
Research Article
In Situ Test of Grouting Reinforcement for Water-Enriched
Sandy Gravel Ground in River Floodplain

Jinxing Lai, Zhihua Feng, Junling Qiu, Jianxun Chen, and Haobo Fan

School of Highway, Chang’an University, Xi’an 710064, China

Correspondence should be addressed to Jinxing Lai; 373159626@qq.com and Junling Qiu; 870133597@qq.com

Received 23 March 2016; Revised 5 June 2016; Accepted 28 June 2016

Academic Editor: Juan J. Del Coz Dı́az

Copyright © 2016 Jinxing Lai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The performance of the ground treatment is always critical for a tunnel excavated in unstable stratum. Laodongnanlu Xiangjiang
Tunnel (Changsha, China) across the Xiangjiang River will be constructed in a sandy gravel ground which is characterized by
loose structure, extensive porosity, elevated sensitivity, poor stability, and a high groundwater table. Permeation grouting will be
employed to improve the bearing capacity and mitigate groundwater movement into the excavation. In order to seek suitable
injection parameters and grouting method, a field trial of vertical grouting was conducted in the sandy gravel stratum in river
floodplain. A series of tests focusing on grout material, grouting sequence of boreholes, injection pressure, and grouting volume
were performed to improve the sandy gravel mass strength and reduce water permeability. The examination of the results obtained
during water pressure testing and core drilling on completion of the grouting trial successfully demonstrated that the specified
injection criteria had led to an expected effect. Grouting control method of this saturated sandy gravel stratum was concluded after
the test, which would contribute to the future pregrouting work during the tunnelling.

1. Introduction

Civil engineering designed in natural groundor stratumoften
encounters soft, broken, or loose strata, in which effective
reinforcement is necessarywhen the ground bearing capacity,
strength, and permeability cannot meet the requirements. A
universal and effectivemethod for ground treatment is grout-
ing [1, 2], which is initially invented in France during the 19th
century and gradually utilized to improve soil/rock quality
along with the invention of cement grout. In the 20th century,
grouting technology has been widely applied to dam water-
proofing, treatment of weak strata, and reinforcement of
tunnel surrounding rock. Different grouting methodologies,
including permeation grouting, jet grouting, compaction
grouting, and fracture grouting, are applicable for different
geotechnical situations. Compared with other stratum rein-
forcement methods such as dynamic compaction, drainage
consolidationmethod, and vibration compaction, grouting is
superior in flexibility, equipment design, efficient application,
and less overall strata disturbance [3]. Grout equipment
configuration and constructionmethods have been gradually
improved and become much more sophisticated [4–10].

Grouting reinforcement may occur in rock formation,
general soil stratum, and sandy gravel stratum. Grouting
in the rock strata penetrates cracks for directional filling,
providing reinforcement and water plugging, which has been
widely developed in engineering application. With good
homogeneity in soil strata, the ground strength can be easily
improved by grouting methods and many relevant studies
have been conducted on the soil strata grouting [11–14].
Generally, permeation grouting is applied to reinforce sandy
gravel stratum, inwhich the grout can easily diffuse and is dif-
ficult to control. The sandy gravel stratum is a type of quater-
nary accumulation consisting of fine sand, gravel, pebble, and
boulders, with a loose structure, poor cemented performance,
high porosity, elevated sensitivity, and richness in groundwa-
ter sometimes. And grouting is the main way to improve the
stratum strength [15, 16].

Dano and Tsukamoto et al. [17, 18] studied the reinforce-
ment mechanism and mechanical variation law of grouted
sands through laboratory testing; Yang and Yu et al. [19, 20]
conducted a laboratory grouting test in typical sandy pebble,
regressing some equations about the relations of diffusion
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Figure 1: The aerial view of project place.

radius, injection pressure, and grouting parameters. Song
and Bezuijen et al. [21–24] made a research related to shield
tunnelling through gravel stratum and an effective grouting
scheme for stabilizing stratum and reducing grout settlement
was carried out. Teng and Zhang [25] fabricated new grout
materials with the ability to uniformly diffuse as a columnar
shape.However, those researches are usually focused on labo-
ratory experiment and the small local scope reinforcement of
shield tunnel; few studies have been conducted on grouting
parameters and control methods in natural water-enriched
sandy gravel stratum. An in situ test of vertical grouting in
the typical river floodplain sandy gravel stratawas designed to
explore suitable grouting parameters and control rules, which
will guide the excavation of the underwater tunnel project of
Laodongnanlu Xiangjiang Tunnel.

2. Engineering Overview

2.1. Tunnel Situations. Laodongnanlu Xiangjiang Tunnel,
designed as an important urban road connecting the Yuelu
District and the Tianxin District, will cross the Xiangjiang
River and theOrange Islands according to the urban planning
of Changsha City. The tunnel is designed to be an urban
trunk road with two independent tunnel chambers at an
average distance of 35m, a scale of 4-lane double-way, and
4.01 km length. Design speed is 50 km/h and the maximum
longitudinal slope is 5.5%.The river is divided into 2 branches
at the site with a width of 1.3 km and a depth of 8.5m
(Figure 1). Geological investigation indicated that this site fea-
tures complicate stratum structure with exceptionally diverse
quaternary strata [26].The underlying bedrock contains Cre-
taceous system conglomerate and Devonian system dolomite
with relatively stable contact faces. Overlying strata mainly
consist of the floodplain accumulation horizon and terrace
with a thickness of 9–40m.The floodplain at the west bank is
obviously thick.The unconsolidated formation of quaternary
system consists of plain fill, muddy silty clay, fine sand, sandy
gravel, pebble, and so forth, while the grade of surrounding
rock preliminarily planned for tunnel installation is nearly all
V and IV. Figure 2 provides a geological section [27].

2.2. Characterizations of Sandy Gravel Stratum. This flood-
plain sandy gravel stratum with nearly no cement material,
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Figure 2: West part longitudinal geological profile of north line
(vertical scale 1 : 500 and horizontal scale 1 : 1000) [26].
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Figure 3: Grading curve of typical core sample.

however, is quite different from the normal gravel strata
in related codes. Grain diameter composition is mainly 5–
60mm gravel and filled with 0.5–2mm in the gap. There are
almost no complete core samples in the geological investiga-
tion. Grading curve and typical core sample are shown in Fig-
ures 3 and 4. This sandy gravel stratum is caused by a combi-
nation of alluvial effects and diluvial actions and is widely dis-
tributed in the west bank with a thickness varying from 7 to
28m, contacting bedrock at the bottom. The ground perme-
ability coefficient is 2.3 × 10−4m/s and its groundwater con-
nects with the river water.The tunnel section with a length of
220m will be constructed in sandy gravel stratum by drilling
and blasting method, which should be well treated before
excavation in consideration of the risks of sudden geological
disasters such as water ingress and collapse.

3. Experimental Design and Implementation

3.1. Test Aims. Because of the safety issues associated with
tunnelling crews working in unstable ground conditions, the
performance of the ground treatment is critical. The pre-
grouting is an effective way to improve the stability and
reduce water permeability prior to excavation, but specific
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Figure 4: Core sample of sandy and gravel stratum.

injection parameters and grouting sequence must be deter-
mined first. To obtain the grouting parameters in sandy
gravel ground, a test could always work. For this purpose, in
situ testing is necessary to determine the required grouting
parameters and the control technology for this ground. A
program of field trials was designed to address the following:

(1) Selecting the appropriate grout for the ground condi-
tions.

(2) The volume of grout required per m3 of treated
ground.

(3) The grouting volume and grouting pressure in the
designed diffusion radius.

(4) Injection sequence for the grouting boreholes in the
zone.

The treated ground shouldmeet the general requirements
of engineering construction; the ground bearing capacity
must meet the design requirements of over 400 kPa; mean-
while the permeability coefficient of stratum should be lower
than 1× 10−6m/s [28–30]. Vertical groutingwas applied in the
grouting test, and an evaluation of treated ground obtained
by core drilling and water testing will be provided after
completion.

3.2. Test Site and Injection Methodology. The test site is
located at the west bank floodplain of Xiangjiang River,
directly above the north-line tunnel position of XK1 + 180,
and its plane position and section position are shown in
Figures 1 and 2. The field is covered with typical sandy
gravel except the shallow upper layer. This site is within close
proximity to the flood control dike, offering a convenient and
rapid path for material transport and evacuation in the event
of a flood. A platform (Figure 5), with a plane size of 16m
× 14m, was built on the original ground surface of the test
site to prevent potential inundation resulting from rising river
levels since the rainy season was coming when the grouting
work started. High grouting pressure may lead to stratum
expansion and dam structure damage, so deformation mon-
itoring was performed during grouting. There are totally 85
boreholes with a depth of 24m and a diameter of 91mm.

All the boreholes were spilt into 2 groups according to
their locations, a peripheral group with 68 boreholes and an

Figure 5: The platform for grouting work.
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inner group with 17 boreholes, distributed following equi-
lateral triangles (Figure 6). The peripheral group boreholes
would be injected first to compose a reinforced curtain, and
then the inner group boreholes would be injected to form a
unified entity.

The sleeve valve tube grouting method has been exten-
sively applied in loose stratum reinforcement [31–34] and is
also adopted in this test.The sleeve valve tube is comprised of
sleeve tube and core tube. The sleeve tube is divided into 50
sections, and the core tube will be lifted up from the bottom
of sleeve tube until the ground surface, drawing back when
the section is injected into target grout volume, and this cycle
will be repeated until the whole sections of a borehole are
injected. Figure 8 shows the process and details. Hole collapse
happened frequently at the beginning because of the loose
structure of sandy gravel, which was solved after taking the
Italy Casa C6 drill equipment. The grouting pump type was
KBY-50/70, which could mix two kinds of slurry.

3.3. The Optimum Grout Mix Formulation. Cement slurry,
composite slurry, cement, and sodium silicate mixed slurry
are often employed to grout the sandy and gravel ground.
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Table 1: Experiment results of grout with different mixture ratio.

Number Water cement ratio
(mass ratio)

Concentration of
water glass (Be)

Average gelation
time (s) Opinion

1

W :C = 1 : 1

45 74.4 Not applicable
2 40 62.5 Applicable
3 35 56 Applicable
4 30 47.5 Applicable
5

W :C = 0.8 : 1

45 52.6 Applicable
6 40 46.5 Applicable
7 35 41.1 Not applicable
8 30 36.2 Not applicable

However, the grout should have a good ability of dispersion
resistance and a short gelation time because the sandy gravel
stratum in the test field is rich in groundwater. Cement slurry
features a high stone rate but a long gelation time and poor
antidispersion properties. Composite slurry possesses high
viscosity but the configuration processes are complex, and
it is expensive. Cement and sodium silicate mixed grout is
cost saving and satisfies operating requirements of viscosity,
gelation time, and good consolidation strength; thus it is
selected in this field test based on the overall consideration
of factors and the grout optimum mix formulation will be
determined in the laboratory experiments.

A grout gelation time with a range of 45–70 s is appro-
priate based on the theory that gelation occurs when slurry
diffuses to the expected position [34]. Raw materials are
P42.5# composite Portland cement, 51 Be sodium silicate
(diluted to different concentrations later, 𝑀 = 1.7–3.1), and
drinking water. Material proportion is as follows: cement-to-
water quality ratio W :C = 0.8 : 1–1 : 1 and cement-to-sodium
silicate volume ratioC : S = 1 : 1.Therewere 8 groups in experi-
mentwith differentmix formulation being conducted and the
gelation time of each groupwould be obtained after repeating
the same experiment 3 times. Experimental results were
displayed in Table 1.

The experiment demonstrated that reaction speed
increases with the decrease of water-cement ratio and the
decrease of water glass density. Several groups achieved
the specified criteria and group number 3 was selected for
the field trial due to its lower cost. Mix proportions in the
remaining groups were stored for reserve purposes.

3.4. Grouting Calculation
3.4.1. Grout Volume Calculation. Permeation grouting was
adopted to fill gaps of particles with slurry, cementing the
particles to a whole entity without damaging the original
arrangement conditions [35–37]. Permeation grouting has
a series of calculation formulas; one of them is the Maag
equation for the globe symmetry diffusion [35], but they
are hardly helpful in practical engineering. The injection
parameters are usually selected on the basis of empirical
formulas or previous experience in China, and one empirical
formula [36] is employed to estimate the target grout volume:

𝑄 = 𝐾𝛼𝛽𝑉, (1)

where 𝑄 is grout volume (m3), 𝐾 is shrinkage factor whose
value is in the range 1.1∼1.3 in sandy gravel ground, 𝛼 is for-
mation porosity (%), 𝛽 is filling rate whose value is between
70% and 90% in sandy gravel ground, and 𝑉 is the treated
ground volume (m3).

Considering all factors in the field test, 𝐾 is 1.1, 𝛼 is 0.3,
and 𝛽 is 0.8. To realize the reinforcement of entire designed
test zone, the target grout volume is

𝑄 = 𝐾𝛼𝛽𝑉 = 1.1 × 0.3 × 0.8 × 3789m3 = 1000.3m3. (2)

3.4.2. Injection Pressure. The hydrostatic pressure, pipe fric-
tion loss pressure, pore resistance, and so forth should be
considered in the grouting pressure setting in this trial. No
accurate calculation results can be used, but an empirical for-
mula is available for sandy gravel grouting pressure as follows
[38]:

𝑃 = 𝑃
𝑊

+ 𝑃
𝐿

+ (0.5 ∼ 1MPa) , (3)

where 𝑃
𝑊

is hydrostatic pressure, 𝑃
𝐿

is pipe friction loss
pressure along grout pipe, and (0.5–1MPa) are the other
combined pressures.

In this test,𝑃
𝑊

was 0.2MPa,𝑃
𝐿

was 0.2MPa, and grouting
pressure was between 0.9 and 1.4MPa, so the grouting pres-
sure between 0.5 and 1.5MPa would be adopted. The spacing
of holes is fixed before grouting, so the grouting pressure and
grouting volume would be adjusted to achieve more uniform
spreading around borehole. Preliminary grouting parameters
are outlined in Table 2.

3.5. In Situ Grouting Test
3.5.1. The Injection of Peripheral Group. Prior to the formal
grouting, all the boreholes were named as shown in Fig-
ure 9. Several boreholes were injected first according to the
designed parameters. The injection pressure and grouting
volume for each section were adjusted to the site conditions
and all information was recorded to help find the best
grouting control method.

Four boreholes of peripheral group were injected first,
following a sequence of C1 → A1 → C2 → C11. In different
sections of a borehole, an increasing grouting pressure and
a constant injection pressure had been tried independently.
The adjacent holes were selected as observation points during
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Table 2: Preliminary grouting parameters.

Number Parameters name Value
1 Diffusion diameter 1.6m (𝐷

1

), 2.6m (𝐷
2

)
2 Depth of treated ground 4∼24m
3 Reinforced length 20m
4 Grout gelation time 56 s
5 Grout pressure 0.5–1.5MPa
6 Grout volume of each section of peripheral group holes 212 L
7 Grout volume of each section of inner group holes 560 L

the grouting process. Analyzing data collected during grout-
ing, C1 and A1 had a similar process of change under two
kinds of grouting pressures as shown in Figures 10(a) and
10(b), while the holes of C2 and C11 had a similar process of
change under two kinds of grouting pressures as shown in
Figures 11(a) and 11(b). The following results were gathered:

(1) The sandy and gravel ground can be easily injected
under a low injection pressure. The grouting rate
decreased with time at a constant grouting pressure.

(2) The adjacent boreholes are affected by each other.The
former borehole has a greater grouting volume than
the adjacent boreholes.

(3) When the grout leaking occurred frequently in the
adjacent holes, the grouting pressure decreased and
groutingwork should be stopped. Boreholes of C1 and
A1 have an average grouting volume of 280 L in each
section, and boreholes of C1 and A1 have an average
grouting volume of 220 L in each section.

(4) The time that grout diffuses to the expected position is
quite different under the different grouting pressure,
and time spent under constant pressure is more
than 1.5–2 times as much as an increasing grouting
pressure spent. Therefore, grouting at an increasing
injection pressure is much more effective.

As information from the 4 boreholes, the grouting
sequence should be well arranged due to the interaction
effects of adjacent boreholes. Additionally, if one hole was
grouted, the adjacent hole could not be injectedwith the same
volume due to the diffusion effect from the previous holes;
thus the adjacent holes of peripheral group should be injected
separately. The remaining holes of peripheral group were
divided into two groups: peripheral group A and peripheral
group B (Figure 12), which were injected in different control
orders.

Peripheral group A would be injected first at a principle
of low injection pressure whose value was between 0.5 and
0.8MPa and a constant grout volume of 280 L. Total grouting
orders were as the following: C1 → A1 → C2 → C11 →
A2 → A4 → A6 → A8 → B10 → B12 → B14 → B16 →
B18 → B19 → D8→ D6 → D4 → D2 → D1 → C10 →
C8 → C6 → C4 → C3.

Peripheral group B would be started after all of the
boreholes of peripheral group A were all injected. It was to be

injected at a constant volume or a certain end pressure; that is,
if the grout volume reached 220 L in every section, grouting
was discontinued and the upper section was initiated and
if volume had not reached 220 L but grouting pressure had
reached 1MPa, the grouting was also discontinued and the
upper sectionwas to be initiated. Total grouting sequencewas
as follows: A9 → A3 → A11 → A10 → A5 → A7 → B1 →
B11→ B13 → B15 → B17 → D7 → D5 → D3 → C9 →
C7 → C5 → A12 → A13 → A14 → A15 → B2 → B3 →
B4 → B5 → B6 → B7 → B8 → B9 → D15 → D14 →
D13 → D12 → D11 → D10 → D9 → C19 → C18 → C17
→ C16 → C15 → C14 → C13 → C12.

3.5.2. The Injection of Inner Group. The grouting curtain was
created in the surrounding area of the site before the inner
groupwas injected, so a high injection pressure was necessary
to ensure effective filling.The typical injection process of hole
E1 was recorded and the changes were displayed in Figure 13.
It was obvious that the inner group had a bigger injection
pressure and grouting volume than the peripheral group.
These results indicated that an increasing injected pressure
and a grouting volume of 400 Lwere suitable for each section.
However, considering the location and time, grouting with
an increasing grouting pressure and discontinuing at an end
pressure of 2MPa was the best control method. So the rest
holes of inner group were injected in the biggest end pressure
of 2MPa. Final grouting sequence was the following: E1 →
E2 → E3 → E4 → E5 → E6 → E7 → E8 → E9 →
E10→ E11 → E12 → E13 → E14 → E15 → E16 → E17.

3.5.3. The Preliminary Summary of Grouting Work. The test
was initiated on April 10 and finished on May 11, and a
total of 85 holes were injected. The relative performance of
grouting volume and injection pressure in different diffusion
diameters was established at the beginning to facilitate
effective grouting in each group.The total slurry consumption
was 1085m3, which fitted well with the computed amount.
Grouting information of the 3 groups was detailed in Table 3.
Peripheral group A featured a moderate grouting volume
and smallest grouting pressure among 3 groups due to large
porosity and loose structure of sandy gravel ground. Periph-
eral group B was conducted at a constant grout volume or a
fixed end pressure, with the smallest average grouting amount
and bigger grouting pressure than the first group. The inner
group featured larger borehole spacing and a maximum hole
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Table 3: Grouting overview for 3 groups.

Group Control principles Specified injection criteria Hole number Volume of each hole (m3)
Peripheral group A Constant grout volume 280 L/section 24 15.3
Peripheral group B Constant grout volume or pressure 200 L/section or 0.8MPa 44 9.6
Inner group Fixed end pressure 2MPa 17 18.0

D1 = 1.6m

D2 = 2.6m

ZK1 ZK2

ZK3

N

Figure 7: The designed diffusion diameter.

grouting volume under the biggest end injection pressure.
Oozing slurry occurred near the end of grouting work and
the platform had an obvious ground heave in the last grouted
holes, which indicated that the slurry had achieved significant
filling under the design pressure.

4. Test Results Examination

4.1. Core Boring Check. Core boring check, including core
integrity rate, slurry filling rate, and core strength, was used
to evaluate the treated ground. It was difficult to obtain intact
core samples from the treated gravel due to the existence
of large grain-sized pebbles, and core sample only allowed
a qualitative evaluation by observation rather than strength
test. There were 3 drill holes, located in the middle of 3
grouted holes in which place the grout is relatively difficult
to reach, named ZK1, ZK2, and ZK3 (Figure 7). The ground
in the test areamainly consists of sandy and gravel, little silty-
fine sand. Figures 4 and 14 represent the typical core samples
of sandy gravel strata and fine gravel strata prior to grouting
and Figures 15 and 16 represent core samples after injection.

The structure of gravel exhibits a loose state prior to
grouting, without gelled material, mainly composed of 2–
4mm round gravel (Figure 14). After grouting the core

sample is exceptionally firm with an integrated rate over
80% (Figure 15). The typical sandy and gravel core sample
displayed a wide particle size distribution and larger pebbles
(Figure 4); then the rate of coring completeness reached
approximately 45% ∼60% with a grout filling rate of 40% ∼
45% after injection (Figure 16). These results indicated the
grout diffusion radius has achieved a desired requirement and
the stratum integrity and bearing capacity are significantly
improved.

4.2. Water Pressure Test. An in situ permeability test is
another important index to evaluate the treated ground.
Water pressure testing is applied to determine the stratum
permeability coefficient 𝑘. This test can get specific water
absorption levels by forcing water to permeate the surround-
ing rock from the cracks in the borehole walls via a pressure
pump. The calculation formula is as follows [39]:

𝑘 =

𝑄

2𝜋𝐿𝐻

lg𝐿
𝑟

, (4)

where 𝐿 is the length of test section (m),𝐻 refers to the head
elevation (m), 𝑟 is the radius of borehole (m), and𝑄 is steady
flow (m3).
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Figure 8: The grouting procedure of sleeve valve tube grouting method and its detailed composition.
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Water pressure test was conducted at a depth of 12–22m.
The permeability coefficient obtained was between 1.22 ×
10−8m/s and 5.21 × 10−7m/s after grouting [40], which was
significantly reduced and considerably lower than the speci-
fied median of 1 × 10−6m/s for underground construction.

4.3. Monitoring for Flood Protection Dike. Improper grouting
often leads to expansion of the stratum and threatens the
safety of surrounding buildings [41]. Settlement monitoring
of dike was arranged to avoid structural damage resulting
from stratum uplift during the grouting. No obvious ground
uplift was observed until the final phase, May 7–10, when
the last serval holes of the inner group were being injected
(Figure 17). The maximum settlement of ground surface was
+7.1mm and a local crack appeared in the dike on May 8.
Thingswent onwell after the grouting speedwas sloweddown
in the remaining holes. Most monitoring points presented

a maximum vertical settlement less than 5mm, which indi-
cated that the dike just stayed in safe state.

5. Conclusions

The final results demonstrated that the specified injection
criteria for different group holes could meet the reinforced
andwater ingress requirements. To summarize this in situ test
of vertical grouting in typical river floodplain sandy gravel
stratum, the following results are obtained:

(1) Permeation grouting method and sleeve valve pipe
grouting technology can be applied to treat sandy
gravel ground. The cement-sodium silicate binary
slurry, with a mix grout proportion of W :C (mass
ratio) of 1 : 1, C : S (volume ratio) of 1 : 1, PC 42.5
cement, Baume degree of water glass 30 Be, and
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Figure 10: The typical grouting process of C1 and A1.
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Figure 11: The typical grouting process of C2 and C11.

gelation time 47.5 s, can be well applied to inject the
saturated sandy gravel ground.

(2) The designed ground treatment program: injecting
the surrounding holes first and the inner holes next

proved to be right. Typical injection process of
peripheral group holes demonstrated that this sandy
and gravel ground can be easily injected under a
low injection pressure and grout leaking occurred
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Figure 13: The typical grouting process of E1.

frequently in the adjacent holes when the injection
pressure was increased over 0.8MPa. The holes of
inner group were injected later; a high injection pres-
sure was more appropriate considering the grouting

curtain had been created. Taking the factors of time
saving and effectiveness of grouting into account, the
specified injection criteria in this test are as follows:
the holes in peripheral group A were injected first at a
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Figure 14: Core sample of fine gravel before grouting.

Figure 15: Core sample of fine gravel after grouting.

principle of low injection pressure whose value was in
the range 0.5∼0.8MPa and a constant grout volume of
280 L. The holes in peripheral group B were injected
at a constant volume of 220 L or a certain end pressure
of 1MPa.The inner group holes were grouted with an
increasing grouting pressure and ended at pressure of
2MPa.

(3) Core boring check results indicated that the strata
integrity and stability are significantly improved, and
the coefficient permeability on completion of grout-
ing trial is lower than 1 × 10−6m/s, which could
meet the underground construction requirements of
waterproofing and subgrade bearing capacity, and the
protection dike was in a safe state during grouting.

(4) The empirical formulas chosen to predict the
demanded grout volume fit well with the actual
situations. The specified injection criteria which
contain injection pressure, grout volume, and grout
sequence and obtained from the frond holes for three
groups contribute to sufficient strength of the entire
field. Additionally, these effective injection criteria
and control methods will provide valuable references
for pregrouting work during the tunnel construction
stage.

(a)

(b)

Figure 16: Core sample of sandy gravel after injection.

Figure 17: The surface uplift in the dike caused by grouting.
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