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Abstract

The coexistence of the weak interlayer and groundwater could give rise to an undesirable geological condition, resulting
in seepage-induced hazards, particularly in grotto relics. Seepage-related characteristics of a weak interlayer affected by
physically-chemically mediated erosion in grotto relics were investigated. As confirmed by the morphological features,
nano-indentation experiments and Raman spectroscopy analysis, the weak interlayer exhibited characteristics of disintegra-
bility in water and low mechanical strength. The average total content of clay minerals significantly increased from 25.2 to
28.5%, compared to the pre-experimental X-ray diffraction data, despite its non-uniformity, indicating a trend toward argil-
lization. Based on mineralogical composition, hydro-chemical data and three-dimensional morphology before and after the
experiment, the changes induced by physically-chemically mediated erosion were highlighted. A coherent explanation of
the permeability evolution is that the physically-chemically mediated erosion leads to the formation of fracture channel in
weak interlayer under long-term water erosion and hydraulic scouring. The permeability enhanced from of 1071078 cm/s

at the initial stage to 8.01-10~* cm/s at the existence of fracture channel.
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Introduction

A weak interlayer refers to a special and widely distributed
weak structure plane in a rock mass, which is characteristics
of low modulus, low strength, large deformation and a cer-
tain thickness sandwiched between hard rock layers (Dong
et al. 2020; Gu and Huang 2016; Nan et al. 2021; Shang
et al. 2018). It exerts a significant influence on the geologi-
cal hazards in slopes, tunnels, highways, railways and so
on (Gao et al. 2022; Hu et al. 2019; Li et al. 2021; Wei
et al. 2022). Therefore, enough attention has been paid to
the stability-related problem. In addition to the weak inter-
layer, groundwater is another unfavorable geological factor.
It is prone to argillization when encountering water, lead-
ing to internal instability and crack propagation in the rock
mass (Chen et al. 2021; Jin et al. 2018; Luo et al. 2022).
Researches on the influence of the coexistence of seepage
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and weak interlayers have primarily focused on stability-
related problems. Nevertheless, few studies have examined
the seepage-related disaster induced by weak interlayer. A
weak interlayer with high plasticity and low strength may
result in concentrated leakage pathways, and ultimately
leading to seepage failure under the long-term influence of
groundwater (Ye et al. 2011). Zhu et al. (2019) and Zhu
et al. (2020a, b) focused on the scouring effect of water
flow on a weak interlayer containing continuous cracks that
were subjected to hydraulic scouring. They established an
infinitely extended hydraulic scouring model based on the
Navier—Stokes equation and the Brinkman—extended Darcy
equation. The critical depth of soil particles when washed by
water flow was determined by combining the flow velocity
characteristics of water flow in the fracture with the force
characteristics of the soil particles. Factually, except for
hydraulic scouring, chemical erosion, particularly mineral
dissolution in the subsurface, has led to significant altera-
tions in porosity and permeability (Detwiler 2008). In frac-
tured rock, individual fractures often act as the dominant
seepage pathways and effective storage spaces for subsurface
fluid flow and transport (Detwiler 2008; Zhu et al. 2020a, b).
Water—rock interaction within variable apertures commonly
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contributes to the dissolution of minerals along fracture sur-
faces and alteration in fracture apertures, potentially altering
the fracture permeability over time (Blaisonneau et al. 2016;
Detwiler and Rajaram 2007). The dissolution rates are typi-
cally controlled by the kinetics of chemical reactions occur-
ring at the water—rock interfaces, as well as the convective
and diffusive transport of reactants and products within the
fracture (Detwiler and Rajaram 2007).

Several studies have addressed the effect of dissolution
on permeability. Detwiler and Rajaram (2007) presented a
depth-averaged model for quantifying localized dissolution-
induced alterations in fracture apertures. The model consid-
ers a smooth transition from reaction-limited dissolution to
transport-limited dissolution. Kalia and Balakotaiah (2009)
aimed to study the influence of medium heterogeneities
on reactive dissolution of carbonates. They described the
coupling between the transport and reaction process occur-
ring at the pore and Darcy scales. The structure of the pat-
terns formed during reactive dissolution and the amount of
acid required to achieve a given increase in permeability
are affected by the heterogeneity. Yasuhara et al. (2006)
reported a flow-through experimental setup to elucidate the
permeability evolution that resulted from stress-dependent
and temperature-dependent dissolution. They underscored
the significance of dissolution in determining the magni-
tude and the rates of permeability enhancement within frac-
tured rock caused by chemical permeants in geothermal and
petroleum reservoirs, where a lesser degree is pushed far
from equilibrium under natural conditions. McGuire et al.
(2013) explored the influences of stress, reactive chemistry
and fracture roughness on the evolution of permeability in
fractures. They combined a repeatable and constrained set
of experiments and simulations to precisely identify a tran-
sition from pressurized solution to stress corrosion crack-
ing-enhanced diffusion. The mechanically and chemically
controlled changes in permeability evolution in fractured
limestone were distinguished by applying the ratio of free-
face dissolution to stress-corrosion-enhanced dissolution
as an index. Polak et al. (2003) investigated the changes

Fig. 1 The typical seepage-
related disaster caused by weak
interlayer in No. 168 cave in
Dazu Beishan Rock Carvings

@ Springer

in transport characteristics under thermal, stress, chemi-
cal environment based on flow-through experiment. It was
found that the reduction of fracture permeability was mono-
tonically related to the increase in temperature under con-
stant effective stress, leading to the closure of the fracture.
In comparison with the fracture closure and precipitation
mechanism, it was suggested that dissolution at asperity
contacts dominated the reduction of hydraulic aperture, as
verified by the net removal of quartz. Shi et al. (2021) con-
ducted tri-axial and long-term dissolution experiments to
explore the temporal permeability and damage evolution of
low-permeability sandstone caused by chemical reactions in
conjunction with hydraulic fracturing. It was concluded that
the increase in permeability resulted from both macroscopic
fracture propagation and microscopic dissolution. However,
the permeability evolution associated with the dissolution
of weak interlayer by acidic or alkalescence solution was
insufficient for evaluating the microstructure and dissolution
characteristics.

Grottoes are widely distributed in China. Cracks devel-
opment and cave collapse are accelerated under water seep-
age and water erosion (Su et al. 2023; Zhu et al. 2020a, b).
Water seepage is a significant issue that not only threatens
the appearance of grottoes but also becomes one of the main
factors leading to the damage of grottoes and the most chal-
lenging work in grotto conservation (Lu et al. 2020; Sun
et al. 2023; Wang 2023). As a representative of sandstone
cultural grotto relics in China, Dazu Rock Carvings located
in Chongqing were listed as a World Cultural Heritage site
in 1999. Seepage-related disaster caused by weak interlayer
has been observed in Dazu Rock Carvings, as illustrated in
Fig. 1. An in-depth understanding of the physical-chemical
phenomena occurring within the weak interlayer is essential.
The evolution of permeability during a chemically mediated
process is crucial for addressing the water seepage disaster
in grotto relics. This article was designed with to character-
ize the physical-chemical phenomena that occurred on the
weak interlayer during chemical corrosion and their roles in
the evolution of permeability, in which the convection and
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diffusion phenomena described by some authors are limited
in this context.

Experimental details

The weak interlayer sample (300 x 100 X 50 mm) was gath-
ered from Dazu Rock Carvings in Chongqing. The upper
part was weak interlayer and the lower part was intact sand-
stone. In order to explore the physical-chemical phenomena
that occurred within weak interlayer, six samples (Z1-Z6,
30%30x20 mm) were prepared by means of wire-electrode
cutting, as shown in Fig. 2. Samples of Z1 and Z4 were
immersed into faintly acidic groundwater with pH=6-7,
involving comparative immersions of alkalescence ground-
water with pH="7-8 for samples of Z2 and Z5, and deion-
ized water with pH =7-8 for samples of Z3 and Z6.

Part of the residual samples was processed into a flat
sample (10X 10X 10 mm) for mechanical measurement
and the others were crushed to less than 2 mm in diameter
for mineralogical measurement. The mineralogical and
micro-structural observation were conducted using X-ray
diffraction (XRD, D8 Advance) and scanning electron
microscope (SEM, Quanta250). The porosity and pore
size distribution of the samples were obtained by aper-
ture distribution measuring instrument (NOVA1000e)
based on gas absorption method. The nano-indentation
hardness and modulus of the weak interlayer were meas-
ured by a high prescision nonmechanics tester (APEX),
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in which the elastic modulus and poisson ratio of the
applied indenter was 1140 GPa and 0.07, respectively.
The three-dimensional geometry of the roughened sur-
face was scanned using a composite laser knife scanner
(Artec Spider). The digitized data were exported in xyz
file format to evaluate pre-experimental and post-experi-
mental variations related to physical-chemical reactivity
(Huang et al. 2017; Tse 1979; Zhou et al. 2020). Changes
in hydro-chemical composition of the immersion solu-
tion were analyzed by inductively coupled plasma atomic
emission spectrometry (ICP-OES) and ion chromatogra-
phy spectrometry (ICS), taking major cations (K*, Na*,
Ca”*, Mg**) and anions (HCO,~, C17, NO;~, SO,*") into
consideration.

Results and discussion
Morphological features

Through visual description using an optical microscope, a
micro-crack can be observed in the dry state of the upper
weak interlayer before water immersion, as shown in Fig. 3.
After water immersion, disintegration occurred, and micro-
crack expanded along a pre-existing micro fracture, owing to
high free swelling ratio(~ 60%) of weak interlayer (Jian et al.
2005; Zhang et al. 2023) and stress relief to free boundaries
contribute to the evolution of the overall permeability. By

‘Weak interlayer

g

y Intact sandstone

3 cm

Fig.2 a Sample collection and b preparation of weak interlayer
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(b) After water immersion

Fig.3 The micro-images comparison of weak interlayer a before and b after water immersion

Fig.4 The SEM micrograph
of weak interlayer: a x2000;
b x5000

(b) 5000 X

adding supplementary observations using SEM in Fig. 4,  Nano-mechanical strength

loose structure became apparent, revealing a significant

number of micro-voids and flake-like/granular-like clay ~ The mechanical properties of rocks are related to mineral

minerals. composition, particle type, particle size and other factors.
In order to deterimine the nano-mechanical strength of
filled medium, a nano-indentation test was conducted. Two
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different areas were selected on the surface of weak inter-
layer(1 cmXx 1 cm X 1 cm). Each micro-region consists of
9 measuring points distributed in the form of lattice and
the interval of each group of measuring points is 60 pm,
as illustrated in Fig. 5. The entire loading-hold-unloading
process takes 30 s. Figure 6 presents the load—displace-
ment curves at different measuring points in two indenta-
tion lattice micro-region. The variation trend is roughly
similar and there is certain discreteness among the curves,
mainly caused by the heterogeneity of weak interlayer.
During the loading stage, the depth of the indenter into the
weak interlayer increases rapidly. During the load-holding
stage, the surface of weak interlayer experiences additional
creep deformation. During the unloading stage, the elas-
tic deformation of the weak interlayer quickly recovers,
while the plastic deformation of a small portion remains
unrecoverable.

Nano-indentation hardness (H) is the measurement of
load bearing capacity of materials per unit area and its
expression is listed as follows:

A9

.
. |Ad A5 A6

Al A2 A3

H=P,,/A, (D)

where P, . is the maximum load exerted on the indenter and
A is the projected area of the contact surface between the
head and the sample under loading.

According to the slope of the unloading curve, the contact
stiffness S of the weak interlayer can be obtained according
to reduced elastic modulus (E,):

—EEVA

E, can be derived according the following formula (Oliver
and Pharr 1992, 2004):

dP

1 1—2 1—v2
— s + 1
E E E.

r s 1

(©)

where E; and v; are the elastic modulus and poisson ratio of
the indenter, respectively. E; and v are the elastic modulus
and poisson ratio of the weak interlayer.

(b)
B8 B9
.
BS B6
B2 B3

Fig.5 The micro-region morphology of weak interlayer in nano-indentation test for illustrating a Zone A and b Zone B
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Fig.6 The load—displacement curves at different measuring points in two indentation lattice micro-region of a Zone A and b Zone B
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On basis of the nano-indentation load—displacement and
the formula provided above, the nano-mechanical param-
eters for each measuring point can be calculated, as shown
in Table 1. The elastic modulus is mainly concentrated in
1-5GPa in zone A and it is broadly distributed in the range
of 3—-15GPa in zone B, the indentation hardness of zone A
is distributed among 10-50 MPa. While in zone B, it varies
widely from 30 to 160 MPa. The nano-mechanical proper-
ties of different indentation point present some differences,
which are closely attributed to the mineral types.

Raman spectroscopy analysis

The Raman spectra of minerals that yield identifiable peaks
were displayed in Fig. 7. Figure 7a depicted the fingerprint
peaks at 1086, 713, 281 and 156 cm™! corresponding to
the characteristic peaks of CaCO; crystallized in calcite
structure, in comparison with RRUFF database (Korsakov
et al. 2010; Murphy et al. 2021). The prominent peak at
1086 cm™! can be assigned to the symmetric stretching mode
of vibration (v,) of CO32_ group. The other weaker peaks at
713, 281 and 156 cm™! were dominated by the symmetric
bending, vibration and translation of CO32_ group, respec-
tively (Garcia et al. 2007). The Raman spectra in Fig. 7b
showed a triplet and strong peaks at 514, 734 and 452 cm™!,
a triplet and relatively weak peaks at 179, 148 and 129 cm™!,
two weak peaks at 287 and 264 cm™!, the other two weaker
peaks at 814 and 748 cm™!. These peaks can be correlated
with the presence of feldspar. There was a slight Raman

Table 1 The nano-mechanical parameters of each measuring points
of the weak interlayer

Points P, (uUN) S (uN/nm) A (nmz) E.(GPa) H (MPa)
Al 1998.524  25.958 3.161E+08 1.294 6.323
A2 1998.361 19.410 4.519E+08 0.809 4.422
A3 1997.926  24.640 9.199E+07 2.276 21.719
A4 1998.012 27.484 6.523E+07 3.015 30.630
A5 1998.352  17.710 1.835E4+08 1.158 10.891
A6 1998.482  23.530 1.900E+08 1.513 10.521
A7 1998.206  29.309 3.975E+07 4.119 50.270
A8 1998.434  26.971 1.099E+08 2.280 18.191
A9 1998.090 23.741 5.580E+07 2.816 35.810
B1 1998.367 22.571 3.800E+07 3.244 52.583
B2 1997.957 37.247 1.258E+07 9.306 158.872
B3 1998.136  21.711 1.220E+07 5.507 163.790
B4 1998.341  28.942 2451E+07 5.180 81.547
B5 1998.359  44.449 4.973E+07 5.585 40.185
B6 1998.273  39.386 4.501E+07 5.202 44.399
B7 1998.404 34.244 6.041E+07 3.904 33.079
B8 1997.983  19.396 1.300E+07 4.767 153.718
B9 1998.491 25.151 1.952E4+06 15.949 1023.710

@ Springer

shift for clay minerals, making it difficult to obtain identifi-
able Raman spectra (Prinsloo et al. 2013). This challenge
may be attributed to the pre-resonance condition and the
weak laser response in the range of 0-3400 cm™, as shown
in Fig. 7c. Anatase (TiO,) was detected with a sharp peaks
at 144, as illustrated in Fig. 7d. The distribution mapping
of major minerals can be obtained by Raman plane scan-
ning of the micro-region in the nano-indentation test, as
displayed in Fig. 8. The location of the micro-region in the
Raman plane scanning was essentially consistent with that
in the nano-indentation test. Combined with the results of
the nano-indentation test, it was deduced that the indenta-
tion hardness of clay minerals was mainly concentrated in
the range of 33—53 MPa, while that of feldspar was broadly
distributed from 150 to 164 MPa. Calcite, on the other hand,
had an approximate indentation hardness of 1000 MPa.

Mineralogical characterization

As closely observed in Fig. 9, the major difference between
the upper weak interlayer and the lower intact sandstone
before the experiment is the composition K-feldspar and clay
mineral. For the weak interlayer, albite was the dominant
feldspar mineral, and 25.2 wt% of the clay minerals (illite,
kaolinite and montmorillonite) were the accessory minerals.
Nevertheless, it is composed of 54.3 wt% K-feldspar and 8.2
wt% clay minerals in the lower intact sandstone.

The XRD patterns of weak interlayer after experiment
were illustrated in Fig. 10 and their mineral compositions
were calculated by means of semi-quantitative method.
Even though the mineral distribution in the weak interlayer
is not uniform, the mineral composition after experiment
was compared with the data before experiment as listed in
Table 2. It was worth mentioning that the contents of illite
and kaolinite in the three samples increased, leading to a
higher total content of clay minerals and indicating a trend
toward argillization.

Porosity and pore size distribution

The pore sizes were broadly distributed and classified as
micro-porosity (with pore diameter <2 nm), meso-pore
(with pore diameter of 2-50 nm), and macro-pore (with
pore diameter > 50 nm) (Sing 1985). Meso-pores with a pore
size greater than 2 nm are dominated by long-range inter-
actions (the osmotic swelling regime), while micro-pores
with a pore size less than 2 nm are controlled by short-range
interactions (the crystalline swelling regime) (Bourg and
Ajo-Franklin 2017). Figure 11a displayed the isothermal
curve of the weak interlayer. When the relative pressure
(P/P,) was less than 0.5, the absorption isotherm increased
gradually and plateaued. As P/P, was greater than 0.5, the
absorption isotherm and absorption amount presented a
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Fig.8 a The location of the
micro-region in the Raman
plane scanning and b the
distribution mapping of major
minerals in Zone B. The green
area, blue area and red area

represented calcite, feldspar and B2 B1
clay minerals, respectively -
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Fig. 9 The XRD patterns of a weak interlayer and b intact sandstone before experiment
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Fig. 10 The XRD patterns of weak interlayer for a Z1 and Z4, b Z2 and Z5 and ¢ Z3 and Z6 after experiment

sharp rise, resulting in a typical IV-type isotherm, which  isotherm is inconsistent with the desorption branch, show-
was most likely associated with the meso-porous pores. The  ing an obvious H3 hysteresis loop, where the slope of the
typical characteristics was that the absorption branch of the ~ curve continuously increased in the high-pressure region.
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Table 2 Pre-experimental and

. A Quartz  Albite Illite Calcite Montmorillonite Kaolinite Clay minerals
post-experimental comparison
of mineral composition of Pre-experiment 447 215 131 27 8.5 3.6 252
weak interlayer before and after Post-experiment
experiment P
7174 44.1 26.2 135 25 8.5 53 27.3
7275 38.7 277 190 1.7 8.5 45 319
7376 48.6 22.8 133 22 7.8 53 26.4
Average 43.8 25.6 153 2.1 8.3 5.0 28.5
Standard deviation  4.06 2.04 2.65 0.35 0.31 0.38 2.44
(a)
il B (b)  0.024
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mE o
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Fig. 11 a The isothermal curve of adsorption—desorption of weak interlayer and b the pore size distribution characteristic curve of weak inter-
layer. P is the equilibrium pressure of adsorbed gas and P is the saturated vapor pressure of the adsorbed gas at the adsorption temperature

Figure 11b plotted the pore size distribution curve of the
weak interlayer. The pore diameter mainly ranged from 3
to 20 nm and the total pore volume is 0.023cm>/g, with an
average pore size of 6.16 nm and porosity of 7.11%.

Three-dimensional morphology

The roughness at sample scale is depicted by a height (z)
map of the voids before and after experiment in Fig. 12,
as derived from geo-statistical calculations. The physical
characterizations (see Table 3) were carried out on the frac-
ture asperities for highlighting the pre-experimental and
post-experimental variations related to physical-chemical
reactivity.

The average height (z
formula (4):

Zog=7 / l2(0)ldx = 2|z|

where z(x) is the contour height of each point, L is the
length, n is the number of measuring points, z; is the height
of measuring point i

avg) €an be calculated according to

“)
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Hydro-chemical variation

Table 4 listed the pre-experimental and post-experimental
comparison of ionic concentration in immersion solution. As
the weak interlayer (sample of Z2, Z5) was immersed by the
ion-rich groundwater with pH="7-8, the content of Na* ions
significantly increased and the content of Ca** and Mg**
ions obviously decreased in comparison with the pre-exper-
iment value. This indicated that the weak interlayer encoun-
tered ion exchange, absorption and dissolution reactions
when exposed to an alkalescence solution. In this process,
the soluble salt dissolved into the groundwater. The Na* ions
that were absorbed on the surface of the clay particles were
gradually replaced by Ca** and Mg?* ions in the groundwa-
ter. This replacement followed the order of cation exchange
capacity (Ca**>Mg?* > K* > Na™) reported by Sun et al.
(Sun et al. 2022). Montmorillonite were characteristics of
high dispersion, large specific surface area, significant iso-
morphic substitution and a considerable amount of negative
charge. Especially, its interlayer structure can absorb cations
and the cation exchange capacity is 47.84—67.58 mg equiva-
lent/100 g (Wang 1980). When the immersion solution was
changed from alkalescence groundwater to deionized water,
a significant increase in Na™ content and a slight increase
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Fig. 12 The surface morphol-

Samples

Pre-experiment

Post-experimental

ogy diagrams of weak interlayer
in comparison of pre-experi-
ment and post-experiment

Z1

72

73

74

75

76

@ Springer



438 Page120f 17

Environmental Earth Sciences (2024) 83:438

Table 3 The height (z) of weak interlayer in comparison of pre-exper-
iment and post-experiment

Samples  z,,;, (mm) z,, (mm) Zavg (mm)
Pre-experiment Z1 18.443 20.487 19.293
72 16.901 20.518 18.870
73 13.928 19.530 16.541
74 15.102 22.295 18.689
z5 12.795 20.420 16.890
76 14.006 20.126 16.687
Post-experiment 71 17.516 19.433 18.531
72 15.972 18.950 17.896
73 14.487 19.790 16.446
74 5.545 11.932 8.735
75 10.062 14.846 13.068
76 12.899 18.438 15.818

in Ca>*/Mg** content caught our attention for samples of
73 and Z6, suggesting that ion exchange hardly occurred in
cases of few or no cations.

The cations (K*, Na* and Ca’") that existed in the
enclosing structure of AlO, tetrahedrons and SiO, tetra-
hedrons in feldspar minerals are closely bound to the O
atom around Al and Si atoms, in order to compensate for
the net negative charge caused by the presence of Al in
the tetrahedral structure. The cations on the surface of
feldspar particles were released into the solution through
ion exchange with H' ions in the acidic solution because
of the higher cation exchange capacity of H ions than K,
Na*, Ca®* and the reactivity of feldspar in acidic condi-
tion, as illustrated in the following reaction I-III, in acidic

solution, the K\Na\Ca-feldspar was altered to produce
kaolinite, releasing K*, Na*™ and Ca?* ions, and further
being transformed into illite in reaction IV (Berger et al.
1997; Liu et al. 2018). Based on the XRD results, feldspar
mineral in weak interlayer in this experiment was mainly
(Nay 93Cay ) AlSi;Oy, in absence of KAISi;Og. Thus, the
content of K* ions remained essentially unchanged before
and after experiment. Otherwise, the decomposition reac-
tion of calcite (CaCOj;) took place under the acidic condi-
tion, as shown in the following reaction V, followed by the
formation of Ca’* ions, resulting in an increase in Ca**
content rather than a decrease.

The physicochemical behavior between water and weak
interlayer is a nonlinear dynamic evolution process involv-
ing interaction, mutual constraint and mutual feedback.
The exchange between HT ions and Na™/Ca** ions con-
sumed HT ions in the acidic solution, and then the pH
value of the solution increased. In the alkaline environ-
ment with pH > 8.5, the solubility of non-crystalline SiO,
was rapidly enhanced, forming a negatively charged col-
loid. The iso-electric point of SiO, and Al,O5 is pH=5-6
and pH = 8, respectively. From the perspective of iso-
electric point and pH value of solution, it was considered
that the alkaline groundwater with pH = 9 was conduc-
tive to the formation of SiO, and Al,O5 colloids (Wang
1980). The negatively charged SiO, colloids and positively
charged Al,O; colloids were condensed to form montmo-
rillonite or illite minerals under alkaline and cation-rich
condition. Kaolinite easily formed when the water was
well-drained, Al-rich and pH value was low (Peng et al.
1991). SiO, tends to dissolve in a strong alkaline solution
with pH> 10 (Wang 1980).

Table 4 Pre-experimental and post-experimental comparison of ionic concentration in immersion solution

Case TDS  HCO,~ cr- NO,~ SO, K* Na* Ca’t Mg>*
pH=6-7 (Z1Z4) Pre- 2544 490.17  235.66 0.00  1214.69 3.01  312.33 32039 143.57
Post- 3232 2251  771.06 8121 213589  11.89  724.13 417.14  136.83
Difference 688  —467.66 53540  81.21 921.20 8.88  411.80 96.75  —6.74
pH=7-8 (2275) Pre- 2544 490.17  235.66 0.00  1214.69 3.01  312.33 32039 143.57
Post- 2597 71.58 73047  78.74  1230.68 7.05  661.88 189.27  102.11
Difference 35  —41859 49481  78.74 15.99 404 34955  —131.12 —41.46
Deionized water (Z3Z6)  Pre- 33 0.50 1.90 0.00 0.00 1.20 0.65 0.07 0.05
Post- 704 117.50  319.71  38.61 15.20 1.98  227.77 9.28 3.57
Difference 671 117.00  317.74  38.61 15.20 0.80  227.12 9.21 3.52
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Reaction I
(K-feldspar)

Reaction 11
(Na-feldspar\albite)

Reaction 111
(Ca-feldspar)

2KAISI3OS+2 H++H20—> A]lezOS(OH)4+4SlOZ+2 K+

(kaolinite) (silica)

2NaAlSi;08+2H++H20 —» Al 281205(0H)4+4sl 02+2Na+

(kaolinite) (silica)

CaALSi,04 - 2H+H,0 — = Al,Si,05(OH),+Ca"

(kaolinite)

Reaction IV KA]SI-;08+A]251205(OH)5 — KAl3Si3O10(0H)z+2SiOz+HzO

(K-feldspar)  (kaolinite)

(illite) (aqueous silica)

Reaction V. CaCO;+2H" —» Ca'+H,0+CO,1

(calcite)

Mechanism of permeability evolution

A conceptual diagram illustrating the permeability evolu-
tion of weak interlayer induced by a physically-chemically
mediated erosion in grotto relics was established to deepen
and extrapolate the results and observed behaviors in this
experiment, as depicted in Fig. 13. Based on the above char-
acterizations before and after the experiment, the changes in
mineralogical composition, hydro-chemical data and three-
dimensional morphology induced by physically-chemically
mediated erosion were highlighted. A coherent explanation
of the permeability evolution is that the physically-chem-
ically mediated erosion leads to the formation of fracture
channel in weak interlayer under long-term water erosion
and hydraulic scouring. At the initial stage, the weak inter-
layer exhibited a certain thickness sandwiched between
intact sandstone layers. When the weak interlayer and intact
sandstone were in full contact, the sandwiched structure
exhibited a low permeability. In acidic groundwater, the
feldspar was easily reacted to produce kaolinite, and the
decomposition reaction of calcite occurred. Feldspar and
kaolinite can be transformed to montmorillonite or illite
minerals under alkaline and cation-rich condition. At the
presence of water flow, chemical reactions continuously take
place under the changing pH values of groundwater in geo-
logical environment, giving rise to the formation of numer-
ous clastic and clay particles in the weak interlayer near the
water flow. Under long-term water erosion, more areas in the
weak interlayer were transformed into clastic-clay particles
filled medium, exhibiting enhanced permeability because

it can be recognized a particle-filled fracture. Finally, par-
ticle loss occurred due to hydraulic scouring and fracture
channel with a high permeability generated within the weak
interlayer.

Permeability quantification

Fig. 13a gives the schematic diagram of a conceptual model
containing a weak interlayer at the initial stage. The appar-
ent permeability K along water flow were expressed as (Ye
et al. 2019):

| K} - K;
K== + Kb+ K,(h—D)], 5)

toh &K, + /DK,

where @, and K are the porosity and permeability of weak
interlayer, respectively. As obtained from the above poros-
ity and pore size distribution measurements in Fig. 11,
@;=7.11%. According to Kozeny—Carman equation
(Assouline and Or 2013; Revil and Cathles 1999; Saxena
et al. 2017; Shainberg 1984) in formula (6) and tortuosity ()
calculation (Yu and Li 2004) in formula (7), K; was equal to
2.67x 107" cm/s. ¢, and K, are the porosity and permeabil-
ity of intact sandstone,p,=5.73% and K,=1.53 X 1078 cro/s,
which was measured using tri-axial apparatus (MTS815.04),
based on steady-state method, as illustrated in Fig. S1.

_oup* B
72p87% (1 — ¢})

(6)

1
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Fig. 13 Conceptual diagram illustrating permeability evolution of
weak interlayer induced by physically-chemically mediated erosion in
grotto relics: a low permeability before water erosion; b low perme-
ability after water erosion; ¢ moderate permeability after long-term

2
iyt 1 '¢<1;1_0 i
T=3 +§\/ — ¢ +V1- ¢ Y
(N

where D is grain diameter of the weak interlayer. It was
obtained from particle analysis text based on sedimentation
method. The average grain diameter of the weak interlayer
was 0.011 mm, as displaced in Fig. S2. p is the density of
the fluid, g is the gravity acceleration and y is the fluid vis-
cosity (Pa s).

The apparent permeability after erosion in Fig. 13d was
equivalent to the permeability of fracture channel. For sin-
gle rough-walled fracture, modified formulas have been
proposed to evaluate the equivalent opening e, based on
fracture roughness (Lee 1990; Louis 1972; Su et al. 1994).
Based on modified Cubic law, the relationship between the
permeability K and e, of a single rough-walled fracture were
expressed in formula (8) (Lee 1990).

@ Springer

| L

! Clastic particle e Clay particle

water erosion and d high permeability after hydraulic scouring. # and
b are the thickness of entire model and weak interlayer, respectively.
L is the length of the conceptual model. ¢, is the equivalent opening
of fracture channel

2
pge
K'~nK = —2 8)
* 12u
The Zavg difference before and after corrosion was con-

sidered as the equivalent opening e, of fracture channel.
When the weak interlayer was completely eroded, ¢, can
be equivalent to the thickness b of the weak interlayer. The
permeability of each samples can be calculated according

Table 5 The permeability comparison between pre-experiment and
post-experiment

Samples ¢, (mm) Pre-experiment Post-exper-
iment
K (cm/s) K (cm/s)
pH=6-7 Z1 0.762 7.78% 107 4.70x1072
pH=7-8 72 0.974 9.65x1078 7.67x1072
Deionized 73 0.095 1.87x1078 7.30x 107
water
pH=6-7 74 9.954 8.91x1077 8.01
pH=7-8 Z5 3.822 3.49x 1077 1.18
Deionized 76 0.869 8.72x1078 6.11x1072
water
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to formula (5) and (8), as illustrated in Table 5. The perme-
ability enhanced from of 1077-107® cm/s at the initial stage
to 8.01-10~* cm/s at the existence of fracture channel.

The pre-experimental flow rate ¢ was given by the fol-
lowing expression:

3
-—-—=2.16b§H. ©)

The post-experimental flow rate g was exhibited accord-
ing to the existing equations (Lee 1990):

3 3
pge e, AH
g= E:’J = 8077.81 "L . (10)
Conclusions

The present study aimed to enhance our understanding of
physical-chemical erosion on the weak interlayer in grotto
relics and its role in permeability evolution. The weak inter-
layer was characterized by its disintegrability in water, low
nano-indentation hardness and modulus strength, as con-
firmed by morphological features, nano-indentation experi-
ments and Raman spectroscopy analysis. The comparison
of pre-experimental and post-experimental XRD results
revealed an increase in the total content of clay miner-
als, indicating a trend towards argillization. In the case of
alkalescence groundwater, the weak interlayer encountered
ion exchange, absorption and dissolution reactions. Addi-
tional decomposition reaction of CaCOj; took place under
the acidic groundwater, resulting in an increase in Ca>*
content rather than a decrease. The ion exchange process
was limited as the groundwater was changed to deionized
water. A conceptual diagram illustrating the permeability
evolution of weak interlayer induced by physically-chem-
ically mediated erosion in grotto relics was established
and a coherent explanation of the permeability evolution
is that the physically-chemically mediated erosion leads to
the formation of fracture channel in weak interlayer under
long-term water erosion and hydraulic scouring. The perme-
ability enhanced from of 1077—107® cm/s at the initial stage
to 8.01~107* cm/s at the existence of fracture channel. As
a future study, a long-term experiment will be conducted
to clarify the reaction kinetics involving convection, mass
transport and chemical reaction.
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