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The complex rock mass structure in fault fracture zone weakens the
permeability of strata. This has led to curtain grouting being used to improve
the anti-seepage properties of fault zones. This study evaluates the groutability
and impermeability of a time-dependent viscosity slurry and a cement-clay
slurry in a shattered fault zone. Rheology, setting time, mechanism, and
permeability were tested to evaluate the groutability, and Lugeon and
grouting field tests were carried out to evaluate the anti-seepage grouting
characteristics of a fault zone. The results show that the time-dependent
viscosity slurry had higher initial fluidity, a shorter and more controllable
setting time, and higher strength than cement-clay slurry, better ensuring
the slurry diffusion radius, pores filling rate, and bearing capacity and
durability of the consolidated body. The permeability coefficient of the two
grouts was less than 1x10~7 cm/s, and the blocking rate of heavy metal ions was
more than 98%, sufficient to effectively control the leakage of sewage. The P~Q
curve of the Lugeon test showed that the original strata were of the washout
type (>200 Lu), and the rock mass quality grade was the D grade (Poor). Under
the same grouting depth, the amount of time-dependent viscosity slurry
required was 72.6% of that of cement-clay slurry, and the permeability
decreased to 10 Lu, far lower than the 50 Lu of the cement-clay slurry. The
time-dependent viscosity slurry improved the quality of the rock mass from D to
B-C grade, while the cement-clay slurry test area is remained C-D grade. In
general, the time-dependent viscosity slurry performed better than cement-
clay slurry in the water-bearing fault zone.

KEYWORDS

permeation grouting, cement-clay slurry, time-dependent viscosity, water pressure,
penetrability
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Introduction

Water resources are the basis of human survival and socio-
economic development, but environmental pollution has become
a growing threat to those resources (Zhang et al., 2021b; Yao
et al., 2022). Mineral resource exploitation is a fundamental
element of the Chinese economy, but generates a large
number of waste tailings. Under the leaching effect of
precipitation and surface water infiltration, large quantities of
heavy metal ions are released from the tailings and diffuse to the
environment with groundwater seepage (Adamovic et al., 2022;
Esteller et al., 2015; Raghavendra and Deka, 2015; Zhang et al,,
2021a; Zhang et al, 2022). Researchers have studied the
dissolution laws of various metal ions and proposed pollutant
migration and diffusion models (Huang et al., 2014; Hussein
et al, 2021). Landfill is another source of environmental
pollution caused by the leakage of leachate containing organic
matter and heavy metal ions (Xaypanya et al., 2018; Westlake,
2014; Gworek et al,, 2016). Such pollution is characterized by
difficulty in discovery, a lag of pollution, and difficulty in
the
of a vertical impermeable curtain, such as

remediation. Seepage prevention usually involves
construction
concrete or clay-cement plastic impermeable walls and
geotechnical impermeable blankets. However, these methods
are of limited use when the seepage occurs in cracks or
dissolution channels. In this situation, curtain grouting can
play a significant role.

Grouting is a method to inject the grouting materials into the
joints, fractures and voids of the rock mass and soil formation,
which is used to improve the ground conditions. The main
function of grouting is to both improve the strength and
reduce the deformation of the rock mass or formation under
the structures and to reduce hydraulic conductivity. Grouting is
one of the most effective geotechnical methods in hydraulic
engineering,  geotechnical  engineering, and tunneling
engineering for treating rock formations and controlling
seepage (Foster et al, 2000; Azadi et al, 2017; Lee et al,
2017). Curtain grouting and consolidation grouting are both
types of permeation grouting, which means that the grouting
materials are designed to penetrate the cracks and thus spread
into the rock mass or formation. The spreading of grout and the
result of grouting depend on the properties of the grout and the
rock formation (Mortazavi and Maadikhah, 2016). Relevant
grout properties include penetrability and rheology, which are
determined by the types of composition of the cementitious grout
materials employed (Eklund and Stille, 2008; Carter et al., 2012).
Relevant ground properties include aperture size and number,
the roughness and irregularity of the crack surface, and the fill
condition of the joints.

Due to the strong tectonic action, the fault zone has the
of

development, large difference in filling rate and good

characteristics rock mass fragmentation, fracture

permeability, which is a natural to water conduction and
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storage structure. At the same time, it is also the key part of
all kinds of anti-seepage projects. Historically, the understanding
and designing of grouting were based mainly on empirical
knowledge. As a deeper understanding of the grouting and
grout diffusion mechanism in rock fractures and soil
formations, the grouting method and grouting materials have
also been improved (Stille et al, 2012), such as “real-time
grouting control method”, which is defined as governing the
grouting process through calculating the grouting penetration
and applying active control method (Stille et al., 2009). However,
there is no targeted grouting method for anti-seepage grouting of
fault zones, especially those with dynamic water. On the other
hand, grouting materials have also been developed from the clay
slurry, cement clay (bentonite) slurry, pure cement paste to the
use of complex geological conditions of the new cement based
slurry (Xu and Yang, 2006; Zhang et al., 2018; Liu and Chen,
2019; Jiang and Qiu, 2021). Researchers have observed that water
can spread into the fractures under lower pressure, but a higher
grouting pressure should be used for grout displacement (Ewert,
1998; Fransson, 2001). This demonstrates that the rheological
properties of the fluid directly affect its diffusion characteristics
under pressure. High-viscosity and low-viscosity slurry adopts to
different geological conditions (Stare et al., 2013). Low-viscosity
materials are suitable for smaller voids and fractures, but larger
fractures and dynamic water environment require the use of
high-viscosity and low-dispersion materials. Which grout is
suitable for water-bearing fault zones needs further validation.
Therefore, the development of efficient grouting method and
high flow, low dispersion grouting material is the key technology
for solving the water-bearing fault zone seepage control grouting.
In this study, the anti-seepage treatment of the fault zone of
the coal chemical plant was taken as the engineering background.
The influence of the grouting method and materials on the
penetration of a fault were investigated. The Lugeon values
and secondary permeability index (SPI) of the fault under test
before and after grouting were calculated using a water pressure
test, and the quality of the treatment were judged by SPI. In the
field grouting test, two kinds of cementitious grout materials were
used, namely, a time-dependent viscosity slurry and a cement-
clay slurry. The suitability of the chosen grouting materials for
use with the fault under test could also be judged from the
grouting pressure and grout uptake during the injection.

Background
Project overview

The study area is a large excavation and fill area site intended
for use in the future as a coal-chemical industrial district and
located from 105°45' to 105°48'E and 26°52' to 26°55'N in
Guizhou Province, China. The site is 25km north of the
village of Zhijin and 150 km northwest of Guiyang city and
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FIGURE 1
Location of the study area.

the total area is 415 hectares. This area has unique topographic
and geomorphic conditions and complicated geology and
hydrology. The total amount of excavation and fill is about
11 million m’, and the maximum excavation depth and
maximum filling thickness are 98 m and 45 m, respectively.
The excavation and fill process causes lots of rock falls, faults
are exposed, and the penetration of formation is increased.
Therefore, the use of anti-seepage grouting should be
considered to reduce the risk of underground pollution. The
location and topography of the study are shown in Figure 1.

Geological overview
Lithology

The strata in the study area are mainly composed of shallow
water carbonates. The sediment strata are thicker and have
abundant biological fossils, such as bivalves and planktonic
ammonite. The lithology can be classified as Upper Triassic
Xujiahe formation (T;x), which consists of sandstone and
shale, and is mainly composed of cross-bedding and oblique
bedding, and Middle Triassic Falang (T,f) and Guanling (T,g)
formations, which are dominantly composed of argillaceous
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limestone, siliceous limestone, sandy shale, and calcareous

siltstone and dolomite. The geological map is shown in Figure 2.

Tectonic characteristics

The study area is in the Central Guizhou Uplift, which is an
EW uplift of Ordovician and Silurian distributed in Zunyi,
Guizhou province. There are seven faults in the study area
(Figure 2).

Hydrological setting
Surface water

The site is a low-middle mountain erosion, denudation and
dissolution landform. The Yichong river flows through the whole
site and then flows into the Liugui river in the Hongjiadu Power
Station reservoir. There are several mountain streams in the
upper reaches of the Yichong River, and the catchment area of
the whole field is about 12.5 km®. The upper reach of the Yichong
River is about 2 m wide, while the widest part of the lower reaches
is 8m, and the maximum cutting depth is 3 m. The riverbed
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FIGURE 2
Regional lithology and geological structure of the study area.

elevation in the study area is 1247 m and 1207 m in the upper and
lower reaches, respectively. The water level varies greatly under
the influence of atmospheric rainfall, with a general range of
0-1.5 m and a maximum of 3.0 m. The annual average discharge
is 0.9 m’/s, and, in general, surface water drainage conditions
are good.

Groundwater

The groundwater in the area is of three types: quaternary
pore water, clastic rock fissure water and carbonate karst fissure
water. The quaternary pore water is mainly supplied by
atmospheric precipitation, and its buried depth is controlled
by the topography, with maximum and minimum buried depths
of 10 m and 1m, respectively. The fracture water mainly occurs in
the sandstone fissures and is mainly supplied by atmospheric
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precipitation and upper quaternary pore water, with a flow rate of
0.5-22 m*/d. The karst fissure water is mainly found in the
limestone and dolomitic limestone areas. Especially in the
middle section of T,g, grey karst crevasse is relatively
developed, there are local large karst caves, and underground
rivers with large water volumes have formed, such as Dalongjing
river with a flow of 500-3000 m*/d. Rainfall can be up to
2x10* m*/d.

The main aquifers in the site are distributed in limestone,
dolomitic limestone, calcinous dolomite, and argillaceous
limestone of the Middle Triassic Guanling Formation (T,g),
and calcinous dolomite of the Lower Triassic Yongningzhen
Formation (T;yn). The dip angle of rock strata is generally
low (20°-45°), and the adjacent water-bearing rock groups
form independent recharge, runoff and drainage systems,
mainly in the form of karst fissure water and karst pipe water,
which have poor uniformity and a degree of zonation. In the field

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1037791

Zhang et al.

TABLE 1 The chemical constituents of the Portland cement and bentonite.

10.3389/feart.2022.1037791

Constituents §i02 Fe203 TiO2 CaO MgO SO3 Al203 Na20 K20 Loss
on ignition
Cement content (%) 20.9 2.7 0.5 63.1 2.1 2.8 6.6 — — 1.27
Bentonite
Content (%) 75.9 22 0.3 2.4 2.4 — 13.1 2.2 0.2 15.7
TABLE 2 Composition of the grouts.
No. w/C Clay (%) XJY-2 (%) 1# (%) 2# (%) 3# (%)
1 0.6 3 0.8 — — —
2 0.6 4 1.3 — — _
3 0.6 5 1.8 — — —
4 0.7 4 1.8 — — —
5 0.7 5 0.8 — — _
6 0.7 3 1.3 — — —
7 0.6 — — 0.33 2.2 0.3
8 0.6 — — 0.33 22 0.5
9 0.6 - — 0.33 22 0.7
10 0.6 — — 0.33 22 1.0

test area, two groups of faults (NE trending F1 and NW trending
F2, F1 and F4 are dislocated by F2) have developed compression-
torsional dense fracture zones on both sides, creating conditions
for groundwater migration in the hard rock of limestone and
dolomite, so that the fault fracture zone is highly water-rich and
highly permeable. In the soft rocks of marl and mudstone, the
fault fracture zone is mylonized and has strong water isolation.

Materials and methods
Grouting materials

Cement and cement-based materials are commonly used in
the anti-seepage grouting of dam sites and other reservoir
structures. Cement pastes are suitable for many geological
conditions as its rheology can be adjusted from Newtonian
fluid to Bingham fluid simply by changing the water/cement
(w/c) ratio. The rheology of base-cement slurry can also be
transformed by using different additives, such as accelerator,
fluid-loss additives, or extender. In this study, cement-clay
(bentonite) slurry and time-dependent viscosity grouting
material have been used for anti-seepage grouting in the test
area rock mass. Using bentonite to replace cement can adjust the
slurry rheology, improve stability, and reduce the permeability,
which can reduce the dispersion of slurry under water and
increase the filling rate of fracture (Azadi et al, 2017;
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Benyounes and Benmounah, 2014; Mesboua et al., 2018). On
the other hand, Bentonite as a clay mineral can effectively adsorb
pollution substances in sewage such as heavy metal ions and
organic (Tiller et al., 1984; Khan and Khan, 1995). The addition
of bentonite can effectively modify the adsorption characteristics
of cement grout to pollutants and improve the durability of anti-
seepage body (Calvanese et al., 2002; Cioffi et al., 2001). The time-
dependent viscosity grouting material is composed of cement
and a variety of admixtures, which has the characteristics of
large initial fluidity, fast viscosity change and controllable
setting time. The rheology, pumping time, setting time and
strength can be adjusted by changing the dosage of
admixtures. The slurry with high viscosity and short setting
time is suitable for steep-wide cracks and dynamic water
environment, and on the contrary is suitable for long and
narrow fractures (Zhang et al., 2017).

Cement

The cement used in this study is P.O 42.5R Portland
(LAFARGE GROUP).
through an 80 um square-hole sieve so that large particles

cement The cement was sieved
do not exceed 2.4%, and its properties of setting time and
strength meet the standard requirements of common Portland
cement (GB175-2007). The main chemical constituents of the
cement are listed in Table 1.
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The location of the two test areas and grouting hole arrangement in (A) No. 1 test area, (B) No. 2 test area, (C) arrangement in No. 1 test area, and

(D) arrangement in No. 2 test area.

Clay

The clay used in the test was sodium bentonite mined in
Weifang, Shandong province, China. The average particle size of
the bentonite was 44um, and the main chemical component was
montmorillonite, as shown in Table 1.

Additives

Superplasticizer: To improve the pumpability and fluidity
of the cement-clay slurry with a low w/c ratio, a
polycarboxylate plasticizer (XJY-2) was used as an additive
in this test.

Time-dependent viscosity grouting material: includes
modified fiber (1#), calcium-silicon early strength agent (2#)
and acylamide derivatives (3#). The modified fiber (1#) consists
mainly of a mixture of organic fibers, while the calcium-silicon
early strength agent (2#) consists mainly of inorganic salts, which
can provide an alkaline environment for the cement paste and
stimulate the hydration of the cement. The setting time can be
adjusted by control of the acylamide derivatives (3#) content
(Zhang et al., 2017). This grouting material has high initial
fluidity, good groutability, and a short setting time. Its
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rheological and mechanical properties can be adjusted by
changing the w/c ratio and the dosage of each additive.

The shattered fault zone anti-seepage grouting needs both to
satisfy the requirement of filling ratio and also need to prevent
the infinite diffusion of the grouting material. Therefore, the
grouting material should have good flowability and suitable
pumpable and setting times, and the grouting solidified body
should have high strength and low permeability. Based on
previous studies, the cement-clay slurry and time-dependent
viscosity slurry are used as the grouting materials to compare
their suitability for fault fracture zones with flowing water. The
composition of grouting materials is shown in Table 2.

Grouting method
Grouting hole arrangement

Two compression-torsion fault zones were selected for the
grouting test (Figure 3A). Test area No.l is located at the
intersection of the F2 and F4 faults, 5m from the Yichong
River. The test area is 3.3-5.5 m of weathered limestone with
a broken rock mass structure. Below 5.5 m, there is middle
weathered limestone with fractures that are fragmentary to
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massive and filled with sand. A total of five grouting holes were
arranged in a triangle with a spacing of 3 m and a row spacing of
3.4 m. The three holes in sequence one are G1, G3 and G5, and
the two holes in sequence two are G2 and G4, as shown in
Figure 3C. Test area No.2 is located on the upper section of the
F5 fault and 50 m away from Sunjiazhai River (Figure 3B). The
test area below 2.0 m is middle weathered limestone with
fractures, which are fragmentary to massive and filled with
sand. A total of five grouting holes were arranged in a triangle
with a spacing of 2 m and a row spacing of 2.4 m, this was used
for grouting with cement-clay slurry. The three holes in
sequence one are Gl, G3, and G5, and two holes in

TABLE 3 The properties of grouts with different composition.

No. Initial fluidity Pumping time
(cm) (min)

1 17.8 208

2 163 81

3 154 48

4 232 487

5 192 245

6 25.1 314

7 232 18

8 23.6 27

9 24.8 39

10 24.9 67
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sequence two are G2 and G4 (Figure 3D). The I1 and
12 are the inspection holes.

Grouting process

In this paper, a new grouting technique consisting of closed
local circulating grouting from top to bottom is proposed for use
with formations with a loose and broken structure. A schematic
diagram of the new grouting process is shown in Figure 4. A
water pressure plug is used to separate the grouting section from
the non-grouting section. Before grouting, the borehole should be
cleaned, and the water should be pressed into borehole from the
top of water pressure plug, and then returned from the return
pipe. When the returned water is clear without sediment, the hole
washing operation can be terminated. During grouting, the slurry
is sent to the bottom of the grouting section from the injection
pipe and then returned to the return pipe. Through control of the
returned volume, the flow rate of grout and grouting can be
controlled. Thus, local circulation grouting in the hole under
different pressure can be realized. The grouting pressure of the
first and second sections is 0.1-0.2 MPa and 0.4-0.8 MPa,
respectively. When the grouting pressure of first and second
section exceeds 0.3 MPa and 1.0 MPa or the injection rate is less
than 1L/min, the grouting can be finished by continuing for a
further 15-30 min. When the first grouting section is completed,
the first section of the next borehole is constructed. After the first
hole section is solidified for 3 days, the drilling and grouting of
the next hole section are carried out.

Verification method

The water pressure test, also known as the Lugeon test, is the
most common approach to detecting rock cracks and

permeability in geotechnical engineering (Azimian and

Ajalloeian, 2015). The permeability parameters of a curtain

Bleeding rate Viscosity (s) Initial setting

(%) time (min)
7.8 53.7 424
0.9 61.2 392
05 67.5 324
2.0 358 501
1.0 483 445
31 27.7 504
05 64.7 212
05 512 255
07 4738 269
17 452 314
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The variation of fluidity and viscosity with time for the
cement-clay slurry and the time-dependent viscosity slurry.

structure and test section are determined by this method,
data the
characteristics of a rock mass controlled by discontinuities,

providing  basic for evaluating hydraulic
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water absorption capacity, compactness, and effectiveness of
grouting, and also explaining some geomechanical behaviors.
In this study, water pressure tests were conducted before and
after grouting using a five-step water pressure loading and
unloading (Foyo et al, 2005; Lisa et al, 2013) process that
generated five sets of water pressure (P) and water discharge
(Q) values, one for each of the five steps that are presented as P-Q
diagrams for each interval. The final permeability value can be
determined from the maximum stress stage (Stage 3).

The calculation of the permeability of the test section from
the water pressure tests is shown in Eq. 1:

1

where ¢ is the permeability of the test section, Lu. Q is the water
discharge values, L/min. P is the effective pressure acting on the
test section, MPa. L is the length of the test section, m.

To judge the quality change of rock mass before and after
grouting, the secondary permeability index (SPI) were used. The
SPI is calculated as shown in Eq. 2:

ln(z—lf+ 1) Q
PI=C——~2 = 2
S ¢ 2nl, Ht &

where SPI is the secondary permeability index, I/s per m* of the
borehole test surface. C is a constant depending upon viscosity
for an assumed temperature of rock at 10°C, 1.49x107'°. [, is the
test section length, m ¢ is the test time, s. H is the total pressure
expressed as a water column, m.

Results and discussion
Properties of the grouting materials

The rheological and setting properties of the grouts are
shown in Table 3, and the apparent viscosity and fluidity are
shown in Figure 5. The fluidity of the cement-clay slurry
decreases slowly with time and increases with increasing wi/c
and decreasing clay content. Compared with the cement-clay
slurry, the time-dependent viscosity slurry has high initial fluidity
under the same w/c ratio, which can be maintained for some time
and then rapidly decreases into pumpable time. The fluidity can
be controlled by the amount of the three# admixture. As
Figure 5C shows, under the condition of similar initial
fluidity, the apparent viscosity of time-dependent viscosity
slurry increases approximately exponentially with time, while
that of the cement-clay slurry remains almost constant. The
grouting diffusion radius can be affected directly by grout
viscosity and pressure. High fluidity increases the grouting

it difficult to
design  value.

diffusion distance but makes increase the
the addition,
groundwater will cause erosion and dilution of the grout, and

grouting pressure to In

the lower the viscosity after perfusion, the more serious the
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TABLE 4 The strength properties of the grout.

No. 1 day (MPa) 3 days (MPa)
1 7.1 16.5
2 6.2 15.7
3 54 15.0
4 6.2 13.9
5 5.6 133
6 5.8 13.6
7 8.5 142
8 8.9 14.7
9 8.0 14
10 7.8 13.2

erosion. Therefore, in the grouting of water-rich broken rock
mass, the grout should ideally have high initial fluidity, a
controllable pumping time and a shorter initial setting time.
The anti-seepage capacity is affected by the compressive
strength and permeability of the stone body of grout. The
unconfined compressive strength of the two grouts is shown
in Table 4. The pre and post compressive strength of time-
dependent viscosity slurry are both higher than those of the
cement-clay slurry. The 28 days strength is greater than 20 MPa,
which meets the requirements of curtain grouting. The strength
of the cement-clay slurry increases with time and decreases with
increasing w/c ratio and clay content. The strength of time-
dependent viscosity slurry decreases with the increase of

admixture.
Figure 6 shows the evolution of permeability and
contaminant retardancy with time. The permeability

coefficients of the grouts increase with time and are affected
by their composition. The permeability coefficient of the cement-
clay slurry decreases with increasing clay content, while that of
the time-dependent viscosity slurry is not affected by the amount
of admixture. The arrest rates of Hg, As, Pb and Cd were more
than 99%. The heavy metal arrest rate of cement clay slurry is
affected by the clay content. When the clay content is 4%, the
arrest rate is the highest.

The difference of rheological-hardening characteristics of the
two kinds of grout is mainly caused by cement hydration. Due to
the high water absorption of bentonite, the free water in the
system decreases with the increase of dosage, and a large amount
of free water is closed in the network space composed of cement
and clay particles, which leads to the decrease of slurry fluidity,
the increase of viscosity and the improvement of stability.
However, the mutual adsorption of bentonite and cement
reduces the hydration rate of cement. So the setting time of
the slurry is extended. On the contrary, the time-depending
viscosity additives increase the hydration rate and products by
adjusting the early hydration of cement to change the viscosity
and setting time.
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7 days (MPa) 28 days (MPa)

24.0 313
223 28.9
20.3 24.6
17.3 26.3
17.2 24.8
17.0 26.4
24.0 334
24.7 345
23.8 325
22.5 30.2

Analysis of grout take

Figure 7 and Table 5 show the total and unit grout take,
respectively, of formations with different degrees of weathering
in the two test areas. Figure 7A shows that the grout takes of the
strongly weathered limestone is between 750 and 1640 L, while
that of the medium weathered formation is between 460 and
687 L. Figure 7B shows that the grouting volume of the upper
middle weathered formation is between 520 L and 750 L, while
that of the lower formation is between 980 L and 3150 L. The
unit grout takes of strongly weathered formation with time-
varying grout is the same as that of the two test areas with
cement-clay grout, but it is 31% in the medium weathered
formation.

This result indicates that the grout take is controlled both by
formation conditions and grout rheology. The two kinds of grout
have the same initial rheological parameters, which ensures the
diffusion of grout through the formation. With the extension of
grouting time, the viscosity of time-dependent slurry suddenly
increases, which increases the shear stress required for its flow in
the formation pores, slowing down the diffusion speed and
reducing the grouting take. While the yield stress of the
cement-clay slurry remains constant, a large amount of slurry
is needed to achieve mechanical equilibrium in the grouting
process. Hence, the grouting quantity difference under the same
formation conditions.

Analysis of permeability coefficient before
and after grouting

The P-Q diagram types (hydromechanical behavior) of the
rock mass before and after grouting were identified using the five-
stage water pressure tests (WPTs) and statistically analyzed.
Typical P-Q diagrams are shown in Figure 8 and Figure 9 in
the form of a straight line, which includes both the strongly and
medium weathered formation before and after grouting in the
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Relationship between permeability coefficient and curing
time for the two slurries, and blocking rate for heavy metal ions.

two test areas. Based on the complete hydromechanical behavior
model for the fault, the following points are obtained.

With respect to the behavior of the two test areas, the
strongly weathered formation is washout, while the medium
weathered formation can be divided into dilation and washout
(Figure 8). The results of the WPTs of No.1 test area indicate
washout to be the dominant behavior in depths of
3.3 m-5.5m. The Lugeon values of the five pressure stages
are 212.5Lu, 274.7 Lu, 322.7 Lu, 362.3 Lu, and 395.4 Lu,
respectively (Figure 8A). In the process of the water
pressure, the water erodes and carries the filling materials
between the pores and cracks of formation, and causes plastic
deformation of the rock mass. Therefore, the permeability
increases significantly during the low pressure stages 4 and 5.
In depths of 5.5 m-10 m, the dominant behavior is dilation,
the Lugeon values of stages 4 and 5 are bigger than stages 1 and
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areas

2 (Figure 8B). This result indicate that the joints experience
elastic widening or slight erosion under the effect of pressure.
In the No.2 test area, the hydromechanical behaviors are
dilation from 4.5m to 7m and washout from 7m to
10.2m, with permeabilities of 58.1Lu and 307.6Lu,
respectively 8C,D). The this
phenomenon may be that the deep rock mass is more
affected by the fault structure than the shallow. The
fragmentation degree of deep rock mass is greater than that

(Figure reason  for

of shallow rock mass, and the fissure filling material is
obviously eroded by groundwater. Overall, the degree of
rock fragmentation in No. One test area is greater than
that in No. Two test area.

The WPTs results for the two inspection boreholes in
No.l test area indicate that the hydromechanical behavior
changes from washout and dilation to laminar flow after time-
dependent viscosity slurry grouting (Figure 9A,B). The path of
water flow changes is consistent during the pressure rise and
fall phases, which suggest that the water channel is no longer
deformed under pressure. The permeability coefficient of the
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TABLE 5 The average grout take of 1-m depth in the different weathered formations.
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Formation permeability before grouting (A) strongly weathered formation of No. 1 test area, (B) medium weathered formation of No. 1 test area,

(C.D) the upper and lower weathered formations of No. 2 test area.

two grouting sections decreases by 90% and 95%, respectively,
and is roughly the same (10Lu). Therefore, it can be
concluded that the quality of rock mass in time-dependent
viscosity slurry grouting area tend to be consistent, and the
cracks normally tend to closed and a small section are not
completely filled. In No.2 test area, the hydromechanical
behavior of first grouting section changes from dilation to
laminar, but the pressure rise and fall curves still exist gap
(Figure 9C), which indicates that the grouting consolidation
body still has some deformation under the action of pressure.
The second section changes from washout to dilation
(Figure 9D), which shows that the joint structure is
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partially or mostly still open. The permeability of the two
grouting sections decreases by 50.9% and 81.9%, but there is
still a big difference. It indicates that the grouting quality of
cement-clay slurry is quite different.

The permeability level is calculated by SPI, and this is used to
classify the rock mass of the test areas. The SPI classes are given in
Table 6. The SPI values for the formation before grouting show
that 100% of the tested intervals fall within the D (>80 Lu, very
poor), this means the formation needs to be grouted. After
grouting, the SPI of No.l test area fall to
1.22x107°-9.81x107"*, which can be classified as B-C (Good-
fair to Poor). Similarly, the SPI values of the No.2 test area reduce

values
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Formation permeability after grouting (A) strongly weathered formation of No. 1 test area, (B) medium weathered formation of No.1 test area,

(C,D) the upper and lower weathered formation of No. 2 test area.

TABLE 6 Rock mass classification in the two areas after grouting.

Test area no.  Classification

A-great B-good fair C-poor (%) D-very poor
1 0 85% 15 0
2 0 0 70 30%

t0 2.37x107'%-9.78x107"%, which can be classified as C to D (Poor
to Very Poor).

Based on the grout take and permeability analysis, the
consumption of time-dependent viscosity slurry is 27.4% less
than cement-clay slurry under the same engineering and
hydrogeological conditions and can significantly reduce the
degree of fracture (or pore) in the fault zone, reduce the
permeability, and improve the quality grade of the rock
mass. The different arises due to the following factors. The
good initial fluidity and low viscosity of the time-dependent
viscosity slurry ensure a good diffusion distance in the
formation. With the extension of grouting time, the rheology
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of the front grout changes abruptly from fluid to plastic paste,
thus, blocking the flow of the subsequent grout, thereby
increasing of grouting pressure and the filling rate and
compactness of the pores by the slurry are significantly
increased under the action of this additional pressure. In
contrast, the fluidity of the cement-clay slurry changes
slowly, resulting in its continuous diffusion to the periphery
under the action of grouting pressure, making it difficult for
grout to compact and fill the pores. In addition, the cement-clay
slurry with high dispersion is easily eroded by groundwater,
while the high viscosity and quick setting of time-dependent
viscosity slurry can effectively resist the dispersion of
groundwater and ensure the filling rate of pores. The
cement-clay slurry has poor stability, and its water
absorption rate is four times that of time-dependent slurry.
During the process of setting, the volume contraction causes the
filled cracks to open again, which is also a reason for the poor
quality of cement-clay grouting. Therefore, it can be concluded
that the rheology-setting characteristics of slurry and the
grouting pressure have great influence on the seepage

prevention of fault fracture zone.
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Conclusion

Curtain grouting is an important element of seepage control
design in landfill, chemical plant and water conservation, and
hydropower projects. Based on the experimental analysis of the
rheology-setting properties for a time-dependent viscosity slurry
and a cement-clay slurry, this study focuses on anti-seepage
treatment in a water-bearing fault fracture zone, analyzing the
permeability before and after grouting by different approaches.
From the results, the following conclusions can be drawn:

1) Under the condition of the same initial fluidity, the pumping
time of time-dependent viscosity slurry is 3.7%-21.3% that of
the cement-clay slurry and can be adjusted within 18-67 min.
The water bleeding of the cement-clay slurry is 1.8-4 times
that of the time-dependent viscosity slurry.

2) The mechanical properties of time-dependent slurry is great
than cement-clay, and the 28 days unconfined compressive
strength is 30.2-34.5 MPa and 24.6-31.3 MPa, respectively.
The three# additive content of 0.5% is the optimum dosage to
produce a stable grout with highest strength. A bentonite
content of 3% and 0.6 w/c ratio is the optimum dosage to
obtain maximum strength.

3) The permeability coefficients of the two slurry stone bodies
are of the same level (<1077 cm/s), and the blocking rates of
Hg, As, Pb and Cd heavy metal ions reach more than 99%.

4) Under the same grouting depth, the consumption of cement-
clay slurry (12300 L) is 1.4 times that of time-dependent
viscosity slurry (8931L), while its grouting pressure
(0.3-0.4 MPa) is 50% lower.

5) The permeability coefficient of the formation with time-
dependent viscosity slurry decrease from 214.7 to 322.7 Lu
to 10.3-12.3Lu, reduced by 95.2%-96.2%. The
hydromechanical behavior is changed to laminar flow, and
the rock mass quality is improved from grade D to grade B-C,
basically realizing the sealing of fractures.

6) The permeability of the formation with cement-clay slurry
decrease from 58.1 Lu and 307.6 Lu to 28.5 Lu and 55.6 Lu,
only decreased by 50.9% and 81.9%, and the mass of rock
mass only increased to C-D level, with most fractures in the
open state with the cement-clay slurry.

Results of the grouting test indicate that it is possible to use
the method of closed local circulating grouting from top to
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