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Abstract

Water seepage is the primary cause of stone carvings corrosion in karst caverns, which is typically treated with
cement-based grout intervention. In this paper, long-term monitoring (more than 1 1/2 years) was carried out in
Qinglin cave and Yanxia cave in Hangzhou, China, to quantitatively evaluate the advantages and disadvantages of
ordinary Portland cement- and superfine cement-based grout intervention. Results showed that both materials were
efficient in preventing water seepage, reducing it by half after the grout interventions. Grout intervention had obvious
efficacy in blocking off the strong water seepage points, at the same time decreasing seepage differences among
seepage points. lon Chromatography results suggested that the concentrations of Ca*™, CI~ and SO,*~ in the seeped
water in both caves increased after intervention, and the concentration of SO,>~ in the seeped water after superfine
cement application in Qinglin cave was much more than that in the seeped water in Yanxia cave, where ordinary Port-
land cement was applied. Therefore, using superfine cement may bring more potential risks than ordinary Portland
cement. However, X-ray diffraction (XRD) and conductivity analysis results presented that these ions seemly did not
deposit on rock surfaces of the caves during the monitoring period.
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Introduction

Many paintings and stone carvings were created in caves
like Elephanta Caves, Mogao Grottoes (=), and
Bmyn Caves. However, under significant threats caused
by various natural and man-made factors, the primary of
which being water seepage [1-3]. Water seepage com-
bined with acid gas can accelerate the weathering of land-
form and stone carvings [4]; sediments brought by seeped
water could pollute the stone carvings and paintings [5];
salts in rock could dissolve in water, and lead to detri-
mental effects on paintings and stone carvings that reside
on the surface of the rock [6]. Especially in the case of
unstable rocks, internal water seepage could hazard the
entire cave structure [3, 7], and once the cave collapses,
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irreversible damage will be caused on the precious cul-
tural artifacts.

Some common methods for treating water seepage are
chemical grouting, vegetation removal, drainage construc-
tion, impermeable blankets covering, etc. Since the 1950s,
a large number of grottoes in China have been grouted
with cement materials, such as Longmen grottoes (&l 1/
%), Maijishan (ZFfrIL), Dazu stone carvings (K3 /G%l)
[8-10]. As is well known, cement-based materials have
disadvantages in conservation and restoration of historical
buildings and relics [11, 12]. Thus, before applying grout
interventions, the material properties and construction
techniques should be well studied. However, most relevant
researches focused on lab and short-term field tests, with
mainly qualitative descriptions and short-term monitoring
data [2, 8]. Even though the monitoring system of cultural
relics has become an indispensable part of cultural relic
restoration projects, public reports on quantitative evalu-
ation of the long-term effect of water seepage treatment
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are relatively scarce. Zhou et al. [13] found that water seep-
age in Klippe (¥Rl in Hangzhou, China) was greatly
reduced 3 years after cement grout intervention, yet pre-
cipitated soluble salt was observed in the path of water
seepage. Yang [14] evaluated the water seepage treatment
effect in three sites (Qianxi temple (J81%3F), Huangfu
grottoes (2R %) and Lu dong (241\)) of Longmen grot-
toes in Luoyang, China, and regarded that it was very diffi-
cult to block off water seepage effectively in large grottoes.
Chen [15] summarized the water seepage treatment meth-
ods applied in the Double kilns (A{Z) in Longmen grottoes
since 2004, and found that water seepage was effectively
reduced by changing the water transportation channel in
the cracks through grout intervention. Deng [10] reviewed
the 40 years of water seepage treating experience in Dazu
stone carvings (Chongqing, China), and deemed that treat-
ment methods should be carried out in accordance with
specific water seepage conditions.

In view of the fact that a large number of caves in China
have adopted or may continue to adopt cement-based
materials to deal with water seepage in caves, quanti-
tative evaluation on the long-term effects of cement
grout intervention is necessary. In this work, monitor-
ing data on cement grouts gathered over a time span of
1 1/2 years from two karst caves (Qinglin cave (& M)
and Yanxia cave ({REZIA)) in China was quantitatively
analyzed, and the advantages and disadvantages of apply-
ing cement-based materials for water seepage treatment
were discussed.
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Background

History

The Qinglin cave and Yanxia cave are located in the West
Lake scenic area (World Heritage) of Hangzhou, China.
Since the 9th century, the ancient Chinese had been carv-
ing out stone statues of Mahayana Buddhas in these two
caves till the 13th century and the 20th century respec-
tively. To date, 178 statues of all sizes remained in Qinglin
cave, and 15 statues in Yanxia cave.

Environment

Qinglin cave and Yanxia cave are two naturally formed
karst caves generated in carbonatite. The straight-
line distance between these two caves is about 2.6 km
(Fig. 1a), so their external environments are almost
identical (damp and rainy). There are three geologically-
induced subsidence areas in the northeast, the southeast,
and the center of Qinglin cave (Fig. 1b), which exposed
the interior of this cave to the outdoor environment
from multiple directions. Thus, the temperature and
the humidity inside this cave are close to the values out-
side. The relative humidity in Qinglin cave is often more
than 70% all year round, and the maximum and mini-
mum temperatures in a year are about 30 °C and — 2 °C
respectively. Yanxia cave, on the other hand, has only one
entrance (Fig. 1c), creating a highly humid environment
deep inside the cave. Most times, the relative humidity
in Yanxia cave is more than 80%, and the temperatures
ranged within 10-28 °C all year round.
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Fig. 1 The satellite image of Qinglin and Yanxia cave (a), the sketch maps and location of the monitor points in Qinglin cave (b) and Yanxia cave (c)
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Like many other karst caves, water seepage is one
of the main factors affecting the stability of these two
caves and the conservation of their stone carvings.
Some detrimental effects caused by long-term water
seepage on the surface of stone carvings in Qinglin
cave and Yanxia cave are discoloring, microbial con-
tamination and surface weathering (Fig. 2), calling for
appropriate intervention.

Intervention

Since 2013, many projects focusing on the water seep-
age in these two caves have started successively, includ-
ing geological exploration, material selection, disease
survey and scheme design. Based on previous work,
the water seepage in Qinglin cave and Yanxia cave
derives mainly from meteoric precipitation. There-
fore, chemical grouting and physical measures (laying
impermeable blanket and digging drainage channel)
are the main methods to govern the water seepage.
In this work, two types of cement grouting materials
were applied in the two caves: superfine cement-based
grout in Qinglin cave, and ordinary Portland cement-
based grout in Yanxia cave. The detailed compositions
of these two cements were reported in a previous work
[2]. As is well known, cement is a double-edged sword
in the conservation of heritage sites [16]: although
cement was not directly applied to stone carvings,
soluble salts present in cement could possibly affect
long-term preservation of the stone carvings. Thus,
monitoring over a wide time span should be com-
menced to evaluate the advantages and disadvantages
of cement grout intervention.
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Methods and experimental design

Field monitor

Small integrated weather stations were set up on a vacant
lot near both caves. In this work, only rainfall data was
used, which was recorded automatically by a tipping-
bucket rainfall gauge with a recorder (JBD-1, Xuzhou
Weisi Water Science and Technology Co., Ltd., China).
The measurement accuracy was 0.5 mm.

The values of water seepage were recorded manu-
ally. First, ten and nineteen water seepage observation
points were chosen according to the distribution of stone
inscriptions and permeable fractures before grout inter-
vention in Qinglin cave and Yanxia cave, respectively
(Fig. 1b, c). Then, the recorders counted the numbers of
dripping water droplets for 1 min in the morning (7-9
a.m.). Each observation point was counted three times
and then averaged. If the dripping water becomes a flow,
grade I, IT and III were used to express its magnitude.

All data were collected from June 2017 to December
2018 in Qinglin cave and from November 2016 to Octo-
ber 2018 in Yanxia cave.

Lab analysis

Soluble ions and sediments of seeped water were ana-
lyzed to reflect the possible harm of cement grout inter-
vention, following the analytical procedures below:

Sampling

(a) Seeped water The seeped water samples were col-
lected from these two caves before and after (1 and
12 months) grout interventions. In Qinglin cave, these
water samples were gathered in June 2017, October 2018
and December 2018; in Yanxia cave, they were collected
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Fig. 2 Some diseases on stone carvings in the entrance of Qinglin cave (a) and Yanxia cave (b)
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in March 2017, September 2017 and August 2018. All
samples were collected in the day after a moderate rain
(rainfall between 20 and 40 mm/d) and stored in airtight
centrifuge tubes (50 ml). No fewer than five points were
sampled at a time, and more than 30 ml of water was col-
lected at each point. Meanwhile, the rain drops in the
same day were also collected.

(b) Sediments The sediments on the surface of rocks are
collected by scalpel before and after grout intervention
from the vicinity of the water seepage monitoring points
(Fig. 1), basing on the color of the sediment (white, gray,
and yellow). In Qinglin cave, the sediments were white,
gray, and yellow, collected in June 2017 and December
2018; in Yanxia cave, they were white and light gray, col-
lected in March 2017 and August 2018.

The hardened (28 d) superfine cement-based grouting
materials were also collected from the construction site
as references.

Soluble ions

The category of soluble ions in the water seepage before
and after the grout intervention was analyzed by Ion
Chromatography (ICS-2100, Dionex, United States).
Before the test, 1 ml of liquid was taken from each seeped
water sample, then the liquid from the same batch was
mixed evenly. Through a proper concentration or dilu-
tion, the mixed fluids were analyzed by IC. Thus, the
results reflected the average value of soluble ions in the
water seepage at a particular time.

The pH values of the water seepage before and after the
grout intervention were tested by a pH meter (FiveEasy ',
METTLER TOLEDO, United States). Each sample
was tested three times and the average values were
determined.

Sediments

The compositions of the sediments at different stages
were analyzed by X-ray powder diffraction (AXS D8
ADVANCE, Germany). The samples were first dried
in oven at 55 °C for 6 h, then ground into powder using
agate mortar before analysis. The wavelength and scan-
ning speed of XRD analysis were 1.54 unit and 10° 20
min ! respectively.

The ion concentration of the sediments after grout
intervention was determined by DDS-307 conductivity
meter (Shanghai REX Instrument Factory). 1 g of each
sediment sample powder was added in 50 g of deion-
ized water, then the mixture was continuously stirred for
24 h with a magnetic mixer (400 r/min) before the con-
ductivity tests. Each sample was tested 3 times and then
averaged.
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Results and discussions

Water seepage

(a) Qinglin cave

Figure 3 presents the complete data for water seepage
and rainfall before and after grout intervention (from
June 2017 to December 2018) in Qinglin cave.

Results showed that the water seepage was always
positively correlated to rainfall throughout the monitor-
ing period. When rainfall was below 10 mm/d and there
was no continuous raining, the water seepage was almost
negligible. When the rainfall rose to 10-25 mm/d, the
water seepage was often below 25 drop/min. However,
once the rainfall exceeded 25 mm/d, the pre-interven-
tion data displayed that a continuous water current was
observed at least one time at 8 monitoring points and the
maximum water seepage grade reached grade III. After
intervention, however, only in 3 monitoring points the
ripping water became a flow, and the maximum water
seepage grade reduced to grade II under the same con-
dition, suggesting an effective water seepage control by
grout intervention in Qinglin cave.

To analyze the efficacy of grout intervention in detail,
the data of water seepage under different values of rain-
fall was plotted in Figs. 4 and 5. There were five rainfall
levels throughout the monitoring period: non-rain, light
rain (<10 mm/d), moderate rain (10-25 mm/d), heavy
rain (25—-50 mm/d) and rainstorm (> 50 mm/d). However,
since water seepage during rainfall below 10 mm/d was
negligible, only the last three conditions were addressed
in the present study. Grade I, II and III were equal to 100,
140 and 180 drop/min for comparison purpose in this
section.

According to Fig. 4, the average value of water seepage
increased by 3.7% after intervention during a rainstorm,
while this value declined by 48 and 53% after interven-
tion during heavy rain and moderate rain respectively.
These data indicated that the grout intervention worked
well when the rainfall was below 50 mm/d, but was
almost useless when this critical value was exceeded.
Secondly, comparing with the data before grout inter-
vention, the maximum value of water seepage declined
from 180 drop/min (grade III) to 140 drop/min (grade II),
and the minimum value of water seepage decreased to 0
drop/min after grout intervention under the three con-
ditions. Thirdly, the change of median showed that the
lower quartile increased by 100% and the upper quartile
remained almost the same after grout intervention when
the rainfall exceeded 50 mm/d. In the other two condi-
tions, both the upper and lower quartile declined after
grout intervention, respectively by 69 and 60% during
heavy rain, and by 63 and 72% during moderate rain. For
all three rainfall conditions, the differences between the
upper and lower quartile decreased by 33, 62, and 58%
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under rainstorm, heavy rain, and moderate rain condi-
tions, respectively. The extremum and quartile changes
indicated that grout intervention had obvious efficacy in
blocking off the strong water seepage points, at the same
time decreasing differences among seepage points.
Figure 5 shows the relationship between the grout
intervention and the average values of each water

seepage monitoring point under different rainfall condi-
tions. The results demonstrated that, when the rainfall
was over 50 mm/d after grout intervention, the water
seepage increased at 5 monitoring points (nos. 1, 2, 4, 7,
10). These points all had relatively small average water
seepage values before intervention. For instance, the
average values of water seepage at points no. 2 and no.
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10 (18 and 16 drop/min before intervention) increased to
57 and 64 drop/min after intervention. This phenomenon
may be due to the sealing by grout intervention at points
with previously higher water seepage values. When heavy
rain came, the rainwater had no time to veer from the
original path and flew out from these points. The data
for water seepage under rainfall below 50 mm/d showed
that all seepage values declined after grout intervention,
by more than 80% at 6 points and by less than 10% at 2
points. In general, although the grout intervention did
not completely cut off water seepage, its effect was excel-
lent under normal rainfall conditions (below 50 mm/d).

(b) Yanxia cave
Figure 6 presents the complete data for water seepage
and rainfall before, during and after grout intervention
(from November 2016 to October 2018) in Yanxia cave.
The pre-intervention data showed that when the rain-
fall was below 10 mm/d and there was no sustained
rain, the water seepage was almost negligible. Once the
rainfall exceeded 10 mm/d, the water seepage became
apparent and there was no clear proportional relation-
ship between water seepage and rainfall any more. At
least ten monitoring points experienced water seepage
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exceeding 60 drop/min one time, and the maximum
water seepage reached 120 drop/min.

The post-intervention data displayed that the relation-
ship between water seepage and rainfall could be divided
into two stages. Within about 3 months after interven-
tion, the water seepage was mainly concentrated at two
monitoring points, and there was little water seepage in
the remaining points although there was heavy rain dur-
ing this time. After 3 months, however, the proportion of
water seepage began to increase in early 2018, especially
when the rainfall exceeded 15 mm/d. During this time,
at least 5 monitoring points experienced water seep-
age exceeding 60 drop/min one time, and the maximum
water seepage was back to 120 drop/min. Such seepage
increase was possibly induced by the floating soil and
vegetation (water-storage and water-holding materials)
above and around the cave, which had been previously
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removed during the intervention process, but re-grew as
time went by. Certainly, we cannot rule out the possibil-
ity that fissures may be newly formed between grouting
materials and rocks with the growth of time. This would
require further exploration and research in the future.

Moreover, the monitoring data from June to October
2017 in Fig. 6 showed that the intervention had excellent
efficacy during those 4 months, but increased thereafter.
Therefore, a monitoring period of at least 1 year is neces-
sary when evaluating the efficacy of grout intervention.

In order to analyze the efficacy of grout intervention in
detail, the data of water seepage under different values of
rainfall were also discussed in Yanxia cave. The results
were listed in Figs. 7 and 8.

First, the results (Fig. 7) show that, the minimum,
lower quartile and median of water seepage were
always zero during the whole monitoring period under
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different rainfall conditions, indicating that the lower
limit of water seepage in Yanxia cave was not affected
by the grout intervention. However, the maximum
and upper quartile of water seepage decreased after
grout intervention. For instance, under moderate rain
and heavy rain, the maximum values of water seepage
declined by 10 and 7% respectively after intervention,
the upper quartile declined by 33 and 67%, and the
average value declined by 39 and 43%. Thus, the grout
intervention had positive effects especially on blocking
off the strong water seepage points in Yanxia cave, in
the meantime decreased the upper limit and discrete-
ness of water seepage.

It should be pointed out that due to the lack of pre-
intervention data, the effect of grout intervention under
rainstorm couldn’t be concluded here. (Its maximum,
upper quartile and average value were 144, 4 and 6.5
drop/min, respectively.)

The average water seepage before and after interven-
tion at each monitoring point under different rainfall
conditions was shown in Fig. 8. After grout intervention,
the water seepage declined by more than 60% at 11 and
12 points under moderate rain and heavy rain respec-
tively, while 5 points (26% of the total monitoring points)
did not have water seepage. Although the water seep-
age increased at 3 and 4 points after grout intervention
under the above two rainfall conditions respectively, the
increased water seepage would not exceed 2 drop/min
(except no. XS11, where the water seepage increased by
8 drop/min). Thus, overall, the grout intervention had
more positive than negative effects on reducing water
seepage.
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Moreover, as found in Qinglin cave, the grout inter-
vention also affected the water seepage path. Combined
with the data in Fig. 5, it could be concluded that, nei-
ther superfine cement nor ordinary Portland cement
could completely seal the cracks, resulting in the change
of water seepage path. Whether the change of the water
seepage distribution and path caused by the grout inter-
vention would bring new problems needs studying in
follow-up works.

Potential risks

The XRD patterns of the raw superfine cement-based
grout (Fig. 9a) showed that the main crystal forms were
calcite, dicalcium silicate, and tricalcium silicate. In the
hardened superfine cement-based grout (Fig. 9b), the pri-
mary crystal forms were calcite, dehydrate gypsum, port-
landite, and tobermorite. Because the grouting cracks
are usually narrow and long, the lack of CO, made it dif-
ficult for portlandite in the hardened cement grout to
form calcium carbonate. The soluble dehydrate gypsum
and portlandite could transfer with seeped water, possi-
bly affecting the preservation of the stone inscriptions in
the cave. Thus, the potential risks of using cement-based
materials were evaluated through soluble ions and sedi-
ments in these two caves before and after intervention.

Soluble ions

The ion chromatography analysis results (Table 1)
revealed that the major ions in the slightly acidic
rainwater (pH=5.91) were KT, Ca’>", CI~ and SO,*~
(respective concentrations at 4.53, 6.04, 3.78 and
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Fig. 9 The XRD patterns of cement grouting material, where a is raw superfine cement-based grout and b is hardened superfine cement-based
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Table 1 The concentrations of main ions in the water seepage at different stages

Content Concentration (mg/l)
Rainwater Water seepage at Qinglin cave Water seepage at Yanxia cave
Before After 1 month After 12 months Before After 1 month After 12 months
intervention intervention
Na‘t 0.73 177 156 344 138 274 344
K*+ 453 - 1.95 4.29 1.10 1.66 1.32
Mg’ + 0.55 0.33 040 043 043 041 042
Ca’t 6.04 39.55 63.06 83.60 31.00 60.99 64.86
(@ 3.78 455 18.26 10.65 3.01 16.29 7.19
50,2~ 3.09 18.10 3348 2534 13.68 24.87 16.96
pH 591 7.12 7.26 743 732 746 763

3.09 mg/l). Before intervention, the concentrations
of Ca’" and SO,>” in seeped water of Qinglin cave
increased dramatically comparing with the rainwa-
ter (by 555 and 486% respectively), while the concen-
trations of other ions had small changes; meanwhile,
the pH of the seeped water became slightly alkaline
(pH=7.12). The concentrations of ions in the rainwa-
ter which permeated into the Yanxia cave also showed
a similar pattern. This phenomenon might be caused by
the ion-exchange of the rainwater with the sediments
(e.g. soil, remains of plants, microorganism) in the
cracks and surfaces of the rocks.

In general, the data after the grout intervention
showed increase of almost all the ions in the seeped
water in both caves. Among them, the changes of
Ca’*, CI” and SO,>” were most obvious. In Qinglin
cave, these ions respectively increased by 59, 383 and
85% 1 month after intervention, and by 111, 134 and
40% 12 months after intervention. In Yanxia cave,
they increased by 97, 441 and 82% (1 month after),
and 109, 139 and 24% (12 months after), respectively.
These results showed that, even after 12 months post-
intervention, the concentrations of Ca’t, Cl~ and
SO, did not level off, and the concentration of Ca*"
even increased during the monitoring time. These find-
ings suggest that these soluble ions might migrate with
water seepage, accumulate in some places, and may
finally pose a potential threat to the preservation of
stone carvings.

In addition, it must be stressed out that 12 months
after intervention, the concentration of SO,>~ in the
seeped water in Qinglin cave was much higher than
that in Yanxia cave. This may be due to the higher sul-
fate content in raw superfine cement, as also reported
in the previous study [2]. Therefore, the application of

superfine cement-based materials is not recommended
to deal with water seepage in this field.

Sediments

(a) XRD analysis The XRD patterns of the sediments
on rock surfaces in Qinglin and Yanxia cave are shown in
Figs. 10 and 11, respectively.

In general, the main colors of the sediments on the sur-
face of the rocks near the seepage points in Qinglin cave
were white, gray, and yellow, in Yanxia cave they were
white and light gray. Figure 10 showed that, before grout
intervention in Qinglin cave, the main crystal forms in
white sediments was calcite, in gray sediments were cal-
cite, quartz and gypsum, and in yellow sediments were
quartz and calcite. Figure 11 showed that in Yanxia cave,
the main crystal form in white and light gray sediments
was calcite and small amounts of quartz. According to
the colors and crystal forms, the white sediments might
be the decomposition product of calcium bicarbonate
(from the carbonatite reaction of carbon dioxide and
water). The gypsum in the gray sediments was possi-
bly the product of carbonatite reacting with SO, under
humid conditions, because there was no previous chemi-
cal intervention. Quartz was mostly from the soil that
had been washed down from the top of the mountain by
seeped water. After grout intervention, Figs. 10 and 11
showed that the main crystal forms in the sediments in
these two caves were calcite or a mixture of calcite and
quartz. There was no crystal form relating to the ordinary
Portland cement or superfine cement.

(b) Conductivity Figure 12 shows the conductivity of
the sediments on the rock surfaces in Qinglin and Yanxia
cave. The results revealed that, after intervention, the
conductivity of the sediments which were collected from
vicinity of the water seepage points, ranged from 140 to
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Fig. 10 The XRD patterns of different sediments before (June 2017) and after (December 2018) grout intervention in Qinglin Cave, where a and b
are white sediments, ¢ and d are gray sediments, and e and f are yellow sediments
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Fig. 11 The XRD patterns of different sediments before (March 2017) and after (August 2018) grout intervention in Yanxia Cave, where a and b are

160 uS/cm, showing only slight changes comparing with
the pre-intervention data (130 to 160 uS/cm). Addition-
ally, the conductivity of the sediments which were col-
lected from the niche for Buddha, where water seeped
through, ranged from 110 to 150 pS/cm.

According to the above XRD and conductivity tests,
although the values of Ca®>* and SO,>” in the seeped
water were significantly higher after grout intervention

and did not decrease during the monitoring period,
these soluble ions did not accumulate on the surfaces
of the rocks in these two caves. It is possible that the
soluble ions ran off quickly with the seeped water and
posed no harm. However, since it was also possible
that the amount of the sediment formed by the soluble
ions was too little within the monitoring period, future
monitoring is still necessary.
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Conclusion

This work presented the results obtained from the long-
term monitoring of Qinglin cave and Yanxia cave before
and after cement grout intervention between 2017 and
2018. Through the evaluation of efficacy and potential
risks of the grout intervention, the following conclusions
can be made:

1. The monitoring data of Qinglin cave showed that the
average water seepage was almost reduced by half
after grout intervention. The analysis of extremum
and quartile indicated that grout intervention had
an apparent efficacy to block off strong water seep-
age points. Although grout intervention did not com-
pletely cut off water seepage, its effect was excellent
under normal rainfall (below 50 mm/d).

2. The monitoring data of Yanxia cave showed that
26% of the total monitoring points did not have
water seepage after grout intervention. The analysis
of extremum and quartile displayed that grout inter-
vention mainly decreased the upper limit and dis-
creteness of water seepage. Moreover, the monitor-
ing data of this cave revealed that the intervention
had excellent effect in the first few months (about
3—4 months) after intervention, but increased there-

after. Therefore, monitoring lasting for at least 1 year
should be carried out when evaluating the efficacy of
grout intervention in this field.

. The grout intervention changed the trend of water

seepage and decreased the differences among seep-
age points in these two caves. However, it remains
to be investigated whether the changes will lead to
new problems. In general, regardless of other factors
(exploration, geology, construction personnel, etc.),
both ordinary Portland cement-based and superfine
cement-based grouting materials achieved very simi-
lar efficacy of grout intervention in this study.

. The periodic sampling analysis in the lab revealed

that, the concentration of Ca*", CI~ and SO,*~ rap-
idly increased 1 month after intervention in these
two caves. And after 12 months, the concentrations
of these ions were still higher than those before inter-
vention. It must be stressed out that the concentra-
tion of SO,*” in the seeped water in Qinglin cave
was much higher than that in Yanxia cave 12 months
after intervention.

. In view of the two grouting materials applied in this

work, although superfine cement had better fillibility
than ordinary Portland cement, it did not show a bet-
ter performance in treating water seepage, and may
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even bring more potential risks instead. Therefore, in
future work, other parameters besides the cement-
based grouting material itself should be considered
to improve the efficacy of grout intervention in this
field.
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