silicate slurry curing process, the strain on the
sandstone surface at heights of 2 and 5 cm initially increases rapidly, reaches
a maximum value, then gradually decreases, ultimately stabilizing, as shown
Fig. 7a, b. This can be attributed to the following reasons: (i) The tem-
perature during the curing process increases sharply, causing thermal
expansion of the slurry (as shown in Figs. 2x, 2y, and 6), which exerts
expansion stress on the sandstone. Additionally, the heat released during
slurry curing is transferred to the sandstone body, affecting its thermal
expansion and leading to an increase in micro-strain on the sandstone
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surface. (ii) As the curing reaction progresses, the internal temperature of
the slurry decreases (as shown in Fig. 4), resulting in a temperature decrease
in both the slurry and sandstone body, which induces sandstone shrinkage,
thus exhibiting a “detumescent” phenomenon”. As shown in Fig. 7a, b, at
heights of 2 and 5 cm, the surface expansion stress exerted by the slurry on
the sandstone body during curing at 75 °C is the highest, reaching 30.76 and
35.64 pe, respectively. This is because at heights of 2 and 5 cm, CH;COONa
has not yet diffused to the sandstone surface to form crystalline salts (as
shown in Fig. 2). Therefore, expansion strain primarily arises from thermal
expansion due to the temperature increase during the sandstone curing
process. The slurry experiences the highest temperature during curing at
75°C (as shown in Fig. 4), resulting in the most significant thermal
expansion and maximum expansion strain.

Figure 7c shows that at a height of 8 cm in the sandstone sample, when
the environmental temperature during slurry curing is 15 °C, the surface
strain exerted by the curing slurry on the sandstone sample continues to
increase. After the curing time exceeds 100 h, the surface stress on the
sandstone body rapidly increases, reaching a micro-stress change of 55.02 pe
at a curing time of 165 h. This can be attributed to the following reasons: (i)
At 15 °C, CH3COONa migration from the inside at a height of 8 cm is the
greatest (as shown in Fig. 2b, i), resulting in the maximum expansion strain
on the sandstone body. (ii) The temperature increase during the curing
process exerts thermal expansion on the sandstone. Additionally, the ele-
vated temperature further promotes rapid CH;COONa diffusion from the
inside of the sandstone outward, leading to the formation of
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Fig. 7 | Spatial distribution of micro-strain on the sandstone surface during the
sodium silicate slurry curing process at different environmental temperatures.

a—c Strain change distribution within the sandstone surface at heights of 2, 5, and

8 cm, respectively. d Maximum expansion strain (Max E-Strain) variations on the
sandstone surface under different environmental temperatures and rock heights.

C,H;3Na0,:3H,0 crystals and an increase in the expansion strain. Addi-
tionally, Fig. 7c shows that when the slurry curing temperatures are 35, 55,
and 75 °C, the surface stress exerted on the sandstone body exhibits a
“detumescent” phenomenon®. This can be attributed to the thermal
expansion effects generated during slurry curing. At a height of 8 cm, the
strain in sandstone at 35-75 °C is primarily due to thermal expansion of
both grout and sandstone matrix, decreasing with grout temperature drop.
However, at 15°C, the strain mainly results from inward-to-outward
migration during grout curing, forming C,H;NaO,-3H,O crystals on the
surface, leading to continuous surface strain increase. Since temperature has
a minor impact on strain, the “detumescent” phenomenon does not occur.
Figure 7d shows the maximum expansion strain distribution exerted
by the slurry on the sandstone body during curing at different temperatures
at various heights on the sandstone sample, which is in the order of
8> 5> 2 cm. This is because the closer the slurry is to the sandstone holes,
the greater the slurry migration to the sandstone surface (as shown in Fig. 2),
resulting in a maximum expansion strain at 8 cm which reaches to 55.02 e.
Based on Figs. 2 to 7, the curing mechanism of sodium silicate slurry
can be summarized as follows: Initially, CH;COOCH,CH,00CCH; in the
sodium silicate slurry undergoes hydrolysis to produce CH;COOH, which
reacts with Na,O-nSiO,, resulting in an increase in temperature, a decrease
in humidity and strain, and the formation of SiO, solid and CH;COONa.
Subsequently, the heat, CH;COONa, and moisture in the slurry are trans-
ported along the pores of the sandstone to the surface, causing expansion
strain. Finally, as the moisture evaporates, the CH;COONa solution gra-
dually transforms into C,H3;NaO,-3H,O crystals, which adhere to the
surface of the sandstone. The mechanism diagram is shown in Fig. 8.
Additionally, it can be observed that at 75 °C, the reaction of the slurry
in the 2 cm-diameter holes is the most vigorous, resulting in the largest
temperature and humidity changes, as well as the fastest change rates. This
leads to incomplete reactions and significant structural damage to the curing
products. At 55 °C, the rapid curing rate causes excessive internal shrinkage
strain, resulting in noticeable volume contraction, the formation of
numerous acicular crystals, and crack development, which diminishes the
restoration effectiveness. At 15°C, the slower curing rate and greater
CH;COONa migration result in the maximum surface strain on the
sandstone, causing severe damage to the surface morphology of artifacts. At
—5°C, the internal reactions of the slurry are highly incomplete and
slow, leading to structural instability. By contrast, at 35 °C, the curing rate
is moderate, allowing for the most thorough internal reactions, with
an average heating rate of 0.42 °C/h, an average moisture loss rate of 0.79%
RH/h, and a maximum shrinkage strain of —115.23 pe. Some reaction
products diffused into the sandstone body, forming C,H;NaO,-3H,0,
which enhanced the bonding strength between the slurry and sandstone.
Consequently, the maximum micro-strain exerted on the sandstone body
was 31.62 p, resulting in minimal damage. Therefore, when using sodium
silicate slurry for grouting restorations in rock cave cracks, a temperature of
approximately 35 °C yields the best results.
To study the sodium silicate grout curing process inside sandstone at a
temperature of 35 °C and relative humidity of 40%, the grout temperature,
humidity, and micro-strain changes within samples with crack holes of

Fig. 8 | Mechanism diagram of sodium silicate slurry
curing process.
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Fig. 9 | Distribution information of parameters during the curing process of
sodium silicate slurry inside sandstones with different pore sizes. a-c Average
grout heating rate, dehumidification rate, and maximum micro-strain, respectively.
d Maximum micro-strain on the sandstone surface during the sodium silicate slurry
curing process inside sandstone with holes of different diameters at 35 °C. The insets
in (¢, d) show images of the top and side surfaces of the grout after curing inside the
sandstone pores.

different diameters (1-3 cm) were monitored. Additionally, the micro-
strain spatial distribution on the sandstone surface was examined. The
experimental results are shown in Fig. 9 and Figs. S10-S14.

Figure 9a shows the ranking of the average slurry heating rates in
sandstone with holes of different diameters when the temperature reached
its maximum; the raking is as follows: 1 > 2 > 3 cm. This is attributed to the
fact that smaller holes reduce the heat dissipation area, making the slurry
temperature less affected by the ambient temperature and thus heating up
faster. Therefore, the slurry cured at the highest temperature (Fig. S10a) in
the 1 cm-diameter hole, with the fastest reaction and heating rates, reaching
0.71 °C/h. By contrast, in the 3-cm-diameter hole, the slurry had the largest
contact area with air and the largest heat-dissipation area, leading to the
fastest heat release rate. This resulted in the slowest reaction rate, least
temperature increase (Fig. S10c), and slowest heating rate (0.12 °C/h).

Figure 9b shows the ranking of the average slurry dehumidification
rates in sandstone with holes of different diameters as the humidity
decreased from approximately 100% to 60% during the curing process; the
ranking is as follows: 1 > 2 > 3 cm (Fig. S11). This is because as the sandstone
hole diameter decreased, the slurry volume decreased, resulting in a faster
curing reaction rate. This led to a higher internal temperature of the slurry
(Fig. S10a) and a higher moisture consumption and evaporation rate.
Consequently, slurry curing in the 1-cm-diameter hole exhibits the fastest
dehumidification rate, reaching 1.57% RH/h.

Figure 9c shows the ranking of the maximum shrinkage strains (Max S-
strain) of the slurry in sandstone with holes of different diameters; the
ranking is as follows: 3 >2 > 1 cm (Fig. S12). This is because, as the sand-
stone hole diameter increased, the slurry volume increased, resulting in
more slurry participating in the reaction. This led to a greater shrinkage
volume and shrinkage micro-strain during the measurement (see the inset
in Fig. 9¢). Consequently, the slurry in the 3 cm-diameter hole exhibits the
largest shrinkage strain, reaching -151.11 pe. Conversely, in smaller sand-
stone cracks, less slurry participates in the reaction, resulting in a smaller
shrinkage volume and micro-strain; therefore, the slurry in the 1-cm-
diameter hole exhibits the smallest shrinkage strain (-19.53 pe).

Figure 9d shows the ranking of the maximum expansion micro-strain
(Max E-strain) generated on the sandstone surface during slurry curing in
holes of different sizes; the ranking is as follows: 3 > 2 > 1 cm (Fig. S13). This

is because, as the sandstone hole diameter increases, the sandstone becomes
thinner and smaller, facilitating the transfer of heat, H,O, and CH3COONa
to the sandstone surface (Fig. S14 and inset in Fig. 9d). As a result, the surface
expansion strain of the sample with a 3-cm-diameter hole was larger,
reaching 279.71 pe. Conversely, in smaller sandstone cracks, the volume of
the stone is larger, making deformation more difficult, and the crystal-
lization area on the sandstone surface is smaller, resulting in a lower
expansion strain. Therefore, the sample with a 1-cm-diameter hole had the
smallest crystallization area (Fig. S14 and inset in Fig. 9d) and a minimum
micro-strain of 6.44 pe. Overall, from Figs. 9 and S10-S14, it can be con-
cluded that the sodium silicate slurry is more suitable for repairing smaller
cracks in rock caves.

In this paper, a new method for in situ continuous decoding of tem-
perature, humidity, and micro-strain in the process of repairing sandstone
cracks with sodium silicate slurry is proposed using an FBG array system. A
theoretical model was established to measure the temperature, humidity,
and micro-strain. In situ and continuous decoding provided spatial dis-
tribution information on the temperature, humidity, micro-strain of the
slurry and the micro-strain of the sandstone surface under different
environmental temperatures and hole diameters. Offline techniques such as
optical microscopy, field-emission scanning electron microscopy, X-ray
diffraction, and X-ray photoelectron spectroscopy were employed to ana-
lyze the surface morphological and material compositional changes.

The experimental results showed that within an environmental tem-
perature range of —5 to 75 °C, when the environmental temperature was
35°C, the curing reaction was completed, resulting in the densest cured
slurry structure. Additionally, during the curing reaction, the curing product
CH;COONa was partially transferred to the interior of the sandstone to
form C,H3;NaO,-3H,0 crystals. This process enhanced the bonding
strength between the slurry and sandstone, generating a small expansion
strain of 31.62 pe on the sandstone body, while causing slight influence to the
cultural relics. Additionally, during the grouting restoration of sandstone
with different hole diameters at an environmental temperature of 35 °C,
both the slurry micro-strain and the surface strain induced on the sandstone
body increased with crack diameter. Therefore, the sodium silicate slurry is
more suitable for repairing small cracks in sandstone at an environmental
temperature of 35 °C.

The findings of this study revealed the curing mechanisms of grouting
materials in sandstone holes and the interaction between the slurry and
sandstone. Additionally, they highlight the extent of damage caused by
slurry to cultural relics and the effectiveness of hole restoration in rock caves.
The methodology and findings of this study contribute to advancements in
the protection of cultural heritage and promotes the development of optical
fiber sensors and their detection technologies. This enhances the intelligent
technological protection of cultural relics, thereby holding significant sci-
entific research significance and engineering application value.
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