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In shaft construction, conducting shaft drilling and pregrouting simultaneously is expected to speed up the sinking rate and save
the cost. Reasonable determination of the spatial locations of the drilled shaft and grouting holes and proper defining of the start
time of each construction work are the crucial techniques. To smoothly execute the simultaneous operations, the bedrock to be
grouted is divided into two sections. .e upper bedrock is injected first using straight grouting holes to act as a tight cover to
protect shaft drilling..en, the lower formations are grouted using S-shaped grouting holes, which are performed simultaneously
with shaft drilling. .e construction time of simultaneous operations of pregrouting for the lower bedrock using S-shaped holes
and shaft drilling is the saved time..emain technical challenges include the stability of grouting holes and safety of shaft walls, as
well as the disposal of the contaminative waste drillingmud..e stability of grouting holes whichmight affect by the shaft drilling-
induced ground vibration could be evaluated according to the penetration of ground vibration caused by TBM tunnelling. If the
grouting hole is in the range of ground vibration, protective measures including casing and ground improvement should be
utilized to ensure the stability of grouting holes. .e stability of unlined walls of the drilled shaft caused by the increased
groundwater pressure can be achieved by a tight cover between the drilled shaft and pregrouting holes. .e thickness of the cover
is actually the length of the straight holes. .e cover should have sufficient thickness and impermeability, which can considerably
reduce or even completely stop the increased groundwater pressure in vicinity of the drilled shaft. .e thickness and permeability
of the cover could be determined using Maag’s solution for penetration of grouts in porous media. On the other hand, the waste
drilling mud with proper modifications can be reutilized to prepare clay-cement-like grouts, which could provide an eco-friendly
and cheap solution to harmlessly treat the huge volume of waste drilling mud..e properties of waste drilling mud and behaviors
of grouts prepared using the waste mud should be experimentally investigated before reutilization, owing to uncertainties of
geology in various cases. .e construction time using the simultaneous operation method is just about 60% of that of the
traditional excavation method, and the low value of measured residual water inflow shows the reliability of reusing the waste
drilling mud as grouting materials. .e proposed method could virtually improve the shaft sinking rate and save the construction
cost. .e principles developed for these technical challenges have been proved to be applicable in practices, which are believed to
strongly support the applicability of this new method in other cases.

1. Introduction

Vertical shafts are virtually considered as themost important
accesses of deep mining in the plain area, which always
provide services for underground operations such as ven-
tilation, transportation of workers and ores,

communications, and power supply [1, 2]. It is reported that
although the construction quantity of shaft sinking only
accounts for less than 7% of the entire of the coal mine, the
fraction of construction time of shaft sinking reaches up to
40%∼60% [2, 3]. .e penetration rate of shaft sinking not
only determines the opening of the mine but also affects the
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cost considerably. .erefore, speeding up the sinking rate is
reckoned to be the most cost-effective way to save both the
cost and time [4–7]. .e penetration rate of shaft sinking
usually depends on the excavation methods and the specific
depth of the mine [2]. In the east plain region of China, the
bedrock is often covered by alluviums with a thickness of
around 500m∼600m. To minimize the risk of groundwater
inflow during excavating in upper alluviums formations,
shaft drilling is considered as a safer construction method
for shaft sinking in upper alluviums to replace the artificial
ground freezing method, while pregrouting from the surface
followed by the conventional drilling and blasting method is
believed to be the most reliable method for shaft excavation
in the bedrock [3, 5, 8, 9]. Traditionally, the operations are
conducted successively to avoid potential interferences
which might cause serious safety concerns. In order to
further shorten the construction time and reduce the cost,
the shaft drilling is attempted to be conducted simulta-
neously with pregrouting.

However, conducting independent operations simulta-
neously may adversely impact the safety of another oper-
ation [10]. Specifically, the stability of grouting holes might
be deteriorated by the shaft drilling-induced ground vi-
bration, while the safety of the drilled shaft wall may also be
damaged by the over-penetrated grouting materials and
increased groundwater pressure. Furthermore, how to
harmlessly treat the contaminative waste drilling mud be-
comes another knotty problem. Drilling or tunnelling-in-
duced ground vibration might cause stability issues
associated with both the wellbore and structures in the vi-
cinity [11, 12]. During drilling, the cutting bit/formations
and drilling string/borehole interactions will inevitably
cause some vibrations. Bailey and Finnie [13, 14] experi-
mentally studied the measurement approach of axial force,
torque, and axial and rotational motions on the top of drill-
string and proposed relating analytical solutions for both the
longitudinal and torsional vibrations. Kyllingstad and
Halsey [15] and Brett [16] investigated the stick-slip vi-
brations generated at the interface between bit and for-
mations. Ibrahim et al. [12] presented mathematical models
of longitudinal and torsional vibrations as well as the model
coupling the two vibrations to help understand the entire
force of drill-string and the displacement. Itakura et al. [17]
and Liu et al. [18, 19] reported the dependence of vibration
on the rock properties. .ey found that the measured vi-
brations can be employed to estimate the downhole geo-
logical conditions. Ainalis et al. [11] evaluated the ground
vibration produced by various man-made sources including
explosive blasting and traffic loading. .e dynamic effect of
ground vibration on above structures and underground
facilities depends on not only the type of excitation but also
the damping properties of the medium [20]. .e amplitude
of ground vibration generally decreases with increasing the
distance from the source. Tavasoli and Ghazavi [21] con-
cluded that the wave propagation will gradually terminate if
the distance exceeds the range of about 20 times the pile
diameter by field testing and numerical analysis. A review of
literature reveals that the drilling operation does produce
some seismic wave and thus induce ground vibration in

vicinity regions. But the influential range for the effect of
ground vibration needs to be estimated in accordance with
specific conditions, and the stability of grouting holes under
the interference of induced ground vibration should be
appropriately assessed.

Another challenging concern is the stability of the drilled
shaft wall, which may be caused by the over-penetrated
grouts and increased groundwater pressure during the si-
multaneous operations. As known, excessive penetration of
grouts might be inevitable owing to the complexity and
uncertainty of geology [22]. In practices, over-penetrated
grouts injected from a point with about 500–800m depth
can be occasionally observed on the surface. .is might be
attributed to the geological structures and potential frac-
tured zones. In most cases, the grouting pressure and
grouting-induced increase of groundwater pressure will be
gradually attenuated. In contrast, the grouting-induced
increase of groundwater pressure has the greater influential
range than that of grouting pressure. If the drilled shaft is
still in the coverage of increased groundwater pressure, the
stability of the drilled shaft wall may be adversely affected.
.erefore, the evolution of grouting-induced increase of
groundwater pressure should be properly estimated and
corresponding solutions should be identified in advance. On
the other hand, the course of shaft drilling will produce a
huge amount of contaminative waste drilling mud. .e
waste drilling mud behaves as a mixture that usually consists
of fine clay particles, water, and chemical additives in some
specific conditions [23]. .e chemical additives that might
transfer pollutants to water or soils are the main source of
pollution, and the degree of difficulty in solidification of the
mud poses another way to contaminate the soil system [24].
In general, technical methods available for treatment of the
waste drilling mud include burial in pits, landfill, reinjection,
solid-liquid separation, stabilization/solidification, thermal
treatment, and bioremediation techniques which introduce
microorganisms and relevant enzymes to biologically de-
grade the waste drilling mud into nontoxic residues [25].
Based on local conditions, resource recycling of the waste
mud as renewable construction materials might be the most
promising and environmental-friendly alternative to treat
these waste drilling mud.

As of now, there are extremely few literatures that in-
vestigated the technical concerns and problems encountered
in the simultaneous operations of pregrouting and shaft
drilling. .e purpose of this paper is to focus on evaluations
of the technical challenges emerged in the process of si-
multaneous operations. Both the stability of grouting holes
and the shaft wall and the reuse of the drilling wastes as
grouting materials are discussed, and corresponding solu-
tions are proposed. .e results reveal that proposed solu-
tions are proved to be applicable and reliable in shaft sinking.
.e sinking rate can be considerably improved by simul-
taneous operations.

2. Project Background and Geological Setting

.e coal mine involved in this investigation is situated in the
northern part of Anhui Province, as shown in Figure 1. .e
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proved reserve of coal is up to about 855 million tons, while
estimated recoverable reserve reaches around 406 million
tons. It is designed with a mine capacity of 4 million tons per
year and a service life of about 72.6 years. In this coalfield,
the thickness of the upper alluvium formations varies from
312m to 540m beneath the surface. .erefore, four vertical
shafts to be newly constructed are employed to serve the
activities of deep undergroundmining. Designed parameters
of shafts are illustrated in Table 1..e waste shaft that will be
used to transport coal gangue and other materials from
underground roadways is selected as the case to be inves-
tigated in this work. .e depth of the waste shaft is 1068m,
and the excavated diameter is 6m. According to the
hydrogeological survey, the estimated water inflow into the
shaft will be up to 213m3/h. Considering the high risk of
groundwater inflow, shaft drilling by the shaft boring ma-
chine (SBM) and pregrouting from the surface are pre-
defined as the methods for shaft sinking.

Based on the site investigation, the minable coal-bearing
strata include Shanxi and Shihezi formations of the Permian
system (P1

2, P2
1, and P1

1), with a maximum depth of around
1000m. .e lithology of the bedrock includes sandstones,
siltstones, mudstones, and coal seams. .e upper alluvium
with the thickness of round 470m mainly consists of co-
hesive soils, with ages from quaternary to tertiary. .e
bedrock includes limestone, sandstone, siltstone, mudstone,
and unworkable coal layers with the age of carboniferous. It
can be found that 4 water-bearing zones are located in the

upper alluvium, whereas 3 water-bearing formations are
developed in the bedrock. .e coal layers, mudstone, and
siltstone serve as the aquifuge that can almost cutoff the
hydraulic connection with the water-bearing formations.
.e initial water table is about 15.7m beneath the surface,
and total thickness of the water-bearing strata is about
120.5m. Moreover, several fractured zones in the bedrock
with a depth ranged from 590m to 1089m can be observed.
What is worse, there are 3 faults developed in this coalfield
and one fault intersects the waste shaft at a depth of around
1070m. Abundant groundwater storage and unstable
ground conditions considerably increase the difficulty of
shaft sinking.

3. Implementation of Simultaneous Operations

In construction management, the construction methods,
techniques, and sequences are often considered as the key
factors that affect the cost and quality control [26]. Rational
selection of construction techniques and efficient arrange-
ment of these construction sequences become the best way
to reduce the cost and save construction time. .e risk
imposed by conducting multiple operations at the same time
should be limited to the acceptable level associated with that
of the execution of these operations individually [10].

Traditionally, pregrouting for the bedrock is conducted
prior to the shaft drilling, as shown in Figure 2(a). After
completion of the course of pregrouting, the shaft boring
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Figure 1: Location of the coal mine.
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machine (SBM) is properly installed on the surface to
perform the shaft drilling operation, as shown in Figure 2(b).
When the operation of shaft drilling is finished, the per-
manent steel headframe is setup to perform the shaft ex-
cavation by the conventional drill-blast method in the
bedrock, as shown in Figure 2(c). In this step-by-step
procedure of shaft sinking, the total construction time is the

sum of pregrouting time, shaft drilling time, and D&B ex-
cavation time.

In order to speed up the sinking rate, efforts are devoted
to conduct these operations at the same time. Accordingly,
conducting the pregrouting operation and shaft shrilling
simultaneously provides a possible alternative to improve
the penetration rate of shaft construction. However,

Pregrouting
for bedrock

Grouted groundGrouted ground

Straight
grouting

holes

Drilling rig for
grouting holes

(a)

Sha� boring machine
(SBM) for sha� drilling

Excavated by
sha� drilling

Grouted ground

Sha� lining

(b)

Excavated by the 
D&B method

Grouted ground

Permanent steel
headframe

(c)

Figure 2: Traditional procedure for shaft sinking by pregrouting and shaft drilling. (a) Pregrouting from the surface is conducted first. (b)
Shaft drilling. (c) Bedrock is excavated by the traditional D&B method.

Table 1: Designed parameters of shafts.

Parameter Main shaft Auxiliary shaft Ventilating shaft Waste shaft
Designed excavated diameter 7.3m 9.4m 8.5m 7.7m
Designed effective diameter 6.4m 8.3m 7.5m 5.2m
Depth of the bottom 993m 1015m 893m 1068m
Material of the shaft wall Reinforced concrete for upper alluvium, plain concrete for the bedrock
.ickness of shaft wall in the bedrock 0.4m
Designed mining level 1 −962m
Designed mining level 2 −1150m
Selected special sinking method Freezing + pregrouting Freezing + pregrouting Freezing + pregrouting Drilling + pregrouting
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complete simultaneous operations of shaft drilling and
pregrouting is not applicable because of inevitable inter-
ferences that may cause severe adverse impact on safety.
First, the arrangement of drilling equipment for pregrouting
holes might collide with that of shaft drilling. On the other
hand, the grouts injectedmay penetrate into the drilled shaft,
resulting in excessive levels of deformation, fracturing, and
even collapse of the shaft wall and lining. .erefore,
speeding up the sinking rate should be focused on con-
ducting some of these operations simultaneously rather than
the complete simultaneous operations.

.e crucial concern of simultaneous operations is the
commencement time of shaft drilling. In principle, the
earlier the shaft drilling is started, the higher the improved
sinking rate is. For the safety of the shaft wall and lining, a
tight barrier which can protect against the damages caused
by the increased groundwater pressure should be established
in advance. In fact, injected formations with low perme-
ability can act as such a barrier..erefore, the pregrouting in
the bedrock are divided into two stages, namely, pregrouting
in the upper bedrock using straight holes and pregrouting in
the lower bedrock using S-shaped holes. .e injected upper
bedrock as a tight cover is just the barrier to stop the increase
of groundwater pressure and over-penetration of grouts.
During simultaneous operations, the pregrouting for the
upper bedrock (for this case, from 502m to 665m) using
straight grouting holes is conducted first, as shown in
Figure 3(a). After completion of pregrouting for the upper
bedrock, pregrouting for the lower bedrock (from 665m to
1078m) using S-shaped holes and shaft drilling is started to
be conducted simultaneously, i.e., the commencement of
simultaneous operations, as shown in Figure 3(b). Until the
simultaneous operations of shaft drilling and pregrouting in
the lower bedrock are completed, the permanent steel
headframe is setup and the bedrock is excavated by the
conventional D&B method, as shown in Figure 3(c). As the
construction time of shaft drilling is often slightly longer
than that of pregrouting in the lower bedrock, the saved
construction time is that of the simultaneous operations,
which also equals to the time for pregrouting in the lower
bedrock using S-shaped holes. Increased sinking rate usually
depends on the thickness of the lower bedrock and depth of
the shaft.

4. Technical Challenges and Solutions

4.1. Stability of Grouting Holes. .e stability of the unlined
borehole is often considerably vulnerable. It may be affected
by many factors, including the ground vibration. Compared
with conducting pregrouting individually, shaft drilling-
induced ground vibration becomes an adverse factor that
might considerably deteriorate the stability of the borehole.
.erefore, there is a need to assess the effect of ground
vibration on the stability of grouting holes and thus to take
appropriate solutions to protect these holes. .e ground
vibration can be excited by many man-made sources of
vibration, including construction actives (e.g., explosive
blasting and pile driving), machines, hammers, and traffic
loading [20]. During drilling, the rotation of bit and drilling

string becomes the specific source of vibration [12, 19].
Ground vibration will propagate through the ground in a
form of seismic wave [11], whichmay cause stability issues of
structure in vicinity [21]. Mechanized construction activities
including using TBM and SBM virtually have an adverse
effect on the environment [27]. It is reported that the sta-
bility and safety of some sensitive structures such as the
historic buildings and foundations might still be deterio-
rated by the TBM/SBM tunnelling-induced ground vibra-
tion [28]. During the simultaneous operation of pregrouting
and shaft drilling, the grouting holes are actually arranged in
vicinity of the shaft. In this case, the stability of grouting
holes might be affected by near-field vibration propagated
from the drilled shaft.

.e effect of ground vibration on nearby structures and
facilities is usually characterized by the peak particle velocity
(PPV) and corresponding dominant frequency [21]. As the
magnitudes of the wave are always measured in forms of
compressional wave PPVx, horizontal wave PPVy, and
transverse wave PPVz, the PPV can be described as in the
following equation [29].

PPV �

�������������������������

PPVx( 􏼁
2

+ PPVy􏼐 􏼑
2

+ PPVz( 􏼁
2

􏽲

. (1)

.e propagation of ground vibration in ground largely
depends on the source frequency and the damping prop-
erties of local ground materials. A lot of investigations reveal
that the attenuation of velocity amplitudes strongly follows a
power law [20, 28, 30, 31]. As both the TBM-induced vi-
bration and SBM-induced vibration are originated from the
rotation of cutting wheel, the propagation of TBM tun-
nelling-induced vibration is employed to assess the vibration
in vicinity of the drilled shaft in this work. Following
Speakman and Lyons [31] and Grund et al. [28], the at-
tenuation of PPV can be expressed as

PPV �
K

d
e

−αd
, (2)

where K and α are the constant parameters associated with
the site and machine, and d is the distance from the source in
meters. .e values of K and α can be determined from the
measured velocities at various distances by

α �
−ln v2d2/v1d1( 􏼁

d2 − d1
, (3)

K �
v1d1

e
−αd1

, (4)

in which v1 and v2 are the measured values of PPV at
distances d1 and d2, respectively. .erefore, the propagation
of the seismic wave induced by shaft drilling can be illus-
trated in Figure 4. At the axis of the grouting hole, the
distance from the vibration source increases with the depth
counted from the origin of the coordinate (i.e., point of O′ ).
In this case, the maximum PPV in the grouting hole can be
found at the origin point of O′, and the stability of the
grouting hole at the origin point of O′ could be most se-
riously deteriorated. In principle, the interval between the
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drilled shaft and grouting hole should be predefined at a
large distance to avoid the possible disturbance caused by the
ground vibration.

Many field testing and measurements investigated the
ground vibration induced by the rotating of cutting wheel.
For tunnelling using TBM with a diameter of about 7m, the
maxima of PPV at a distance of 62m is about 0.25mm/s,
while measured frequency mostly ranges from 10Hz to
30Hz [30]. In this case, at the distance of less than 3m from
the TBM, the structures might be very sensitive to the
ground vibration induced by tunnelling and be deteriorated
to some extent. Grund et al. [28] conducted an investigation
on ground vibration induced by TBM with a diameter of
9.3m and informed that monitored frequency content
varied from 5Hz to 80Hz, while the induced ground motion
cannot be detected until at the distance of about 250m.
Speakman and Lyons [31] reported the modelling results of
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Figure 3: Schematic map of the simultaneous operations. (a) Pregrouting for the upper bedrock. (b) Pregrouting for the lower bedrock
during the simultaneous operations. (c) Bedrock is excavated by the conventional D&B method.
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ground vibration induced by a 12.4 diameter TBM and
indicated that the vibration from TBM varied from 10Hz to
100Hz, and the influential range reached up to 100m. Yang
[32] conducted numerical analysis using FlAC3D to un-
derstand the ground vibration caused by TBM and found
that the influential range is about 6 times diameter of the
tunnel. It could be deduced that in this case, the coverage of
ground vibration induced by cutting wheel with 7m di-
ameter is believed to be greater than 50m.

Determination of a sufficient interval between the
grouting hole and drilled shaft should be the simplest
method to avoid the adverse effect of ground vibration on
the stability of the unlined grouting hole. However, the
interval cannot be excessively large because of technical
limitations. First of all, the limit of build-rate of directional
drilling is usually 6–8°/30m [33, 34]. Accordingly, in di-
rectional drilling, for a horizontal interval of about 50m, the
minimum length of S-shaped grouting holes to be direc-
tionally drilled will be up to 300m. Obviously, it is not cost-
efficient. On the other hand, engineering experiences reveal
that reliable thickness of water control curtain formed by
grouting should range from 10m to 20m. Accordingly, the
grouting holes should be spaced at a distance of 5–10m from
the shaft wall if the penetration of grouts is predefined at
5–10m. .e relationship of grouting range and coverage of
ground vibration is shown in Figure 5. It can be evidently
found that grouting holes will be located in coverage of the
shaft drilling-induced ground vibration.

On the other hand, the origin of S-shaped grouting holes
should be arranged outside of the coverage of shaft drilling
because of safety. Meanwhile, the S-shaped grouting holes
on the surface should be arranged near the shaft wall as close
as possible to reduce cost of directional drilling. In this case,
the maximum dimension of the SBM on the surface is about
20m, and the space available for shaft drilling operation is
predefined at least 8m. Considering a 2m safety interval, the
origin of S-shaped grouting holes should be spaced at least at
a distance of 20m from the center of the shaft, as shown in
Figure 6.

During simultaneous operations, the S-shaped grouting
holes virtually fall in the coverage of ground vibration.
.erefore, the adverse effect of ground vibration on stability
of grouting holes cannot be avoided via a sufficient interval.
For safety, the S-shaped grouting holes should be protected
by specific solutions.

As known, casing is often considered as the most cost-
effective solution to ensure the stability and safety of drilling
[35]. Normally, the borehole is just cased with steel tubes in
unstable soil formations and fractured rocks. In order to address
the adverse impact of ground vibration on the grouting hole
during the simultaneous operations, the casing of S-shaped
grouting holes was extended from the bottom of soil formations
(at depth of 470m) into the initial point in the bedrock to be
grouted (at depth of 645m). In other words, the S-shaped holes
were completely formed in both soil formations and the upper
bedrock (the cover) to resist interferences caused by shaft
drilling-induced ground vibration.

For general purpose of the practical application of the
new simultaneous operation method, the effect of ground

vibration on the stability of drilling in the vicinity could be
evaluated appropriately. .e coverage of the ground motion
caused by shaft drilling can be approximately estimated
using the results of TBM works conducted under similar
conditions. .e magnitude of the effect of ground vibration
could be determined by the relative coordinates of the
grouting hole and the drilled shaft. If the ground motion
near the grouting hole cannot be neglected, protective
measures such as the casing or ground improvement should
be applied to ensure the stability of grouting holes. More-
over, the ground vibration caused by the rotating of the big
cutting wheel of the SBM still deserves further investigation
by using both the detailed field testing and theoretical
analysis because the ground motion caused by the vertical
drilling of SBM might differ from that caused by the hor-
izontal drilling such as drilling using TBM.

4.2. Safety of the Drilled ShaftWall. During pregrouting, the
groundwater pressure in vicinity of the grouting hole will be
increased, and the grouts might also over penetrate to the
drilled shaft. During simultaneous operations, the injected
upper bedrock acting as a tight cover is expected to stop the
uncontrolled over-travelling of grouts from S-shaped
grouting holes. However, the groundwater pressure may still
be increased to some extent because of grouting. .e in-
creased groundwater pressure in vicinity of the drilled shaft
might deteriorate the safety of the shaft wall. .e process of
grouting can be considered as the displacement of
groundwater by grouts, which inevitably causes the increase
of groundwater pressure in a certain range [36]. Although
the grouts might not crossover the tight cover, the water as a
Newtonian fluid with low viscosity could travel through the
cover and thus increase the groundwater pressure above the
cover which is in vicinity of the drilled shaft. In this case, the
loading acting on the shaft wall will be increased, and thus,
the stability of walls might be further deteriorated. In
principle, the extra loading largely depends on the
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Coverage of vibrations

Minimum range
for grouting holes

Sensitive area 3m

50mRange to
be injected 23.85m

Figure 5: Relationship between the grouting range and coverage of
vibration.
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permeability and thickness of the cover. To minimize the
effect of increased groundwater pressure, the greater the
thickness of cover (i.e., length of the upper bedrock) is
predefined, the lower the permeability of cover after
grouting will be. However, a greater thickness of the cover
will lead to a smaller length of the lower bedrock which
would reduce the time of simultaneous operations, and over-
small thickness of the cover will result in a high imper-
meability of the cover which could considerably increase the
cost of grouting for the cover. .erefore, a balance between
the thickness and impermeability of the cover should be
appropriately determined, to ensure the safety of the shaft
wall.

.e grouting-induced upward flow can be considered as
grouting using water from the bottom of the cover. Con-
sidering the homogeneity of the cover after grouting, the
spherical penetration of water flow can be evaluated using

Maag’s solution [37, 38]. .e penetration length of induced
water flow can be determined by

R0 �

��������
3KtΔPr0

βn

3

􏽳

, (5)

β �
μg

μw

, (6)

where R0 is the penetration length, k is the hydraulic
conductivity of cover after injection, t is the grouting time,
ΔP is the grouting pressure, r0 is the radius of grouting hole,
n is the porosity of the cover, and μg and μw are the vis-
cosities of grout and water, respectively. During estimating
the penetration length R0, the hydraulic conductivity k can
be appropriately predefined based on the qualified perme-
ability of the cover after grouting. According to the Chinese
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Figure 6: Layout of S-shaped grouting holes during simultaneous operations. (a) Grouting holes spaced outside the SBM. (b) Layout of
grouting holes on the surface. (c) Equipment arrangement on the surface.
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standard [39], required residual water inflow of the cover
can be predefined at 3m3/d. .erefore, the hydraulic con-
ductivity k can be estimated using

Q1 � 1.366
kM 2H0 − M( 􏼁

logR − log r′
, (7)

where Q1 is the residual water inflow, i.e., 3m3/d, k is the
hydraulic conductivity, H0 is the height from the ground-
water table to bottom of the lowest aquifer, M is the total
thickness of the aquifer, r′ is the excavated radius of the
shaft, and R is the radius of influence which can be em-
pirically estimated by

R � 10Sw

�
k

√
, (8)

where Sw is the maximum drawdown of groundwater table
during shaft excavation.

Considering the deviation of above estimation from
the site, a safety interval should be taken into account to
determine the length of the cover. Hence, the length of the
cover should be no less than the sum of estimated pen-
etration length R0 and the safety interval. .e safety in-
terval might not be less than 10 meters according to
experiences of pregrouting from the surface. What should
be noted is that the permeability of the cover after
grouting must be examined by the water injection test to
confirm whether the hydraulic conductivity of the cover
has met the predefined value k. If not, the cover might not
be tight adequately, and thus, repeated grouting opera-
tions will be conducted to further improve the imper-
meability of the cover. For this case, the length of the cover
is predetermined at 120m, accounting for about 22.5% of
the bedrock to be grouted, as shown in Figure 7. During
the simultaneous operations, damages of the drilled shaft
wall caused by over-penetrated grouts and extra
groundwater pressure were not observed, which con-
firmed the reliability of the cover to protect the drilled
shaft.

4.3. Resource Recycling of Waste Drilling Mud. During the
simultaneous operations, a huge volume of waste drilling
mud will be produced, and usually, it is stored in a pond
for further harmless treatment. Traditionally, the treat-
ment methods include harmlessly treating and reutili-
zation as some renewable materials. Undoubtedly,
resource recycling should be the most cost-effective
method. Although a lot of attentions had been focused on
conversion of the waste mud to cement materials in pe-
troleum and gas industries in recent years [19], converting
the waste drilling mud to available grouting materials is
still rarely reported and an innovative attempt. For pre-
grouting in Chinese coal mine, there is always a large
demand of man-made clay slurry to prepare the clay-
cement (Cl-C) grouts. .e huge volume of waste drilling
mud produced in simultaneous operations provides a

good opportunity to try to reuse the waste mud as
grouting materials. .e previous experimental investi-
gation has confirmed the feasibility of reusing the waste
drilling mud to prepare the Cl-C grouts [40]. In this work,
the modified water drilling mud is utilized to prepare
qualified Cl-C grouts on the site to examine the reliability
of reusing the waste mud as grouting materials.

For this case, the waste drilling mud consists of co-
hesive soils and water, with 0.1 wt% sodium tripoly-
phosphate (STPP) as the chemical additive. Based on
experimentally investigation, the viscosity of waste dril-
ling mud before preparing the Cl-C grouts should be
reduced to an acceptable level [40]. .ere are two available
methods to reduce the viscosity. One is addition of
chemical agents, saying calcium chloride (CaCl2). An-
other is dilution with fresh water which is much more
economical. It should be noted that the addition of
chemical additives might be prior to using water, if the
density of waste drilling mud is relatively low. .e vis-
cosity and density of the waste drilling mud after treat-
ment should meet the technical requirement of Cl-C
grouts according to the Chinese standard [39], as illus-
trated in Table 2.

In this case, the excessive viscosity of waste drilling mud is
reduced with fresh water, and then, the qualified mud is stored
in a slurry pond, as shown in Figure 8. .en, cement is mixed
with the waste mud with 5min agitation at 1000 rpm to avoid
the formation of lumps, and after that, the glass water as
additive is added into themixture and stirred for another 5min
to achieve a uniform mixture. .e properties of grouts should
be examined and recorded before injection. .e grouts should
be adjusted timely according to the variations of grouting
pressure and injected volume of grouts. During simultaneous
operations, about one-third of the waste drilling mud (i.e.,
about 15,000m3) is utilized to prepare Cl-C-like grouts (about
15,900m3 grouts). .e grouting quality is considerably ex-
cellent, with a measured residual water inflow of only 0.4m3.

Lower S-shaped grouting holes

Sha� drilling

Pregrouting for
lower bedrock

Pregrouting for
upper bedrock

Sha� liningUpper straight grouting holes

Cover length
 L = 120m

413m

6m
20m

5m

Axis of the sha�

3.85m

545m

Figure 7: Arrangement of straight holes and s-shaped holes.
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It should be noted that because of the deviations of
geological conditions and differences in shaft drilling op-
erations, the properties of the waste mud and behavior of Cl-
C-like grouts prepared using the waste mud should be ex-
perimentally investigated before reutilizing this material in
other cases. Additives used to modify the waste mud and the
proportioning of the Cl-C-like grouts might be not the same
for all cases.

5. Conclusions

.e practical experience has revealed that the innovative
simultaneous operations of shaft drilling and pregrouting
could considerably improve the sinking rate of the shaft. For
the waste shaft involved in this work (with a depth of about
1068m), which would be excavated by conventional step-by-
step construction procedure, the estimated construction
time might be up to 35 months. After application of the
proposed method in this case, the saved construction time
for the shaft sinking is about 12 months, accounting for
about 34% of the estimated total time of the shaft con-
struction under the conventional sinking procedure. .ere
was no accident event encountered during the simultaneous
operations. It means the construction time using the si-
multaneous operation method is just 66% of that of the
traditional excavation method. .e proposed method could
virtually improve the shaft sinking rate and save the con-
struction cost.

To conduct this simultaneous operation of shaft drilling
and pregrouting, the crucial technique is to reasonably
determine the spatial locations of both the drilled shaft and
grouting holes, as well as the start time of each construction
work. In most cases, the simultaneous operation is

applicable to other shaft construction projects as long as the
spatial and time relationships between the pregrouting
operation and the shaft drilling are properly addressed. To
perform the proposed simultaneous operation method, the
pregrouting using straight holes must be conducted first.
After that, shaft drilling and pregrouting using S-shaped
holes can be carried out simultaneously. .e shaft drilling is
executed in the upper formations, while the pregrouting
using S-shaped holes is performed in the lower bedrocks.
Technical challenges on stability of grouting holes and safety
of shaft unlined wall should be appropriately addressed in
advance, to perform the simultaneous operation smoothly.
In practices, the range of shaft drilling-induced ground
vibration which might deteriorate the stability of grouting
holes could be evaluated according to the penetration of
ground vibration caused by TBM tunnelling. .e ground
motion caused by shaft drilling can be characterized by the
value of PPV in the ground, which usually attenuates with
the distance to the rotating cutting wheel in exponential law.
.e nearest the position to the rotating bit of the SBM is, the
higher the residual ground vibration will be. If the grouting
hole is in the range of ground vibration, protective measures
including casing and ground improvement should be ap-
plied to ensure the stability of grouting holes. In this case,
estimated coverage of the ground vibration induced by shaft
drilling with a 7.7m cutting bit will be greater than 50m, and
the grouting holes during the simultaneous operations will
fall in range of the coverage. Accordingly, the grouting holes
were protected by full casing to avoid deterioration in
stability or even collapse.

As the groundwater pressure in the vicinity of the
drilled shaft can be enhanced by the grouting activities
which are being operated in lower formations, the stability
of unlined walls of the drilled shaft is achieved by a tight
cover between the drilled shaft and the pregrouting holes.
.e cover is actually injected horizontal formations with
sufficient thickness and impermeability, which can con-
siderably reduce or even completely stop the increased
groundwater pressure in vicinity of the drilled shaft. .e
thickness and permeability of the cover could be deter-
mined using the spherical penetration of water flow from
the bottom of the cover, on the basis of Maag’s solution.
On the other hand, after proper modifications, the waste
drilling mud can be reutilized to prepare clay-cement-like
grouts, which could provide an economical and envi-
ronment-friendly solution to harmlessly treat the huge
volume of waste drilling mud in a resource recycling way.
Because of uncertainties of geology in various projects, the
properties of waste drilling mud and behaviors of grouts

Table 2: Technical requirements of Cl-C grout and the clay slurry.

Mixing proportion Qualified Cl-C grout
Cement
content

Dosage of water
glass

Density of clay
slurry

Initial funnel viscosity of
clay slurry Density Sands

content Bleeding Initial funnel
viscosity

100–300 kg/
m3 10–30 L/m3 1.12–1.24 g/cm3 <20 s 1.20–1.35 g/

cm3 <5% <5% 50 s–80 s

Grouts mixing and pumping

Drilling rig

Available waste drilling mud stored in a pond

Cement

Figure 8: Grouting using the waste drilling mud.
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prepared using the waste mud should be experimentally
investigated before reutilization to ensure the quality of
grouts. In this case, the thickness of the cover is defined at
120m (i.e., it is also the length of straight grouting holes),
and the waste drilling mud is modified with the addition
of fresh water to reduce its viscosity. .e measured re-
sidual water inflow of the whole shaft is only 0.4 m3,
implying a very good grouting quality for groundwater
control.

Although the proposed solutions for the technical
challenges emerged during the simultaneous operations
might be conservative to some extent, the accuracy is still
acceptable for smoothly implementing the simultaneous
operations in practices. As of now, the simultaneous op-
erations technique has served for more than 5 shafts in
Chinese coal mines. Proposed principles can effectively deal
with these technical challenges, and the economic and social
benefits have evidently supported the reliability of the in-
novative construction technique and can virtually speed up
the shaft sinking rate.
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