
Hu et al. Heritage Science          (2023) 11:239  
https://doi.org/10.1186/s40494-023-01087-z

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Heritage Science

Macrokinetics of the deterioration 
of cement‑based grouting material 
for predicting its service life under acid rain 
attack
Wenjing Hu1, Shiqiang Fang1,2*, Lina Xie1, Xueqiang Chen1 and Bingjian Zhang2 

Abstract 

Cement-based grouting material is widely used to reinforce the unsafe rock and control seepage of rock-carved relics 
although it is considered inappropriate in protection of ancient sites. As this approach is irreversible, a longer service 
life is desirable for the grouting material and methods to predict the service life are needed. Here we propose a uni-
versal formula based on the dissolved amount of calcium ion to predict the deterioration rate of cement-based grout 
caused by acid deposition in the laboratory. The experimental results showed that the dissolved amount of calcium 
ion had a linear relationship with lnT and the pH value, with better accuracy when the pH value was greater than 3.0. 
This work maybe could provide a facile and quantitative method to help us predict the service life of cement-based 
grouting material under acid rain attack outdoors.
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Introduction
Rock carving, an ancient method of documenting his-
torical events, expressing emotions and beliefs, has been 
transmitted across diverse regions worldwide throughout 
the course of human civilization. Presently, these invalu-
able cultural relics continue to be prominently visible in 
various regions around the globe [1–7]. In general, these 
rock-carved cultural relics were frequently excavated 
in steep slopes composed of what was known as “weak 
rocks” [8]. The relatively low strength value of such steep 
slopes facilitated the excavation and carving process; 

however, it compromised the overall stability of these 
slopes (such as cracking, water seepage, collapse, and 
falling rocks), thereby posing a threat to both the preser-
vation of stone relics and the safety of tourists. In order 
to enhance the protection and exhibition of these rock-
carved relics for public viewing, cultural heritage con-
servators had undertaken extensive efforts over recent 
decades, including implementing a monitoring system [2, 
4, 6, 9–11], reinforcing unstable rocks [1, 12, 13], man-
aging water infiltration [7, 14, 15], transforming the sur-
rounding landscape [4, 10, 16], and so on.

Among the various factors influencing the preserva-
tion of rock-carved relics and cliff stability, water seep-
age emerged as a pivotal element [8]. This was due to the 
fact that water infiltration could result in the dissolution 
of cementitious materials within rocks possessing higher 
solubility, while part of substances prone to water absorp-
tion expand upon contact with water, thereby leading 
to rock structure deterioration and strength reduction 
[17–20]. Consequently, control of water seepage played 
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a pivotal role in safeguarding rock-carved cultural relics. 
The approaches encompassed the construction of water 
drainage system as measures to mitigate surface runoff 
and ground water infiltration [8, 21], utilization of chemi-
cal grout for sealing exposed fractures [13, 22], and occa-
sionally employing a combination of both strategies [3, 
23]. It is well known that the grouting is a non-reversible 
technique, yet it has been proven to be highly effective 
and is predominantly embraced by conservators for the 
intervention of rock-carved cultural relics. Depending 
on the actual state of rock-carved cultural relics, the spe-
cific objectives of intervention, and the allocated financial 
resources, cement-based grouts with enhanced strength 
and superior water resistance were commonly utilized 
in this particular field instead of lime-based grouts typi-
cally employed for safeguarding mosaics, frescoes, and 
decorative elements [13]. Similar to the grouting process 
employed in other stone masonries, prior to commencing 
the actual grouting operation, comprehensive tests would 
be conducted on various properties of the grouting mate-
rial, including fluidity, stability, and compressive strength. 
These tests would guide us in selecting an appropriate 
grouting material or ratio. However, there was a paucity 
of studies assessing the service life of grout materials, 
which hindered our comprehensive understanding of the 
efficacy of this intervention and the potential risks for 
future conservation efforts.

As is well known, the acid resistance of cement-based 
material is low, because the hydration products of cement 
usually contain alkaline substances. Once the alkaline 
substances occur neutralization reaction with H+ ion in 
the acidic substances, the matters which are stabilized by 
alkaline situation (like hydrated calcium silicate, calcium 
aluminate, calcium sulfoaluminate) will dissolve and lead 
to the further deterioration of cement-based material. 
In the past decades, acid rain problem was increasingly 
severe with the rapid industrialization and urbanization 
around the world. For instance, the southern region of 
China had become the third region in the world seriously 
affected by acid rain during the past decades following 
Northeast America and Central Europe [24]. And the acid 
precipitation had occurred in about 40% of the entire ter-
ritory [25]. Unfortunately, these heavily acid rain polluted 
areas were home to a significant amount of rock-carved 
relics. In contrast to the independent stone masonries, 
the intricate internal joint structure of the steep slopes 
necessitated prolonged contact between grout mate-
rial and infiltrating precipitation. Consequently, despite 
implementing surface treatment post-grouting to pre-
vent direct exposure of the grout material, acid rain still 
compromised its stability. Therefore, it was imperative 
to investigate and establish an effective methodology for 
evaluating and predicting the service life of cement-based 

grout materials in acidic environments, which held sig-
nificant practical implications. However, in fact, it was 
difficult to predict the failure rate of cement-based mate-
rials because the failure process was a complex process. It 
included both physical damage caused by volume change 
of soluble salt and water molecules crystals, and chemical 
damage caused by internal ion loss [26]. In addition, the 
quality of raw materials, preparation technology, stress 
conditions and types of erosive ions also would affect the 
failure process of materials [27].

At present, the methods commonly used to evaluate 
the failure degree of cement-based materials subjected to 
acid rain erosion are as follows: (1) Compressive strength 
[28]. The change of compressive strength of cement 
specimens before and after acid rain erosion was simu-
lated to evaluate the quality of cement-based materials. 
However, some studies believed that when the cement 
was eroded by acid rain at the beginning, the neutral 
substance formed had a protective effect on the cement, 
and the strength of the cement might not decrease [29]. 
Therefore, although this method was simple and easy to 
operate, its accuracy might not be good. (2) Mass loss 
[30, 31]. The acid rain erosion of cement-based mate-
rial was evaluated by measuring the weight change of 
cement specimens. Under the normal circumstance, the 
mass loss rate was very slow when the pH > 3, thus, we 
had to increase the acidity of acid rain in the simulation 
[32]. (3) Ion leaching [28, 33]. Acid rain and cement reac-
tions release calcium, silicon plasma and compounds 
from the cement. The degradation of the cement could be 
quantitatively studied by measuring these dissolved sub-
stances. (4) Neutralization degree [29, 34]. Acid rain and 
cement have neutralization reaction. The acid and alkali 
of cement can be tested to estimate the acid rain erosion 
degree. It should be noted that this method assumes that 
the neutralization reaction develops from the outside to 
the inside in the cement specimens because that’s not 
always the case with carbonization [35]. (5) Structural 
changes [36, 37]. Acid rain reacts with cement to produce 
micropores in solidified cement specimens. These struc-
tural changes can be observed by CT scanning and other 
methods. This method has high requirements on the 
instrument.

In general, each approach has its own advantages and 
disadvantages. Considering that the measurement of ion 
dissolution can monitor the cement degradation pro-
cess in real-time and quantitatively, thus, in this work, 
we reported a novel method of using the dissolving-out 
amount of Ca2+ from cement-based grouting materials 
under the mimical acid rain to quantitatively or semi-
quantitatively predict their service life. The experimen-
tal data obtained from this work could also be used for 
analog computation cement failure model by computer.
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Experimental scheme
Materials
Ordinary Portland cement was purchased from Yuhang 
QianChao Cement Co. (Hangzhou, China) and its strength 
grade was 42.5. The elementary composition of this ordi-
nary Portland cement was summarized in Table 1 using an 
energy spectrum instrument (EDS, Metek, Octane Elect 
Plus). Water reducer was purchased from the building 
material market. Its chemical formula was polycarboxylic 
acid. Fine river sand was also purchased from the building 
material market, and it underwent a meticulous screen-
ing process prior to its application. The particles with sizes 
ranging from 24 to 40 mesh and those smaller than 40 
mesh were sieved specifically for grout production. Sulfu-
ric acid of analytical purity was procured from Sinopharm 
Chemical Reagent Co. The water utilized in this study was 
deionized water.

Design of grout
The composition and proportion of the grout used in this 
study was listed in Table 2. It had a cement-to-sand ratio 
of 1:1, a water-to-cement ratio of 0.45, and a water reducer 
content of 0.5%. This formulation had undergone labora-
tory testing and field trials, with detailed evaluations con-
ducted on its fluidity, stability, water resistance, strength 
and other key parameters as reported in prior work [13, 
38].

The mixing procedure for the grout was adapted from 
the procedure described in Baltazar et al. [39]. The opera-
tion was as follows: The cement and sand were first pre-
mixed, followed by the dissolution of water reducer in a 
predetermined proportion of water. Subsequently, the solu-
tion containing the water reducer is added while stirring, 
ensuring continuous stirring for 5 min to achieve thorough 
mixing.

Specimen preparation
Two dimensions of specimens were prepared: a cylindrical 
specimen measuring 2 cm in diameter and 1 cm in height, 
and a standard cube specimen with dimensions of 5  cm 
for length, width, and height. Non-standard cylindrical 
specimens were utilized specifically for conducting simu-
lated corrosion tests simulating acid rain conditions. The 
choice of smaller-sized specimens was made to minimize 
the potential impact of specimen size on ion dissolution 
during these experiments. On the other hand, standard 

cube specimens were employed to evaluate compressive 
strength according to standard ASTM C109 [40]. The spec-
imen production process was as follows: the grout was 
injected into the iron mold while being stirred, and after 1 
d, the mold was removed. Then, the specimens were trans-
ferred to a controlled environment with relatively constant 
temperature and humidity (T = 22 ± 3 °C, RH = 80 ± 5%) for 
maintenance for a duration of 28 d. Subsequently, corre-
sponding tests and examinations were conducted.

Compressive strength test
The cured standard cube specimens were submerged in 
three sulfuric acid solutions (pH = 3, 4, 5, and 6.5) for sev-
eral days under 20, 30, 40 and 50 °C temperature regimes. 
Therefore, a total of 16 series of test specimens would be 
investigated (four temperature levels and four pH levels). 
After soaking for 7, 15 and 30 days, the specimens were 
retrieved for testing and air-dried in lab environment for 
a period of 2 days. Finally, their compressive strength was 
measured using an electronic universal testing machine 
(CMT 5205, SUST, China).

Corrosion procedure
Simulated acid rain
The simulation of sulfuric acid rain was conducted in this 
study, as it is prevalence in various regions worldwide. 
The acidic solutions with pH values of 1.3, 2.0, 3.0, 4.0, 
5.0, and 6.5 were prepared by dissolving analytical grade 
sulfuric acid in varying proportions of water. The errors 
of the pH values were controlled in the range of ± 0.04 by 
using a digital pH meter (Mettler-Toledo International 
Trading Co., Shanghai).

Temperature
Revisiting the research on concrete erosion [41], the 
combined impact of temperature and acid on the grout 
was tested. The temperatures in the corrosion were 20, 
30, 40, and 50  °C. Consequently, when combined with 

Table 1  The composition of cement

Sample Elements (Wt %)

Ca Si Al K Mg O S

OPC 29.28 16.32 4.40 1.69 1.23 46.36 0.71

Table 2  The composition and proportion of designed grout

Raw 
material

Cement Aggregate (quartz) Water Water 
reducing 
agent24-40mesh  < 40 mesh

Proportion 1 0.5 0.5 0.3 0.005
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varying concentrations of simulated acid rain, a total of 
24 corrosion experimental groups were established.

Procedure
According to the previous work [36], the immersion 
method was employed in this work to expedite the degra-
dation of cement grouting materials under acidic rainfall. 
For each corrosion experimental group, 600.00 ± 0.05  g 
acid solution and 3 specimens were used to mimic 
10000  mm rainfall in nature (equivalent to 10  years of 
natural acid rain erosion) [42]. The cyclic process was 
as follows (Fig. 1): firstly, the specimens were immersed 
in an acid solution at a constant temperature. Secondly, 
after 24  h, the pH value and Ca2+ concentration of the 
acid solution were measured using a pH meter and cal-
cium ion meter respectively. Thirdly, the acid solution 
was refresh and the specimens were dried at room tem-
perature for 2  h before starting a new cycle. This cycle 
was repeated for a total of 30 times.

Results and discussion
Compressive strength
In many studies, compressive strength was often used to 
evaluate the failure of cement [29]. Therefore, the com-
pressive strength of the specimens was also assessed fol-
lowing immersion in a solution at various temperatures 
and pH levels for a specific duration. The compressive 
strength of the specimens, after immersion in a solution 
at 20 °C with a pH value of 6.5 for 7, 15, and 30 days, was 
measured to be 32.4, 45.7, and 44.1  MPa, respectively. 
This change in strength could be attributed to water infil-
tration into the specimen matrix, leading to an increased 
degree of cement hydration within the test specimen. In 
order to more clearly reflect the variations in specimen 
strength under different conditions, the compressive 

strength value of the aforementioned specimens was 
adopted as the baseline, and deviations from this baseline 
under alternative conditions were utilized to assess the 
impact of temperature, pH value, and soaking time on 
compressive strength (D-value of compressive strength). 
The corresponding results were presented in Fig. 2.

The results demonstrated that at a pH of 6.5, the 
D-value exhibited positive correlation with temperatures 
of 30, 40, and 50  °C. This phenomenon could be attrib-
uted to the direct relationship between temperature and 
cement hydration rate [28]. When the pH value was 
below 6.5, conversely, an increase in temperature gener-
ally leaded to a decrease in the compressive strength of 
the cement specimen. This observation indicated that 
acid corrosion of cement intensified with rising temper-
atures. Furthermore, in the experimental group main-
tained at a temperature of 20 °C, we observed a positive 
increase in the D-value of compressive strength of the 
specimens after being immersed for a duration of 7 days. 
This phenomenon was also reported by Okochi et al. and 
explained as that acid rain might protect mortar and con-
crete structures from the neutralization during a short 
period through disturbing the acidic gas-phase diffusion 
into their interior [43]. It was noteworthy that the law 
observed in the strength data differ from those observed 
in the subsequent calcium ion dissolution experiment 
(Fig. 6). Specifically, we discovered a negative correlation 
between pH value and the extent of calcium ion dissolu-
tion during our experimental investigation. The experi-
mental groups at the other three temperatures did not 
exhibit a discernible correlation between strength and 
soaking time.

In summary, the compressive strength of the cement 
specimen was influenced by factors such as corro-
sion and neutralization protection provided by solutes 

Fig. 1  The cyclic process of accelerated simulated acid rain aging
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(vitriol) in the soaked solution, as well as both positive 
effects (hydration promotion) and negative effects (disso-
lution of soluble ions) caused by water. Therefore, using 
compressive strength to evaluate the corrosion of cement 
was insufficient.

Dissolution of Ca2+

In light of the uncertainty surrounding the assessment of 
cement-based grout’s compressive strength against acid 
erosion, we would employ material loss as a means to 
evaluate the process henceforth. In this regard, we draw 
upon previous research [34, 44] and utilize calcium ions 
as our reference material.

It was important to note that the activity of Ca2+ in the 
solution was omitted, i.e., activity coefficient was 1, for 
simplifying the calculation. The dissolving-out amount of 
Ca2+ and its relationship with time at different conditions 
were calculated and shown in Figs.  3, 4, respectively. 
These calcium ions might be generated from the hydra-
tion products of cement, such as calcium hydroxide, 
tobermorite, and hydrated calcium aluminate, and unhy-
drated cement clinker, when exposed to acid [34, 45–47]. 
Thus, we used formula (1) to generalize the calcium ion 

dissolving-out from the cement specimens in aqueous 
solutions.

(1)Ca
2+(s) + H

+(l) - - - - - - - - Ca2+(l) + H2O

Fig. 2  The D-values of the compressive strengths of the cement samples at different conditions (the compressive strengths of specimen 
under T = 20 °C and pH = 6.5 as the baseline)

Fig. 3  The dissolving-out amount of Ca2+ under different condition
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Fig. 4  The dissolution rate of Ca2+ with time and the rate constant of reaction at different condition
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First, the dissolving-out amount of Ca2+ increased as 
the pH value decreased and temperature increased, as 
shown in Fig. 3. This phenomenon was particularly evi-
dent at lower pH values (≤ 3.0) or lower temperatures 
(≤ 40  °C). Conversely, when the pH value approached 
6.5, there was little change in the dissolution rate of 
Ca2+. This was due to acidic attack of cement was based 
on the alkalinity of cement through acidic-alkaline 
reaction [47]. Additionally, rapid dissolution of Ca2+ 
occurred during the initial cycles. It was worth noting 
that at a pH of 1.3, only 15 cycles were observed due 
to both chemical and physical damage (sulfate crystalli-
zation) inflicted on the specimen under this condition, 
causing the specimen to fall apart after 15 cycles, which 
would be discussed below.

Second, the dissolution rate of Ca2+ as a function of 
time, depicted in Fig. 4, was utilized to analyze the tem-
poral variation in the release of Ca2+. The results dem-
onstrated a linear or approximately linear correlation 
between the dissolution of Ca2+ and time, adhering to 
formulas (2) and (3). This means the dissolution of Ca2+ 
from cement specimens in acidic solutions followed a 
zero-order reaction.

where cCa,0 is the original concentration of Ca2+ in the 
solution, cCa is the real-time concentration of Ca2+ in the 
solution, k is the rate constant of reaction, and t is the 
time of reaction.

Based on the zero-order reaction, the k value of for-
mula (1) was calculated and presented in Fig. 4.

The results indicated that the k values prior to the 
seventh cycle (k1) were 1.5–2.5  times higher than 
those after the seventh cycle (k2), suggesting a greater 
rate of Ca2+ dissolution during the initial seven cycles 
compared subsequent ones. Furthermore, the dissolu-
tion rate of Ca2+ exhibited a tendency to reach a sta-
ble state after the seventh cycle, as indicated by a linear 
fitting coefficient exceeding 0.99. During the cement’s 
exposure to acidic conditions, the primary target was 
calcium hydroxide, which underwent an acid–base 
neutralization reaction. The resulting soluble calcium 
salt continued to leach away by the aqueous solution, 
thereby increasing the porosity within the cement 
and promoting corrosion progression from the sur-
face towards the interior. Simultaneously, due to this 
acid–base neutralization reaction, the pH value of 
cement pore solution decreased, leading to compro-
mised stability of hydration products in the cement 
matrix. Consequently, gradual decomposition of these 

(2)dcCa/dt = kcCa,0

(3)cCa − cCa,0 = kt

calcium-containing and acid-unstable hydration prod-
ucts (like tobermorite, xonotlite, C3AH6, C4AH13, 
ettringite, gehlenite hydrate and hydrogarnets) occur 
[47]. Thus, the dissolution of calcium ions was a step-
wise manner, elucidating the rapid initial stage of dis-
solution followed by reaching equilibrium in this 
experiment. And in several other studies and models 
[45, 48], a gradual acid erosion of cement had also been 
observed.

Comparing the values of k2, the reaction rate constant 
had no prominent difference at the same temperature 
when the pH value reached 4.0 (4.0–6.5 in this work). 
It seems that the dissolving-out rate of Ca2+ was mainly 
controlled by the temperature in this period. When the 
pH value dropped to 3.0, the value of k2 increased rap-
idly. The pH value of ~ 3.0 was considered as the critical 
point of cement corrosion [33, 49]. Thus, the dissolving-
out rate of Ca2+ was mostly controlled by the tempera-
ture when the pH value of the acid solution exceeded 3.0. 
Otherwise, it was controlled by both temperature and the 
pH value of the acid solution.

The relationship among kCa, T and pH value
To reveal the relationship among kCa (only k2 in this part), 
T and the pH value, the relation between kCa and T at 
the same pH value was first calculated. In the preceding 
section, it was determined that acid attacked on cement 
occur in two stages based on the reaction rate constant 
in this study. In this section, the focus of our evaluation 
lied primarily on k2, as it offered a more comprehensive 
reflection of the long-term corrosive impact of cement. 
The results of the linear fitting were presented in Table 3, 
demonstrating a strong linear correlation between k and 
lnT. A simplified formula (4) was obtained when the rela-
tionship between k and lnT was further modified and 
simplified. This formula summed up the relationship 
among kCa, T, and the pH value. When the pH was within 
the limits, the values of A and B were constant (listed in 
Table 4). This simplified formula could help us estimate 
the dissolving-out rate of Ca2+ when the cement suffers 
from acid rain with a certain pH value at a temperature.

Table 3  The relation between k and T under the same pH value

pH Fitting function Modified function Simplified function

1.3 k = 3.31lnT-8.09 k = 1/2π⋅(20.82lnT-50.31) k = 1/2π⋅A⋅(7.5lnT-14-
B⋅pH)2 k = 3.22lnT-7.31 k = 1/2π⋅(20.25lnT-45.97)

3 k = 3.09lnT-7.83 k = 1/2π⋅(19.43lnT-49.24)

4 k = 1.19lnT-2.89 k = 1/2π⋅(7.53lnT-18.23)

5 k = 1.20lnT-3.15 k = 1/2π⋅(7.58lnT-19.88)

6.5 k = 1.25lnT-3.41 k = 1/2π⋅(7.87lnT-21.29)
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In order to validate the accuracy and applicability of 
the simplified formula (4), we utilized MATLAB software 
to generate a 3D map based on the simplified formula (4) 
and incorporated our experimental measurements into 
it. The outcomes were illustrated in Fig. 5. The 3D map 
showed that the curved surface was relatively flat when 
the pH value changed from 4.0 to 6.5. And the experi-
mental values of k were mostly on the curved surface in 
this range. This implied that within this range, the sim-
plified formula (4) exhibited a high degree of accuracy in 
predicting the dissolution rate of calcium ions in cement 
under acid rain erosion. When the pH value decreased 
to 3.0, the curvature of the surface became significantly 
steeper. As the pH value decreased further, there was a 
greater deviation observed between the experimental val-
ues of k and the curved surface. The findings indicated 
that the simplified formula (4) was no longer applicable 
under low pH level. In general, within the pH range of 
2 ~ 7, the simplified formula (4) provided a more accurate 
estimation for calculating the calcium dissolution rate of 
cement materials under acidic rain conditions. Further-
more, due to insufficient data available between pH 3 and 
4, there was a lack of clarity regarding any changes or 

(4)
kCa/

(

g/m2
)

= 1/2p× A× [7.75lnT/oC − (14 + B× pH)]

turning points between these two surfaces, necessitating 
further.

The pH value of acid solution
Acid solution (H+) could react with calcium hydroxide 
(C-H), tobermorite (C-S-H), hydrated calcium aluminate 
(C-A-H) and other components in cement, via formulae 
(4), (5), and (6), respectively. If we assumed that 1 mol H+ 
reacted with cement could lead to 0.5 mol dissolving-out 
Ca2+, the consumed H+ was 2 times as the dissolution of 
Ca2+. The relationship between the consumed amount of 
H+ and the dissolving-out amount of Ca2+ was shown in 
Fig. 6. It could be seen that the pH value of 3.0 appeared 
to serve as the critical threshold. At this point, the con-
sumed amount of H+ was nearly 2  times as much as 
the dissolution of Ca2+. When the pH value was below 
3.0, the consumed amount of H+ was much more than 
the dissolving-out amount of Ca2+ and this trend was 
more prominent for longer time and lower pH values. 
This might be caused by the reaction between Ca2+ and 
SO4

2− in formulae (7) and (8), which formed calcium sul-
fate (CaSO4) precipitate, as sulfuric acid rain was simu-
lated in this work. According to thermodynamics, when 
the concentration of SO4

2− reached 6.7 mmol/L and the 
pH value was 1.87 in this work, the CaSO4 precipitate 
appeared [26, 34]. In Fig. 5, the measured k values were 
consistently smaller than those predicted by the simpli-
fied formula (4), indicating a potential influence of cal-
cium ions precipitating with sulfate. On the contrary, 
when the pH value was larger than 3.0, the reverse was 
true. In this range, the consumed amount of H+ was 
nearly 2  times as much as the dissolving-out amount of 
Ca2+ in the first several days. Afterwards, the consumed 
amount of H+ became smooth while the dissolving-out 
amount of Ca2+ increased linearly and exceeded the 

Table 4  The parameters of formula at different pH values

pH A B pH A B

7 1 1 3 2.65 2

5 1 1 2 2.65 2

4 1 1 1 3 2

Fig. 5.  3D map of the relationship among k, the pH value, and T using formula (4) with experimental data
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consumed amount of H+. This might be because the acid 
solution was not strong enough to erode C-S-H, C-A-H 
and other components in cement. It could only react with 
C-H on the surface of the cement specimens, which was 
slow to proceed.

(4)C−H + H
+
- - - - - Ca

2+
+ H2O

(5)
C− S−H + H

+
- - - - - - Ca

2+
+ SiO2 + H2O

(6)
C− A−H + H

+
- - - - - - Ca

2+
+ Al2O3 + H2O

where C-H is calcium hydroxide, C-S-H is tobermorite, 
C-A-H is hydrated calcium aluminate, and AFt is 
ettringite.

Conclusion
In this work, we adopted the dynamic method of cal-
cium dissolution rate measurement to study the ser-
vice life of cement-based grout materials. Through the 

(7)Ca
2+

+ SO
2−

4
+H2O - - - - - - CaSO4 × 2H2O

(8)
CaSO4 × 2H2O + C− A−H + H2O - - - - - - AFt

Fig. 6  The relationship between the consumed amount of H+ and the dissolving-out amount of Ca2+
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simulated acid rain erosion experiment, we found that 
the dissolution process of Ca2+ ions conformed to the 
0 order reaction, and the reaction rate was related to 
the acidity and temperature of acid rain. When the 
acid rain pH > 3, we could use the formula “kCa/(g/
m2) = 1/2π⋅A⋅[7.75lnT/oC–(14 + B⋅pH)]” to predict dis-
solution rate of calcium ions. Considering that the acid 
rain with pH < 4 was relatively few in cultural relics pro-
tected area, the above formula could be used to evalu-
ate the failure of general cement grouting materials.

Comparing with the previous studies, this work pro-
vides a facile and quantitative method to predict the 
service life of cement-based grout. In significant con-
servation projects, a comprehensive investigation and 
evaluation of conservation methods were conducted 
prior to implementing ontological conservation work. 
However, achieving detailed experimental research and 
investigation on less important cultural relics became 
challenging due to due to financial and time con-
straints. Therefore, it was pragmatically significant to 
establish an intuitive and simplified prediction formula 
[50].

In the grouting protection of masonry, the grouts 
should be designed based on the characteristics of the 
protected object and the desired protective outcome. 
Therefore, in fact, there are many kinds of grouts. 
This work exclusively evaluated the commonly used 
cement-based grouts for rock-carved relics protection, 
while acknowledging the need for further experimen-
tation to validate the empirical formula derived from 
this research. Simultaneously, as artificial intelligence 
technologies such as robot learning become increas-
ingly prevalent in cultural relics preservation [51], we 
also aspired to integrate these experimental data with 
interdisciplinary research utilizing said technologies. 
This would enable more accurate predictions of grout-
ing material lifespan and enhance the safety of cultural 
relics protection.

Abbreviation
EDS	� Energy dispersive X-ray spectrometer
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