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Abstract: The No. 2 conduit of the Xiaopu Tunnel in the Yuxi section of central Yunnan’'s water
diversion project is taken as the research object, starting from the geological conditions along with
the characteristics, formation mechanism and evolutionary model of dolomite sanding. This paper
discusses the engineering problems of the project’s tunnels with dolomite sanding in the water-rich
section, and its corresponding engineering reinforcement plan. It was found that in the tunnel
section with normal level of dolomite sanding, there was no water seepage, where measures such
as advanced small conduit, mechanical excavation, short grubbing and strong support could all be
adopted for safe passage. Even in the water seepage section of the weak dolomite sanding tunnel,
the surrounding rock was found in close interlock with strong self-stability. The excavation and
support were implemented according to the category of normal surrounding rock. In the water-rich
sections with strong and intense dolomite sanding, gushing of water and sand were quite frequent,
with developed fissures, broken rock masses and rich waters. During the engineering operation,
phosphoric acid and sodium silicate slurry in addition to urea formaldehyde resin and oxalic acid
slurry plus Malisan and liquid catalyst slurry were first prepared for water plugging. Then, pure
water slurry was used for surrounding rock reinforcement, which exerted an excellent effect. This
method can provide reference for reinforcing tunnels of sandy dolomite in other areas of projects.

Keywords: tunnels with dolomite sanding; grouting; water and sand inflow; surrounding rock
reinforcement

1. Introduction

With the rapid growth of China’s high-speed railways, high-speed roads, urban rails
and water projects, tunnel engineering has also entered a period of fast development. With
the increase in larger, longer and deeper tunnels, there are increasingly complex geological
problems encountered in various construction projects. The commonly unfavorable geolog-
ical conditions include fault fracture zone, karst development zone, water-rich area, coal
seam, gas-logged zone, geothermal anomaly area and so forth. Although there have already
been plenty of engineering solution practices and studies for tackling these unfavorable
conditions, accidents caused by geological hazards are still quite frequent.

Dolomite sanding is a unique karst geological phenomenon occurring in dolomite
distribution area [1]. The rock strength of dolomite reduces after dissolution, and its residue
comprises sand mixed with dolomite block stones of uneven particle sizes, which can also
be manually scattered into sand. This specific type of karst geological phenomenon is
defined as “dolomite sanding [1]”. Li et al. [2] reported that dolomite sanding is a special
geological occurrence of dolomite with microcrystalline fine-crystal structure under a com-
plex geological tectonic environment following multi-stage tectonic movements, whose
rock mass was weathered into fine sand, gravel or fragments due to the joint action of
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dissolution and weathering, resulting in a great reduction of the rock mass weight. Ma [3]
briefly stated “dolomite sanding” as the reason for dolomite fragmentation. Lynton [4]
altered the mixture of seawater and atmospheric water by evaporation, and promoted
dolomitization by sulfate reduction. When the surface temperature was slightly higher,
crystal enlargement and chemical reaction would occur, thus masking the primary proper-
ties of dolomite. Zhang et al. [5] believed that rock containing impure mineral compositions
of calcite and dolomite lay in a dispersed form between minerals, and the loose dolomite
powders were finally generated under the continuous dissolution effect of the solution.
Pei et al. [6] conducted microscopic research on dolomite in the third segment of Sinian
System’s Dengying Formation (Zd3) of the Da Guangbao landslide, before revealing that
the compression shear crystals of the rock mass in the slide zone were twisted and fractured
along the cleavage plane. In addition, the transgranular cracks were developed, which was
manifested by the loose erection of some crystals and the loss of intergranular connection.
Rong et al. [7] believed that the porosity of dolomite was higher than that of limestone,
which could provide better channels for seepage of surface-water and groundwater, and
render it easier to form dolomite crystal shedding and weathering products scattered from
dolomite sand. Chen et al. [8] and Fang et al. [9] both proved that the presence of 1-2 mM
aqueous Si(OH)4 in a high Mg: Ca-ratio solution at room temperature would promote
dolomite precipitation and inhibit aragonite formation. Yan et al. [10] believed that the
metal sulfide minerals in the mining area were oxidized into sulfuric acid water which
then dissolved the dolomite into sand (powder). Hu [11] and Zhao, et al. [12,13] conducted
an indoor dissolution test of dolomite and the study of a micro-dissolution mechanism to
clarify that the micro-dissolution characteristics of dolomite were mainly manifested in the
first dissolution of various joints and fissures in crystals under chemical action, thus the
strengths of bonding forces between them were reduced. Then, mechanical disintegration
and falling-off occurred under the physical action of water flow, and finally dolomite
sands (powders) were generated. Luo et al. [14] analyzed the influencing factors of seismic
fracture damage extent of landslide dolomite rock mass under strong earthquake. The
analysis was conducted from the perspective of dynamics based on fatigue test through
numerous field investigations at the scene of Da Guangbao landslide. To predict the strain
softening and permeability evolution of bearing rocks, Zhang et al. [15] established the
specific model of rock strain softening and permeability evolution model to consider the
influence of confining pressure. Xiong et al. [16] solved the damage evolution equation
of sanding rock mass based on continuum mechanics and irreversible thermodynamics,
and proposed a three-dimensional finite method of element calculation for elastic-plastic
damage of sanding rock mass, by applying this method to reflect the failure process of
sanding rock mass under the interference of excavation and engineering. To study the
influence of water content on the physical and mechanical properties of sanding dolomite,
Zhang [17] demonstrated that the peak strength and elastic modulus of sanding dolomite
were greatly affected by water content. With an increase in water content, the damage
constitutive model’s parameters m and F gradually decreased. Research by Jamel Touir
and James et al. showed that dolomite sand and powdery material were often gener-
ated from dolomite dissolution [18,19]. Detlev [20] took eight surface outcrops in Jurassic
“Franconian dolomite” in Bavaria of Southeastern Germany as examples to describe the
evolution process of dolomite sanding. The theory proposed by Choquete et al. [21] about
the disintegration of microcrystalline dolomite into coarse-grained structures was of great
significance to the study of near-surface dolomite sediments. This theory was referred to
both in the study of Triassic dolomites in Hungary by Poros et al. [22] and in the research
of late Jurassic dolomites in Southern Germany by Koch et al. [23]. Karmen Fio et al. [24]
studied the marine carbonate rocks of periods from late Permian to early Triassic, which
identified the characteristics of Permian—Triassic dolomite sanding in Velebit mountain
of Croatia as high carbonate content through analysis of stable isotopes (613C, 6180) and
major, trace, and rare earth elements (REE). Liu et al. [25] analyzed the vulnerability of
sanding soil in Florida to toxic metal pollution and the effectiveness of humic-acid Active
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Dolomite Phosphate Rock (ADPR) and Biological Carbon (BC) to fixate Cd2+ and Pb2+ in
soil restoration. Esteban et al. [26] mentioned the influence of hydrothermal action, Machel
et al. [27] hypothesized that dolomites were dissolved by sulfate during hydrocarbon
impregnation, and Poros et al. [22] not only induced the above theories but also established
a new model of dolomite sanding caused by freeze—thaw process when studying Trias-
sic dolomites in Hungary. Orsolya et al. [28] investigated Triassic dolomites in Hungary,
selected seven rock-cores for stable isotope analysis, and for identifying the relationship
between dolomitization and hydrothermal dissolution. Giuseppe et al. [29] studied the
dissolution of dolomite by macro methods (via pH-stat system and mixed flow reactor) and
micro-characterization methods (via atomic force and transmission electron microscopy). At
the release rates of Ca and Mg, the variations to micromorphology and chemical structure of
the dissolving reaction were identified by chemical analysis.

At present, there are few studies on the dolomite sanding mechanism and its en-
gineering characteristics, engineering effects, deformation and destruction mechanisms,
engineering solution measures and so forth. Currently, engineering geological problems
related to dolomite sanding are mainly concentrated on underground projects of transporta-
tion and water sectors in Southwest China regions such as Yunnan, Guizhou, Sichuan and
Chonggqing [30-33]. For example, due to the influence of complex geological conditions
such as sanding dolomites, the phenomenon of water and sand gushings in the tunnels had
been frequent. Consequently, the Xiushan tunnel of Yumeng railway in Yunnan Province
took nearly 8 years to finalize. Further, a few projects in Yunnan Province suffered prob-
lems regarding uneven settlement of dolomite sanding foundation and reservoir (Hongyan
reservoir) leakage [34]. Wang et al. [31], based on the sanding phenomenon of dolomite
developed from Triassic and Cambrian in five tunnels of Guizhouto, analyzed both the
sanding patterns and characteristics of dolomite, proposing the reinforcement methods
and solutions under the specific condition of argillaceous dolomite sanding. Based on the
double-track centralized tunnel project of the Chengdu-Kunming railway, Jiang et al. [35]
revealed that the necessary conditions for dolomite to become sand gushings were being
sandy in water environment; Zhou et al. [36] investigated the Emeishan-Miyi section tunnel
of the Chengdu Kunming railway extension project crossing the sandy dolomite stratum
from September 2017 to November 2020, with four water and sand gushing accidents
at different levels occurring at different positions of the tunnel surface. Moreover, the
reconstructed Jiermu (Jixin) tunnel [37] of the Chengdu-Kunming Railway in Sichuan
Province also passed through the sanding dolomite stratum of Dengying Formation of
Sinian System, with “water and sand gushing” also occurring frequently in the water-rich
section. Based on the Jixin tunnel project of the Chengdu-Kunming double-track railway,
Wang et al. [38] adopted the methods of advanced geological prediction, theoretical analysis
and continuous—discrete coupling numerical analysis to thoroughly study the tunnel face
destabilization mechanism in sanding dolomite stratum, before revealing the conditions
of tunnel face destabilization along with the displacement and failure pattern of the rock
surrounding the tunnel face after destabilization. Xu et al. [39] asserted that the Da Guang-
bao landslide was induced by Wenchuan earthquake, while the rock mass fragmentation
and cracking in the slide zone were the result of the formation and evolution of dolomites’
strongly dissolving sanding layers. Focusing on the engineering example of the Ying Erling
tunnel of Rong-Wu expressway, Bai et al. [40] verified the favorable results of this project in
both safety and quality by adopting fast, stable and strong procedures of engineering. To
study the curtain grouting treatment technology of the tunnel’s dolomite sanding sections,
Luo et al. [41] applied calculation, numerical simulation and engineering practice to obtain
the key influencing factors of this technology, namely the grouting pressure, grouting
material, grouting thickness and grouting technique. Their results showed that the high-
pressure splitting method should be adopted for curtain grouting in solid sanding-dolomite
layer of silty fine sand, with the final grouting pressure being recommended to set between
3-5 MPa. Moreover, Ping et al. [36] analyzed the mineral composition of dolomite due to
the great challenges and risks from tunnel engineering, discussed the sanding mechanism
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of dolomite at the macro-, meso- and micro levels, and obtained the parameters of sanding
dolomite under different sanding conditions. In addition, water and sand gushings had
also occurred in the dolomite sanding section of Yingpanshan tunnel of the Dali-Ruili
railway. Moreover, 36.5 m upstream of Xiaopu tunnel’s No. 2 conduit in Yuxi section of
WDPCY, the construction adit and the main exit of Che'naju tunnel, water gushing occurred
at the very start of the engineering. This could prove that the surrounding rock of the
tunnels in sanding dolomite areas were unstable. During tunnel construction, there had
been continuous geological engineering problems such as high ground stress, large defor-
mation of soft rocks, water and mud gushings, water and sand gushings of dolomite sandy
stratum, TBM jamming and so on [42—45]. This has caused more construction difficulties to
the tunnel excavation, increased the project costs and extended the construction period. At
present, the grouting materials used in the tunnel are mainly single-liquid cement slurry,
double-liquid cement slurry and ultra-fine cement slurry [46]. The diffusion range of
grouting was studied by numerical simulations [47,48]. The grouting time determination
was mainly based on cylindrical diffusion theory and spherical diffusion theory [49,50].
The grouting theory for fractured rock mass was mainly according to the Baker formula,
and the curtain thickness was mainly calculated by Wagoner and Kolymbs theories [51].

The WDPCY-based in-depth theoretical and practical research on the dolomite sanding
mechanism, engineering geological characteristics, engineering effects and engineering
control measures for sanding dolomite stratum have already become an urgent geolog-
ical need in tunnel engineering and an inevitable demand that must be met by specific
tunnel reinforcements.

2. Overview of Tunnel Engineering
2.1. Current Situation of Tunnel Construction

The water transmission line of the Yuxi section is located at the intersection between
the front arc of Yunnan e-type structure and the middle part of the east branch of Qinghai-
Tibet-Yunnan-Myanmar-Indonesia n-type structural system. This area is categorized as the
first-class structural unit of the Yangtze para-platform and is further divided into second-
third-class structural units: Belonging to the Kunming plateau fold bundle of the East
Yunnan platform fold belt. The project area has frequent seismicity and complex geological
structure, most of which are in uplift denudation state. There are no Paleozoic Silurian,
Ordovician or Cretaceous strata along the water transmission line, no exposed intrusive
rocks, except for a small amount of exposed volcanic rocks, and only the Kunyang group of
metamorphic rocks that are largely exposed. The total length of the water transmission line
in Yuxi section is 77.069 km, crossing various strata including the Quaternary incompact
one at a total length of 3.493 km, accounting for 4.53% of the total length of the line in
this section. The cumulative length of the clastic rock is 44.889 km, accounting for 58.25%.
The total length of carbonate rock is 20.724 km, accounting for 26.9%. The cumulative
length of metamorphic rock is 5.855 km, accounting for 7.6%. The total length of magmatic
rocks (mainly basalt) is 2.108 km, accounting for 2.73%. In general, these rocks are of
soft-medium hardness.

As of December 2021, the tunnels discovered fierce and intense phenomena of dolomite
(see Figure 1) included the following seven: No. 2 conduit of Xiaopu tunnel (see Figure 1a)
with the upstream and downstream surfaces, Xiaopu No. 3 conduit, Lanaju construction
adit, Lanaju entry, Lao Jianshan tunnel exit (see Figure 1b), Da Tangzi tunnel’s entry and
exit and Luo Fengshan tunnel entry (see Figure 1c). Most of these tunnel sections were
located above the groundwater level, dry, anhydrous, with class V surrounding rocks. Only
the Xiaopu 2# main tunnel sections at upstream, downstream and the rear of Lanaju adit
were all greatly affected by groundwater. In total, the dolomite sanding tunnel section was
2418.2 m in length. In case of extremely uneven distribution, the development of the tunnel
sections with fierce and intense dolomite sanding would be of a large regional tectonic
fault background, mostly distributed in strips, sacs or chicken nests. According to the
categorization of surrounding rocks on site, those of category III, accounted for 11.2% and
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those of category IV accounted for 22.3%, the rocks of category V accounted for 66.4%,
respectively. Geological hazards occurred frequently when the sanding extended to the
water and sand gushings’ tunnel section with strong water abundance and high water
head. The statistics of fierce and intense sanding tunnel sections are listed in Table 1, with
no effective treatment measures found yet.

(b) ()

Figure 1. Typical intense and fierce sanding dolomite exposed on the surface and exploration adit.
(a) Fierce sanding around the 7th village at the Xiaopu tunnel section. (b) Fierce sanding around the

section of the Yu-Jiang expressway in Lao Jianshan Tunnel. (c) Intense sanding in exploration adit of
Luo Fengshan tunnel.

Table 1. Typical surrounding rocks and hazards in dolomite sanding sections of tunnels in construction.

Name

Length (m)

Sanding Level

Surrounding Rock
Category (Proportion)

Groundwater Activity

Surrounding Rock Hazards
in Tunnel

Xiaopu No. 2

Xiaopu No. 2
downstream

Xiaopu
No. 3

Lanaju entry

Lanaju construction adit

Da Tangzi entry

Luo Fengshan tunnel
exit

Dominated by Zbdn weak
sanding and mixed with
intense sanding belts III,

(43.7%)
1V (43.3%)
V (13%)

622.2

Dominated by Zbd
sandstone mixed with shales
and by weak sanding
dolomites, with Zbdn
fierce~intense sanding
dolomite at about 25 m of
the front section

140.0

Zbd strongly weathered
sandstones mixed with
shales and the intense~weak
sanding dolomite belts.
Zbdn fierce sanding
dolomites mixed with
diatom rocks at about 38 m
of the entry section

178

Zbd intense sanding

150 dolomites

Zbdn intense sanding
dolomites mixed with weak
sanding at about 320 m from

the entry, followed by Zbd
sandstones mixed with
shales and the intense
sanding dolomite belts

395.5

Zbdn intense sanding
dolomites mixed with blocks
of weak sanding dolomites

470

Dominated by Zbdn intense
sanding dolomites, partially
mixed with blocks of weak
sanding dolomites

406

Groundwater emerged at
about 320 m, and water
gushings occurred after

380 m at the normal rate of
10~12L/s

1V (38.7%)
V (61.3%)

V (100%)

V (100%)

1V (29.0%)
V (71%)

IV (13.8%)
V (86.2%)

IV (9%)
V (91%)

Water gushing and
small-scale blocks
falling.

Water gushing, at a
normal rate of 10~12
L/s and a maximum

rate of 20 L/s

After 53.8 m, the bottom
plate went below the
groundwater level, with
medium activities in
general and linear water
flows at the normal rate
of 5L/s

Located above the
groundwater level and
dry without water.

After 290 m, the tunnel
bottom plate went
below the groundwater
level, mainly with water
seepage and dripping.
Concentrated water
gushing occurred at 386
m with the maximum
rate of 15 L/s and the
normal rate of 10 L/s

Most of the tunnel
sections were
dominated by seepage
and drippings, with
linear water flows in
some parts

Located above the
groundwater level and
dry without water.

The left wall of the front
section experienced a large
water gushing, sand gushing
and collapse, with quicksand
plastic flow gushing out of
the tunnel. After scouring,
irregularly banded cavities
appeared in the right wall
and side wall, making it
difficult to shape the tunnel.
In the fierce sanding section,
the vault collapsed, the side
wall fell seriously, making it
difficult to shape the tunnel.
Blocks fell severely from the
vault in the rear section, but
with no major geological
hazard.

Small scale collapse but with
no major geological hazard.

Mainly small-scale of
collapses, with two
large-scale landslides
occurred successively.
Affected by the fracture at
386 m, there came water
gushings and mudslides in
the tunnel, steel supports
deformed, tunnel vault and
right wall both collapsed
with serious blocks falling.

Small scale collapses of
tunnel vault, but with no
major geological hazard.

Small scale collapse of
tunnel vault, but with no
major geological hazard.
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2.2. Overview of Dolomite Sanding Geology in Tunnel Construction

Dolomite sanding refers to the reduction of dolomite rock mass strength after dolomite
dissolution, leaving sand mixed with dolomite block residue of uneven particle sizes,
which will become sanding when pressed by an external force. The karst geological
phenomenon of this specific process is called “dolomite sanding” [1]. The dolomite’s
intense and fierce sanding is mainly presented as silty sands of loose structure mixed with
dolomite blocks from strong dissolution. The dolomite blocks are of different sizes, and
their spatial characteristics are presented as belt features. The solubility of dolomite is
mainly determined by rock mineral composition and dolomite structure.

According to mineral analysis of on-site rock samples, the dolomite rock in the middle
of Sinian System’s Dengying Formation (Zbd?) was shown to be pure, and its main mineral
composition was dolostone. The secondary minerals were a small amount of irregularly
fine-grained quartz as disordered dispersion interspersed between dolomite particles,
while a small part of them was wrapped in sand debris or filled within the holes and
caves. Cryptocrystalline collophanites in black were occasionally found in the interstitial
distribution. Magnetite with fine grains was wrapped in dolomites.

The parts with intense dolomite sanding were mainly in strata of Zbd?? and Zbd??2
fine-grained dolomites, while the sanding levels of Zbd*! fine-grained dolomite and
silty argillaceous dolomite were relatively weaker. The coarser the dolomite grains were,
the better their water permeability was and the more obvious the sanding development
would be.

2.3. Characteristics of Sanding Dolomite

Dolomite sanding is mainly based on the mechanism of dolomite karstification. Its
basic condition is that the section shows the characteristics of soluble rocks, groundwater
and rock permeability. By analyzing the samples extracted from the WDPCY construction
site, this study found that the level of WDPCY’s dolomite sanding was mainly affected by
the lithology, groundwater developments, rock structures and joint fissures” developmental
characteristics.

(1) Rocky and mineral composition

The rocky and mineral identification results of sanding dolomites (Table 2) revealed
that they were generally dominated by micro-fine crystal structure, at the grain sizes of
0.03~0.2 mm; The intense sanding dolomite was dominated by silty fine sand, accounting
for 75~92%, without clay or colloidal group. The intensely sanding dolomite was dominated
by breccia group, accounting for 68~87%, followed by sand and silt, with a small amount
of clay and colloidal particle group.

(2) Rock mass integrity

RQD tests of sandy dolomite cores were carried out by geological boreholes in sections
of the Xiaopu tunnel, Lanaju tunnel, Lao Jianshan tunnel and Da tangzi tunnel. The
statistical results of these sanding dolomite boreholes (Table 3) showed that the RQD of
intense sanding dolomite was generally 6.15~16.64%, and the RQD of medium sanding
dolomite was mainly 31.44~44.70%

(3) Acoustic characteristics of rock mass

Acoustic wave measurements over holes were conducted on the surfaces of the Xi-
aopu tunnel’s Qicun-Luna Section and the Lao Jianshan tunnel’s exit. The acoustic wave
measurement results of boreholes and adits (Table 4) showed that the longitudinal wave
velocity of fierce sanding dolomite was generally less than 1000 m/s. The longitudinal
wave velocity of intense sanding dolomite was generally 1244~2890 m/s and its integrity
coefficient was 0.05~0.15. The longitudinal wave velocity of medium sanding dolomite
was generally 2556~4150 m /s and its integrity coefficient was 0.15~0.35.
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Table 2. Summary of rocky and mineral identification results.

Sample Number

Identification Result

With a sanding globular powder-crystal and fine-grained structure, the rock was composed of dolomite and a
little quartz. Dolomite recrystallization was weak, mostly in forms of powdery and fine crystals. Their grain
sizes were 0.06~0.2 mm, with the powdery crystals constituting the intraclasts and spherulites, the fine crystals

1 constituting the cements, and the quartz being scattered within the fine-grained dolomite as
fine-grained debris.
The dolomite content was 70%, the intraclasts and spherulites accounted for 20%, and the content of quartz
was 10%, respectively.
With a micro-powder crystal structure, the rock was composed of dolomite and a small amount of quartz. The
dolomite had a weak crystallization and mostly presented as micro-powder crystals, at the grain size of
2 0.03~0.05 mm, and there were a small amount of quartz silts and flake hydromica scattered between the grains.
The dolomite content was 95%, the quartz content was no more than 5%, and the hydromica content was
2%, respectively.
The rock was composed mostly of microcrystalline dolomite and a few precipitated crystal dolomite. The
microcrystalline dolomite mainly adhered to algal filaments, which condensed with each other into the shapes
of blocks and lumps, while little-precipitated crystals of dolomite filled in the gaps between the lumps.
3 Moreover, several secondary fissure penetrations within the rock were filled by fine-medium crystal dolomite
and quartz.

The content of algal lumps was 80%, the composition of precipitated crystal dolomite was 10%, and the

constituent of bright crystal dolomite was 5~10%, with only a small amount of quartz.

Crushed crypto-fine crystalline structure. The rock was composed of silica and dolomite. The silica was
cryptocrystalline, colloidal, feathery (as aggregate of opal and chalcedony) and microgranular aggregate (of
microcrystalline quartz). The dolomite presented weak recrystallization and was mostly in fine-crystal shape

4 at the grain sizes of 0.05~0.15 mm, scattered within the silica and partially concentrated in belt distribution.
Under the action of strong stress, the rock was crushed, broken and cracked open, with pores filled by
recrystallization (opal, chalcedony) of quartz veins.
The content of silica was 80%, the composition of dolomite was 24%, with a small amount of secondary quartz.
Table 3. RQD statistics of sanding dolomite boreholes.
Major Lithology Project RQD/% Notes
Intense Weak Fresh
Group number 14 37 —
Maximum 43.00 85 —
. Minimum 4.00 5 —_—
Dolomltg ‘jmd Average 16.64 54.75 —
dolomitic Standard deviation 1215 22.09 — 13 boreholes
limestones Coefficient of variation 0.73 0.4 —
Coefficient of statistical correction 0.65 0.89 —
Standard value 10.82 48.49 —
Group number 9 89 —
Maximum 48 76 —
Minimum 3 2 —_—
. Average 15.56 36.33 —_—
Dolomite Standard deviation 15.03 26.99 — 11 boreholes
Coefficient of variation 0.97 0.74 —_—
Coefficient of statistical correction 0.43 0.87 —
Standard value 6.15 38.86 —
Group number 43 89 1
Maximum 60 76 —_—
Minimum 3 2 —
Quartz sandstone Average 29.87 36.33 35
and shales mixed Standard deviation 16.64 26.99 — 18 boreholes
with dolomites Coefficient of variation 0.56 0.74 —
Coefficient of statistical correction 0.85 0.87 E—

Standard value 25.51 31.44 —_—
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Table 4. Statistics of acoustic wave measurement results of sanding dolomite.
Project Medium Sanding Intense Sanding Fierce Sanding
Group number 57 65 69
Maximum 4150 2890 1099
Minimum 1420 761 372
Average 2719 1354 692
Large value’s mean 3333 1954 849
Small value’s mean 2126 1047 522
Standard deviation 717 517 196
Coeficient of 0.264 0.382 0282
variation
Coefficient of 094 0919 0.942

statistical correction

(4) Permeability of rock mass

The results of borehole water-pressure tests in the sanding dolomite section revealed
that the rock mass here was mainly of weak-medium permeability which was generally
2~10 Lu, partially 10~30 Lu, and maximally 35 Lu. According to the prediction results, the
water gushing in the sanding dolomite tunnel section would generally be at the normal
rate of 15.7~49 m3/(d-m) and the maximum rate of 40~142 m3/(d-m).

According to the statistical results, the fierce sanding dolomite mainly consisted of silty
fine sand, and the intense sanding dolomite was mainly composed of breccia formation.
The RQD was generally 6.15~16.64%, and the rock quality index was inferior. The average
longitudinal wave velocity of intense standing dolomite was 1354 m/s, and that of fierce
sanding dolomite was 692 m/s. To summarize, the rock mass of this sanding dolomite
section was dominated by weak-medium permeability.

2.4. Formation Mechanism and Evolution Model of Dolomite Sanding in WDPCY Tunnels
2.4.1. Mechanism of Dolomite Sanding Dissolution

The morphological characteristics and corresponding dissolution mechanism of dolomite
karst sanding in WDPCY tunnels were very different from those in limestone strata. The
latter mainly generated various peculiar forms of the karst due to differential dissolution,
while the dolomite in the study area, whether medium or fully intense sanding, were
mainly characterized by overall uniform dissolution and determined by both the macro
lithology and micro dissolution characteristics.

Firstly, the dolomite in the study area belonged to the pure type, and the mineral
composition was essentially dolostone, with little content of other soluble substances,
which provided the material basis and fundamental reason for its homogenized dissolution.
Moreover, the level of its karst sanding was closely related to the particle size and structure
of its component minerals, which was mainly reflected in the higher dissolution intensity of
dolomite with coarser particles and a looser structure. The relationship between karst sand-
ing intensities of dolomite with different rock structures in the study area was: medium~fine
crystalline dolomite > fine~silty crystalline dolomite > silty~micritic dolomite.

Secondly, the microscopic dissolution characteristics of dolomite presented further
supporting evidence of homogenized dissolution. The above studies have already covered
the microscopic dissolution characteristics of dolomite, besides the development of various
pores, joints and micro-fissures within the dolomites in the study area. The dissolution
often occurred primarily through the intergranular and intracrystalline pores, so that they
could gradually expand and extend, or penetrate and dissolve along the crystal interface.
During the dissolution process, there was frequent crystal disintegration and falling off,
resulting in the progressive weakening of the bonding forces among dolomite crystals
and the incremental loosening of the structures. Finally, it turned into dolomite sands or
powdery materials.
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Lithologic structure, geological structure, groundwater macroscopically dominated
the karst development. distribution and intensity characteristics

In addition, the overall homogenized dissolution of dolomite in the study area shared
a certain relationship with the infiltration and migration characteristics of groundwater,
which was mainly reflected by the phenomenon that the groundwater in the bank slope
of the underground powerhouse area had already formed smooth seepage. As a result,
the groundwater basically presented a stably centralized drainage condition. Therefore,
the karst development in this area was generally weak, with conspicuously uneven phe-
nomenon occurring only in some parts. Due to the existence of tectonic movement and
adverse geological phenomena, the rock mass in the bank slope had broken, the groundwa-
ter conditions became relatively complex, forming a network system with slow permeation
and migration, which was conducive to the homogenized dissolution of the rock mass as a
whole. Therefore, under the action of flowing groundwater, the initial stage of this dissolu-
tion was mainly chemical, but at the later stage, the pores in the rock expanded and the
permeability intensified, causing the dissolution to be dominated by physical-mechanical
damages. After long-term chemical dissolution and physical damage, dolomite sands or
powders were generated eventually.

2.4.2. Evolution Model of Dolomite Sanding

All karst phenomena are the final product of continuous dissolution over a long
period of geological history. The dissolution effect occurs not only under the influence of
the micro-dissolution characteristics dominated by the specific features of rock lithology, but
also under the regulation of macro groundwater, geological structure, shallow superficial
reconstruction, climate and other factors. In this chapter, the formation process of karst
sanding of dolomite in the deep area of this study was simplified into one model, as shown
in Figure 2.

Evolution model of dolomite karst sanding ‘

L
: }

Mineralogical and petrological characteristics regulated
the micro dissolution mechanism and formed an overall

'

homogenized dissolution process

Relationship between rock mass
structure and karst development

Relationship between groundwater

and karst development

Medium-~thick layered structure of rock
mass, slightly developed structural plane,
relatively complete rock mass, with
ification selectively advancing along

the dominant joint plane

!

Folium~cracked structure of rock mass,
moderately developed structural plane,
poor integrity of rock mass, with
karstification expanded along various
joints and fissures, forming medium
sanding structure

!

Fragmented~dispersed rock mass
structure, with well-developed fissures
and strong karstification, forming a "sand
wrapped stone" structure

Groundwater flows permeated along
oint fissures and fracture zones, forming
karst caves like a string of beads and
small karst pores along fissures

Groundwater permeated and dispersed
along the dissolution fissures to promote
the further development of karstification,
forming an intense sanding belt locally at

the dominant joint plane

.

The deep rock mass on the bank slope
was broken, various joints and fissures
were developed, and the groundwater
permeability conditions were good,
forming a complex network system and
resulting in the homogenized dissolution
of dolomite as a whole

Microscopic dissolution characteristics of dolomite

‘Various metasomatism, recrystallization and
cementation in the diagenetic process led to the
developments of intracrystalline & intercrystalline
pores and microcracks

!

The dissolution was first carried out along all kinds of
intercrystalline and intracrystalline pores and miero-
fissures. On the one hand, it produced intercrystalline
and intracrystalline dissolution pores, on the other
hand, it promoted the permeation of groundwater and
intensified chemical dissolution and physical damage

i

'With the strengthening of dissolution, the bonding force
between dol mineral crystal interfaces reduced,
the microstructure became increasingly loose, and the

crystals gradually fell off or disintegrated into fine
grains, which finally developed into dolomite sand or
powder

Figure 2. Simplified diagram of dolomitic karst sanding evolution model of WDPCY tunnels.

!

The study area was characterized by the dissolution dominated by the I
lithologic structure. In the medium-fine crystalline dolomite stratum, it
formed an intense sanding development zone and the "sand wrapped

stone" structure of rock mass; The anticline structure and adverse

geological phenomena dominated the rock mass structure, thus
affecting the karst development and distribution; The dolomite was
evenly dissolved as a whole, with no large karst caves, underground
rivers and other karst landforms formed
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It could be seen from several modules in the figure that the geological backgrounds
such as lithology, rock mass structure and groundwater jointly dominated the macroscopic
development characteristics of dolomite karst in the study area. They also determined
the main evolution process from the initial to the final morphology of karst development,
including different rock mass structures forming different karst sanding morphological
characteristics, besides the mutually promoting relationship between groundwater perme-
ation and karst development. The mineralogical and petrological characteristics of dolomite
dominated their microscopical dissolution mechanism. The homogenized dissolution pro-
cess with the joint effect of not only corrosion through intercrystalline/intercrystalline pores
and microcracks but also chemical and physical damage within the rock finally forming
the dolomite sand and powder in the deep area of this study.

2.4.3. Problems and Risks Caused by Sanding Collapse Cavity in Tunnel Construction

The strength of dolomite depends on the degree of sanding. The compressive strengths
of intense and full sanding rocks are mostly lower than 5 MPa. Tunnels are prone to
destabilization and collapses after starting excavation. Sanding cavity collapse during
tunnel construction often occurs in the section where dolomite is developed.

The settlement failure to the initial supports of tunnels at Yuxi section occurred in the
XQZK7~XQZK212 part and the failure surfaces were concentrated on the right side, which
was dominated by the fragmentation failure of the initial support concrete and by the tensile
cracking along the steel supports. The lithology of the damaged section was intense and
fierce sanding dolomite, which imposed great damage on the rock mass by reducing the
rock strength, softening the structural plane and lowering the plane’s mechanical properties,
as mainly reflected in the lack of bonding force and poor self-stability of the surrounding
rocks. The advanced shed-pipe grouting method was adopted in the construction, but
produced poor grouting effect.

The stratum crossed by tunnels at the Yuxi section was a dolomite sanding one with
abundant groundwater. It exhibited poor stability at the section where groundwater was
particularly developed. The rock mass softened severely due to the soaking from fissure
waters, and the self-stability of the tunnel face was also poor, resulting in destabilization.
Sanding dolomite was prone to generating waterways under the dragging force of ground-
water, resulting in water and mud gushing. Consequently, the risk of tunnel excavation
turned extremely high. Therefore, the dolomite in the sanding section must be treated
before engineering.

3. Methods

The influence of engineering geological conditions of dolomite sanding on the un-
derground project was manifested in the structure/stability of surrounding rocks and the
steadiness of tunnel walls supporting the lining structure. For the structure of surrounding
rocks around the main underground water-diversion tunnel crossing the bank slope of
this section, the major types were class IV~V but predominantly class V. The primary
reason for the low classification of surrounding rocks and poor structure of rock mass in
the deeply-buried tunnel was the dolomite sanding effect, of which the extent gradually
intensified with the tensile deformation and failure process of rock mass inside the tunnel.
The impacts of underground engineering on the geology of crossed sanding dolomite
mainly included the variation of hydro-geological conditions, seepage, collapse, drying up
of surface water, loss of groundwater, loss of surface vegetation and rocky desertification.

To mitigate the excavation and construction risks of WDPCY tunnels in the sanding
dolomite strata, focus should be not only on the destabilization of the tunnel face but also
on the water—sand gushing in the water/rich strata and intense-fierce sanding sections.
The applicable excavation methods mainly include the milling method, freezing method
and conventional method.
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For the moderate sanding dolomite in the WDPCY areas and the good self-stability of
the tunnel face, the construction method of blasting and milling excavation was adopted.
During the drilling, the relevant parameters were adjusted to retain about 50 cm of rock
stratum on the excavation face after blasting. After mucking, the under-excavated rock
stratum should be handled with the milling bit. This method could reduce the disturbance
to surrounding rock strata during excavation, restrict excessive excavation, and lower the
time of erection and shotcrete processes.

Full-face milling method: through the construction field test, the maximum milling
speed in this rock stratum type could reach 50 m?/h. During the milling, each footage was
controlled at 0.5~0.8 m. The use of milling could avoid the disturbance of explosion waves
to the surrounding rock stratum during blasting, maintain the integrity of the surrounding
rocks, reduce their collapse occurrence during the erection process after starting excavation,
and mitigate the subsequent force of the surrounding rocks on the arch frame.

Freezing method: Artificial refrigeration was applied to freeze the water and soil
together around the contour line of the tunnel to be excavated, so that a frozen soil wall
or sealed frozen soil body could effectively resist soil pressure and isolate groundwater,
after which the tunnel could be excavated more smoothly. This method would be inappli-
cable when the water content in rock mass was minimal or the groundwater velocity was
relatively high.

Advanced support: Medium shed-pipe was adopted with advanced small conduits
for grouting reinforcement to prevent destabilization of the tunnel face. In the section
with rich groundwater, the excavation face was limited and dug by parts. Each cycle
of excavation adopted shotcrete to seal the tunnel face, for avoiding water seepage and
destabilization from excessive exposure of rocks surrounding the tunnel face. At the
beginning of excavation, the reserved deformation should be adequate to prevent intrusion
caused by excessive settlement. The excavation footage was properly adjusted according to
the surrounding rock conditions on site and controlled within the range of 0.5~1.0 m.

Initial support: U-shaped composite lining was used. When the surrounding rocks
were poor, the spacing of arch frames was reduced. The arch frame should be installed
close to the tunnel face to reduce the gap between them and prevent the collapse of the
exposed parts in the gap. The principles of quick excavation should be followed, quick
support and quick closure, the project team could be excavating and supporting the upper,
middle, lower steps, respectively, implementing the excavation and support simultaneously
and the cycle rapidly. Drainage and discharge measures were also taken inside the tunnel,
while ditches were excavated at the arch feet of the initial supports to avoid softening of
the arch frame or the base caused by arch feet soaking.

4. Discussion

Due to the poor diffusion of slurries in dolomite sanding stratum, single grouting
was not sufficiently effective to form a whole reinforcement. Therefore, it was particularly
important to select appropriate advanced supporting methods and grouting materials.
Through the field construction test and summary, compared with other supporting methods,
the following support methods and grouting materials were selected for the specific rock
mass of sanding dolomite:

1. In the tunnel section of moderate sanding dolomite without external water, the
surrounding rock was intense-fierce sanding dolomite without water seepage. It could be
passed safely by taking measures such as advanced small conduits, mechanical excavations,
short grubbing and strong supports.

2. In the tunnel section of weak sanding dolomites, even if water seepage occurred,
the surrounding rocks would remain closely interlocked and present strong self-stability,
therefore, the excavations and supports were implemented according to the circumstance
of handling the normal category of surrounding rocks. For weak sanding dolomite, the
geology could be identified as class Il surrounding rocks based on relevant criteria,
therefore, the excavations and supports were carried out according to the circumstance
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of handling the conventional category of surrounding rocks. For example, the seepage
of Xiaopu No. 2 was up to 6000 m?/day, but the degree of sanding ranged from weak to
intense, therefore, excavations and supports were carried out according to the circumstance
of handling the conventional category of surrounding rocks, with some parts being properly
strengthened, as shown in Figures 3 and 4.

Figure 3. Sanding dolomite layer of Xiaopu 2# construction adit.

Figure 4. Intense sanding dolomite seepage of Xiaopu 2# construction adit.

3. The surrounding rock structure of the tunnel face was Zbd thick-layer dolomite,
which was intense and fierce sanding with developed fissures. The rock mass was broken
and rich in water, making it vulnerable to water and sand gushing, causing potential
safety hazards for tunnel construction. The sand and water gushing present an extremely
challenging issue to tackle.

During shotcrete supporting for YX6 + 747~YX6 + 745.8 sections, the arch line from the
left side of the tunnel face to the main vault was scoured by water gushing, accompanied
with gushing of fine sanding rocks. They gradually expanded, resulting in not only the
4.5 m circular length and 9 m height of the arch line from the lower part of the left side to
the vault, but also the collapse of 8~10 m along the axis of the tunnel. The buried depth of
the tunnel here was 150 m, and the groundwater level was speculated to be 100 m higher
than the top of the tunnel. There were multiple jets of water gushing at the arch and side
walls. The water volume was visualized on site as about 15 L/s-m. After the initial water
body turned turbid, it gradually became clear, as shown in Figure 5.

To prevent the mud gushing following the water and sand gushing, tunnel slag with
good water permeability was added with rubble and stacked sandbags to push back and
plug immediately, while a back pressure wall was stacked close to the tunnel face to keep
the sand and soil of the collapsing bodies from being lost and tumbling. Advanced pre-
consolidation grouting was adopted for the tunnel face to strengthen the surrounding rocks
in front and control the water plugging. C30 concrete grouting wall with a thickness of
2.0 m was poured at the mileage of YX6 + 745.8. A total of 36 advanced pre-consolidation
grouting holes in the form of five rings were drilled on the tunnel face according to the
design requirements, as shown in Figures 6-8. The advanced pre-consolidation grouting
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implemented the backward sectional grouting process. In the sections difficult for hole-
drilling, forward sectional drilling with the pipe was adopted for grouting construction.

(b)

Figure 5. Water and sand gushing from fierce sanding dolomite in Xiaopu 2# construction adit. (a)
Xiaopu 2# adit’s fierce sanding dolomite with water gushing. (b) Xiaopu 2# adit’s fierce sanding
dolomite with sand gushing.

2nd ring hole: According to
the water outlet in the holes,
ultra-fine or normal cement
slurry was mixed with
sodium silicate for
consolidation grouting. et e

1st ring hole

3rd ring hole: Malisanwas ™~/ / . \leeor@ee
first mixed with liquid
catalyst for water plugging,
and then ultra-fine cement
slurry was applied for

consolidation grouting. . (Z:') :’l “‘E ,
4th ring hole; Urea formaldehy \\:—\é é ___________ : :
deresin was first mixed with oxalic d) § 600|600 60(}%)600 391
acid for water plugging, and then I (i/ i
ultra-fine cement slurry was E 1200 E
applied for consolidation grouting. -i-Q-dO- ------------ G ©
(] L)
Sth ring hole: Phosphoric M

acid was first mixed with
sodium silicate for water
plugging, and then ultra-
fine cement was mixed
with sodium silicate for
consolidation grouting.

Figure 6. Layout of advanced consolidation grouting holes in the tunnel face.

Double liquid slurries of phosphoric acid and sodium silicate: The water plugging
effect was effective but the strength was low. It was mainly applied for water plugging
in the outer ring. After double liquid grouting, a pure water slurry was needed for
further grouting. Sodium silicate was 40 Be(p = 1.38 g/cm?), phosphoric acid (weak acid,
p = 1.7 g/cm?) was 85%. Before grouting, sodium silicate and water was diluted at 1:1 into
sodium silicate solution, while these two were also diluted at 1:10 into phosphoric acid
solution, then the two prepared solutions were mixed for rock mass water plugging and
grouting at the ratio of 1:1. Afterwards, a 1:1 ultra-fine cement slurry was obtained to
consolidate the surrounding rocks.
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Figure 7. Layout plan of advanced consolidation grouting holes.

Figure 8. Actual layout of advanced grouting holes in the tunnel face.

Double liquid slurries of urea formaldehyde resins and oxalic acid: The water plugging
effect was moderate, but the tight body presented high strength. It was used for grouting
in the intermediate rings. The aggregate of the grouting bodies was modified by urea
formaldehyde resin, the curing agent was oxalic acid, and the concentration was 5%. Firstly,
the additive with 2% mass of the modified urea formaldehyde resins was added and stirred
into Solution A for the grouting. Next, oxalic acid was added by 1/60 of the modified
urea formaldehyde resins and stirred with water into Solution B for the grouting. Then,
Solution A and B were added into the grouting pipe simultaneously at the ratio of 1:1 for
rock mass water plugging and grouting. Finally, 1:1 ultra-fine cement slurry was obtained
to consolidate the surrounding rocks.

Double liquid slurries of Malisan and liquid catalyst: The water plugging effect was
moderate, the groutability was good, which was applicable for microcrack grouting. The
volume mix ratio of Malisan material and catalyst was 1:1, while the mass mix ratio was
1:1.17, for rock mass water-plugging and grouting. Then, 1:1 ultra-fine cement slurry was
also adopted to consolidate the surrounding rocks.



Sustainability 2022, 14, 9217

15 of 20

The pre-consolidation grouting of intense and fierce sanding dolomite was tested
according to the water yield from the on-site boreholes and the positions of the grouting
holes. The grouting slurry was added with the mixtures of phosphoric acid and sodium
silicate slurries with urea formaldehyde resins and oxalic acid slurries besides Malisan
and liquid catalyst slurries. The grouting slurry was first applied for water plugging
then mixed with pure water slurry for reinforcing the surrounding rocks, at a grouting
pressure of 1.5~4 MPa. After the grouting was solidified for 48 h, a 20 m deep advanced
exploratory hole was drilled in the middle of the tunnel face, while there was no water in
the hole. Then, the tunnel face was opened wide without water seepage and the sanding
dolomite consolidated, which basically achieved the expected grouting effect. See details in
Figures 9-12.

; ‘i},. !&_ .A*;A,‘;l_.

Figure 9. Grouting effect of upper-step excavation face.

Figure 11. Effect after Malisan grouting.
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Figure 12. Effect after urea formaldehyde resin grouting.

5. Conclusions

In tunnel engineering, the effects of grouting reinforcement mainly include forming
a stable supporting structure, enhancing the strength and stiffness of surrounding rocks,
and improving the geological environment. Grouting reinforcement could reunite and
reinforce the initially broken rock mass into a whole body, which greatly improved the
overall strain and supporting capacity of the entire tunnel structure. Simultaneously, it
might also connect the surrounding rocks and the tunnel linings to form an overall strain
and increase the structural stability. Therefore, this paper draws the following conclusions:

For the tunnel section of moderate sanding dolomite without water seepage, measures
such as advanced small conduits, mechanical excavations, short grubbing and strong
supports could all be adopted for safe passage. In the tunnel section of weak sanding
dolomite, even when there was water seepage, the surrounding rocks remained closely
interlocked and presented strong self-stability. The excavations and supports could be
carried out according to the circumstance of handling the normal category of surrounding
rocks. For tunnel construction with intense/fierce sanding dolomite, phosphoric acid and
sodium silicate slurries with urea formaldehyde resins and oxalic acid slurries besides
Malisan and liquid catalyst slurries were first used for water plugging, then pure water
slurries were applied for surrounding rock reinforcement, which has already exerted an
excellent effect. Grouting reinforcement might not only increase the internal friction angle
and cohesion of surrounding rocks but also improve their overall stability. Grouting
could also block the flow and permeation of groundwater, thus effectively optimizing the
engineering geological environment.

The geological conditions of dolomite sanding determine whether collapse, mud, sand
and water gushing will occur during tunnel construction. This research is of great signif-
icance in choosing the corresponding reinforcement measures according to the sanding
degree in tunnel construction. Based on field tests, the reinforcement effect of single grout
was not ideal, but the joint application of multiple grouts could achieve the ideal results
and minimized the hazard of sanding dolomite to tunnel construction. This research work
is of practical significance for both academic and tunnel engineering including the design,
construction and maintenance of sandy dolomite tunnel.
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