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Abstract
Various types of broken rock masses, such as those in fault-fracture zones and fracture zones, which form as a result of dis-
turbance from tunnelling, are often encountered during underground engineering construction. These rock masses have low 
self-supporting capacity and poor stability, which can easily cause damage to surrounding rock, such as large deformation 
features, collapse and falling blocks, etc., posing a threat to construction safety. During a field project, reinforcement by grout-
ing is a primary means for addressing the aforementioned problems. The effective measurement of rock mass characteristics 
(e.g., rock layer interfaces and the broken area of surrounding rock) provides a basis for the reasonable design of a grouting 
scheme. The quantitative evaluation of the effect of rock mass grouting is essential for optimizing the grouting scheme. In 
view of this, in this study, a multi-functional rock mass digital drilling test system and a special polycrystalline diamond 
compact drill bit for digital testing were developed and were applied to conduct digital drilling tests on intact, broken and 
grouted rock masses. In addition, a digital drilling test (DDT) technique-based method for measuring rock mass characteristics 
in real time and rapidly evaluating the grouting effect was proposed. The proposed method is capable of identifying rock 
layer interfaces, determining the broken area and obtaining the equivalent strength of grouted rock masses. This method is 
advantageous for obtaining quantitative and rapid test results, which can provide a theoretical basis and technical means for 
optimizing the grouting parameters and designing support schemes for underground engineering construction.

Keywords  Digital drilling · Identifying rock layers · Measuring broken area · Evaluating grouting effect · Drilling 
parameters · Equivalent uniaxial compressive strength

List of symbols
V	� Drilling rate
N	� Rotational speed
M	� Drilling torque
F	� Drilling pressure
�c	� Cutting energy consumed by drill bit to cut a unit 

volume of rock
Ruc	� Equivalent uniaxial compressive strength
Si	� No. of each test specimen
Sij	� No. of each layer of a test specimen

Dh	� Drilling depth
t	� Drilling time
WM	� Work done by M
WF	� Work done by F
Ec	� Energy consumed to cut and crush the rock
Ef	� Energy consumed by the friction between the drill 

bit and the bottom rock
R	� Radius of the special drill bit
Li	� Length of the ith cutting edge
µ	� Coefficient of friction between the cutting edges of 

the drill bit and the bottom rock
Rc	� Uniaxial compressive strength of each rock layer of 

each rock specimen
�k	� Ratio of the absolute value of the difference in ηc 

between an intact mass and a broken rock mass to 
the ηc for the same intact mass

�cw	� Amount of energy consumed by the drill bit to cut a 
unit volume of an intact rock mass

�cp	� Amount of energy consumed by the drill bit to cut a 
unit volume of a broken rock mass
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�m	� Ratio of the absolute value of the difference in ηc 
between a grouted and a broken rock mass to the ηc 
for the same grouted rock mass

�cz	� Amount of energy consumed by the drill bit to cut a 
unit volume of a grouted rock mass

1  Introduction

Various types of broken rock masses, such as those in fault-
fracture zones (Bayati and Hamidi 2017; Dalgıç 2003; Sha-
hidi and Vafaeian 2005) and fracture zones, which form as 
a result of disturbance from tunnelling (Perras and Dieder-
ichs 2016; Pardoen et al. 2016; Yang et al. 2014), are often 
encountered during underground construction. Generally, 
these rock masses have poor mechanical properties, have low 
self-supporting capacities, and are prone to cause damage to 
surrounding rock (large deformation features, collapses, fall-
ing blocks, etc.), posing a threat to construction safety. The 
macroscopic mechanical properties of broken rock masses 
can be improved by grouting reinforcement. In addition, the 
cohesion and internal friction angle of broken rock masses 
on the structural plane can also be increased by filling and 
cementing their fractured surfaces, thereby enhancing their 
overall stability and self-supporting capacity. At present, 
grouting has become a primary means for addressing the 
problems of low self-supporting capacity and poor stability 
that are associated with broken rock masses.

The effective measurement of rock mass characteristics 
(e.g., rock layer interfaces and the broken areas of sur-
rounding rock) provides a basis for the reasonable design 
of grouting schemes for underground construction. Deter-
mination of pre- and post-grouting strength parameters of 
broken rock masses is essential for evaluating the effect of 
grouting and subsequently optimizing the grouting scheme. 
Common methods for measuring rock mass characteristics 
and evaluating the results of grouting mainly include the cor-
ing method, the acoustic sounding method and the ground-
penetrating radar method. The coring method is relatively 
intuitive and accurate, but its process is relatively complex, 
requires a long period of time to complete, and is costly. 
In addition, it is difficult to obtain high-quality cores from 
broken surrounding rock. Acoustic sounding and ground-
penetrating radar methods are indirect test methods. It is 
relatively difficult to use these two methods to quantitatively 
evaluate grouted rock mass strength. Therefore, there is a 
need to develop a rapid and reliable technique for determin-
ing rock mass characteristics and a method for evaluating the 
effect of grouting for underground construction to facilitate 
the accurate measurement of rock mass strength parameters, 
rock layer interfaces and the broken area of rock masses that 
are encountered during underground construction to realize 

timely optimization of grouting parameters and support 
schemes to ensure construction safety.

The digital drilling test (DDT) technique (Chen and Yue 
2015; Gui et al. 2002; Kahraman et al. 2003; Suzuki et al. 
1995; Yang et al. 2012; Yue et al. 2004) is an on-the-spot 
survey technique for accurately controlling and monitoring 
drilling parameters (e.g., drilling rate, V, rotational speed, 
N, drilling torque, M, and drilling pressure, F) during the 
drilling process. Studies have shown strong correlations 
between drilling parameters and rock mass strength (Huang 
and Wang 1997; Karasawa et al. 2002; Mostofi et al. 2011; 
Yaşar et al. 2011) and structural characteristics parameters 
(Akin and Karpuz 2008; Schunnesson 1996, 1998). The 
DDT technique provides a new means for measuring rock 
mass characteristics and evaluating the effect of grouting. 
The key to this technique lies in establishing the quantita-
tive relationships between drilling parameters and rock mass 
strength parameters. However, currently, a lack of system-
atic research is restricting further development of the DDT 
technique in this field.

To address the aforementioned problems, in this study, a 
multi-functional rock mass digital drilling test system and a 
special polycrystalline diamond compact (PDC) drill bit for 
digital testing were developed and used to perform the digi-
tal drilling test on intact, broken and grouted rock masses. 
The drilling parameters (V, N, M and F) monitored during 
the digital drilling test were determined. In addition, the 
cutting energy consumed by this type of drill bit to cut a 
unit volume of rock, ηc, was also determined through energy 
analysis. Based on the test results, the response law of the 
drilling parameters to rock layer interfaces was analysed, and 
the drilling parameters for intact, broken and grouted rock 
masses were compared. The feasibility and effectiveness 
of the DDT technique in identifying rock layer interfaces, 
determining the broken area of surrounding rock and evalu-
ating the effect of grouting were investigated. Furthermore, 
an equivalent uniaxial compressive strength, Ruc, prediction 
model (DPR model) for rock was established based on the 
drilling parameters. On this basis, a DDT technique-based 
method for measuring rock mass characteristics and evaluat-
ing the effect of grouting was proposed.

2 � Digital Drilling Test on Layered Rock 
Masses

2.1 � Test Equipment

To measure rock mass characteristics and evaluate the effect 
of grouting based on the DDT technique, a multi-functional 
rock mass digital drilling test system was developed, as 
shown in Fig. 1. This system is capable of providing a max-
imum M of 400 N·m, a maximum N of 400 r/min and a 
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maximum F of 50 kN and controlling and monitoring any 
of V, N, F and M and, thus, can be used to perform digital 
drilling tests of rock masses using various control modes.

2.2 � Test Scheme Design

To establish the quantitative relationships between rock 
uniaxial compressive strength and drilling parameters, five 
layered test specimens were designed and produced. Each 
specimen consisted of three layers and included different 
combinations of an intact rock layer, a broken rock layer 
or a grouted rock layer. Each layer was lithologically com-
posed of sandstone, limestone, mudstone or cement mortar. 
For each specimen, each of its layers was 100 mm in height 
with effective dimensions of 150 mm × 150 mm × 100 mm. 
In addition, a cement mortar was poured onto the external 
sides of each specimen to allow its layers to form a cube with 
dimensions of 300 mm × 300 mm × 300 mm. In this study, 
each test specimen was numbered using a combination of the 
letter S and a number; i.e., Si (i = 1, 2, 3, 4, 5). For example, 
S1 signifies the first specimen. Each layer of a test specimen 
is numbered using a combination of the number of the test 
specimen and another number; i.e., Sij (i = 1, 2, 3, 4, 5; j = 1, 
2, 3). For example, S12 signifies the second rock layer of the 
first specimen. Table 1 summarizes the preparation schemes 
for the layered rock specimens. The aggregates used to pre-
pare broken and grouted rock masses of various lithologies 
had grain diameters between 20 and 30 mm. A cement grout 
with a water–cement ratio of 0.5, which is commonly used at 
construction sites, was used to prepare grouted rock masses. 
Table 2 summarizes the mix proportions for cement mortars 
with various strength grades.

In the test, the drilling modes, namely those controlling V 
and N and monitoring M and F were used. Figure 2 shows a 
layered rock mass specimen before and after a digital drill-
ing test.

2.3 � Statistics of the Test Results

A systematic test was conducted according to the test 
scheme. The drilling parameters (V, N, M and F) for each 
specimen were obtained. Based on the monitored values of 
the drilling parameters, the ηc associated with the special 
drill bit for digital drilling test was calculated through energy 
analysis and derivation.

2.3.1 � Drilling Parameters Monitored During the Test

In the digital drilling test, V and N were set to 85 mm/min 
and 100 r/min, respectively. Here, the test data for specimen 
S1 are used as an example. Figure 3 shows the variation of 
the drilling depth Dh with the drilling time t during the drill-
ing of specimen S1. Figures 4, 5 and 6 show the variation 
curves of N, M and F with Dh during the drilling of specimen 
S1, respectively.

Fig. 1   The multi-functional rock mass digital drilling test system

Table 1   Scheme design for layered rock mass specimens for the digi-
tal drilling test

No. Type of rock layer No. Type of rock layer

S1 S11 Intact limestone S2 S21 M20 cement mortar
S12 Broken mudstone S22 Broken limestone
S13 Intact sandstone S23 Intact mudstone

S3 S31 M25 cement mortar S4 S41 Grouted sandstone
S32 Broken sandstone S42 Grouted limestone
S33 M10 cement mortar S43 Grouted mudstone

S5 S51 M30 cement mortar
S52 M5 cement mortar
S53 M15 cement mortar

Table 2   Mix proportions for cement mortars with various strength 
grades

Strength 
grades of 
cement 
mortar

Cement 
content (kg/
m3)

Strength 
grades of 
cement

River sand 
content (kg/
m3)

Water content 
(kg/m3)

M5 215 32.5 1450 300
M10 275
M15 310
M20 370 42.5
M25 385
M30 455
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As demonstrated in Figs. 3 and 4, during the drilling of 
specimen S1, V (V = Dh/t, which was monitored by the sen-
sor) remained close to the preset value of 85 mm/min, and 
N remained close to the preset value of 100 r/min, and the 
constant state was achieved.

Here, the S11 rock mass layer is used as an example for 
analysis. As demonstrated in Figs. 5 and 6, during the digi-
tal drilling test process, the variations of F and M with Dh 
exhibited a consistent law, which, overall, had two stages. (1) 
Increasing stage—before the drill bit came in contact with 

the rock, F and M each had an initial value. After the drill 
bit came in contact with the rock, F and M increased rapidly 
as Dh increased within a relatively small range. (2) Stable 
stage—as Dh increased further, F and M gradually stabilized 
and fluctuated around their respective stable values.

Based on the previously mentioned variation patterns of 
F and M, test values for F and M were calculated by sub-
tracting their respective initial values from their respective 
average values during the stable stage. Here, the measure-
ments of M shown in Fig. 5 are used as an example. During 

Fig. 2   A layered rock mass specimen before and after a digital drilling test

Fig. 3   Variation curve of Dh 
with t during the drilling of 
specimen S1
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the drilling of specimen S1, the initial value of M, Mt, was 
16.25 N·m; the M in the S11 layer, M11, had an average 
value of 134.68 N·m during the stable stage; the M in the 
S12 layer, M12, had an average value of 20.28 N·m during 
the stable stage; and the M in the S13 layer, M13, had an 
average value of 87.04 N·m during the stable stage. Thus, 
the test value of the M in the S11 layer was calculated as 
follows: M = M11–Mt = 134.68–16.25 N·m = 118.43 N·m; 
the test value of the M in the S12 layer was calculated as 
follows: M = M12–Mt = 20.28–16.25 N·m = 4.03 N·m; and 
the test value of the M in the S13 layer was calculated as 
follows: M = M13–Mt = 87.04–16.25 N·m = 70.79 N·m.

V, N, F and M in each rock layer monitored during the 
digital drilling test were calculated using the aforementioned 
drilling parameter calculation method. Table 3 summarizes 
the results.

2.3.2 � ηc Determined Based on Energy Analysis

PDC drill bits are often used in rock drilling. A special PDC 
drill bit designed in-house for digital testing, as shown in 
Fig. 7, was used in the experiment. This special drill bit is 
composed of rectangular compacts and a matrix. The com-
pacts are embedded in the matrix, forming three long cutting 
edges. Under the action of M and F, the drill bit drills the 

specimens through rotation, and at the same time, the cutting 
edges cut and crush the rock, thereby forming a drill hole. 
The rectangular compact design prevents changes in the 
form and mechanical characteristics of the compacts during 
the drilling process, even if the compacts sustain wear, thus 
minimizing the effects of wear of the compacts on test data 
and facilitating establishment of an accurate mathematical 
model for the rock mass cutting process. Two main processes 
are involved in rock-cutting by the PDC through rotation: the 
cutting action of the cutting edges of the drill bit on the rock 
in front of it and the friction between the cutting edges and 
the rock at the bottom of it.

Teale (1965) proposed a parameter called the specific 
energy of drilling, ηs, which is defined as the amount of 
energy required to drill a unit volume of rock, which is given 
by:

where Ms is the torque on the drill bit; Fs is the driving force; 
Ns is the rotational speed; Vs is the drilling rate; and Rs is the 
radius of the drill bit.

ηs is related to rock properties (Karasawa et al. 2002; 
Tan et al. 2007) and is also affected by the performance 

(1)�s =
FsVs + 2�NsMs

�Rs
2Vs

Fig. 5   Variation curve of M 
with Dh during the drilling of 
specimen S1
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of the drill bit and drilling parameters. This is because ηs 
describes the cutting action of the cutting edges of the drill 
bit on the rock combined with the friction between the 
cutting edges and the rock, whereas the friction between 
the drill bit and the rock at the bottom of it is determined 
by drilling parameters, including F.

The process in which the cutting edges of a drill bit 
cuts a rock is more closely related to rock properties than 
to friction. To eliminate the disturbance from friction, a 
new parameter, ηc, is defined in this study as the amount 
of energy consumed by the cutting edges of a drill bit to 
cut a unit volume of rock. The equation for calculating ηc 
is derived as follows:

Within a period of time t, the work done by a drilling 
machine to drill a rock includes the work done by M, WM, 
and the work done by F, WF, and the energy consumed 
during the drilling process includes the energy consumed 
to cut and crush the rock, Ec, and the energy consumed by 

the friction between the drill bit and the bottom rock, Ef. 
According to the law of conservation of energy, we have

WM is given by:

WF is given by:

As demonstrated in Fig. 8, the special drill bit for digi-
tal drilling has a radius of R and contains three cutting 
edges. The length of the ith cutting edge is Li (i = 1, 2, 3). 
Ef is calculated as follows:

(2)WM +WF = Ec + Ef

(3)WM = 2�NMt

(4)WF = FVt

Table 3   Statistics of the 
digital drilling and uniaxial 
compression test results

No. V (mm/min) N (r/min) M (N m) F (kN) c (MPa) R
c
 (MPa)

S11 84.56 100.32 118.43 10.18 208.34 75.23
S12 86.06 100.07 4.03 0.13 9.11 –
S13 84.67 100.21 70.79 3.37 151.88 58.29
S21 86.71 100.20 5.78 0.91 5.81 10.65
S22 84.78 100.21 6.55 0.37 13.44 –
S23 84.37 100.27 48.49 2.52 102.30 35.45
S31 85.66 100.22 8.19 1.05 10.73 9.62
S32 86.65 100.26 5.32 0.28 10.89 –
S33 86.29 100.23 1.64 0.14 2.84 2.48
S41 86.35 100.32 30.75 1.93 60.12 19.98
S42 86.43 100.23 40.78 2.07 84.46 21.13
S43 85.53 100.33 21.73 1.23 44.24 18.99
S51 86.72 100.25 10.76 1.13 16.42 16.49
S52 86.46 100.24 0.48 0.05 0.74 1.59
S53 86.47 100.24 4.42 0.53 6.11 10.30

Fig. 7   The special PDC drill bit for digital drilling tests and the drill 
bit rock-cutting process

L1

L2

L 3

O

R

PDC bit

Cutting edge

Fig. 8   A schematic diagram of the cutting edges of the special drill 
bit for digital drilling
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where the specifications of the special drill bit for digital 
drilling are as follows: R = 30 mm, L1 = 27 mm, L2 = 18 mm 
and L3 = 18 mm. In addition, µ is the coefficient of friction 
between the cutting edges of the drill bit and the bottom 
rock (µ is set as 0.21 based on the results of Yahiaoui et al. 
(2016)).

By substituting Eqs. (3), (4) and (5) into Eq. (2), Ec is 
obtained as follows:

where Ec is the amount of energy consumed to drill the rock 
during t. Thus, the ηc associated with the special drill bit for 
digital drilling is as follows:

(5)Ef = 2�N�t

[
FR −

F(L2
1
+ L2

2
+ L2

3
)

2(L1 + L2 + L3)

]
,

(6)Ec = 2�Nt

[
M − F�R +

F�(L2
1
+ L2

2
+ L2

3
)

2(L1 + L2 + L3)

]
+ FVt,

(7)
�c =

2�NM − ��NF
(
2R −

L2
1
+L2

2
+L2

3

L1+L2+L3

)
+ FV

�R2V

By substituting the values of the aforementioned drilling 
parameters (V, N, M and F) monitored in each rock layer into 
Eq. (7), the ηc in each rock layer was determined. In addition, 
the uniaxial compression test was also performed to deter-
mine the uniaxial compressive strength, Rc, of each rock 
layer of each rock specimen. Table 3 summarizes the results.

3 � Analysis of the Digital Drilling Test Results

3.1 � Analysis of the Response of the Drilling 
Parameters to Rock Layer Interfaces

Surrounding rock structures of underground projects consist 
mostly of rock layers of various lithologies. Determining the 
locations of rock layers of various lithological compositions 
is an important step in a support scheme design. Herein, to 
realize the use of the DDT technique to identify rock layer 
interfaces, the response of the drilling parameters to rock 
layer interfaces is analysed with typical test data (the drilling 
parameters monitored during the drilling of specimen S1 (as 
shown in Figs. 5, 6) and the drilling parameters monitored 
during the drilling of specimen S5 (as shown in Figs. 9, 10).

An analysis of Figs. 5 and 6 shows that M and F have val-
ues of 118.43 N·m and 10.18 kN in the intact rock layer S11, 

Fig. 9   Variation curve of M 
with Dh during the drilling of 
specimen S5
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respectively, 4.03 N·m and 0.13 kN in the broken mudstone 
layer S12, respectively, and 70.79 N·m and 3.37 kN in the 
intact sandstone layer S13, respectively. Clearly, M and F var-
ied significantly between the three rock layers, suggesting a 
relatively significant difference in rock mass strength. During 
the drilling process, as the drill bit entered layer S12 from layer 
S11, M and F decreased rapidly; as the drill bit entered layer 
S13 from layer S12, M and F increased rapidly. The response 
of the drilling parameters to interfaces between rock layers that 
varied significantly in strength was pronounced.

An analysis of Figs. 9 and 10 shows that M and F had values 
of 10.76 N·m and 1.13 kN in the M30-grade cement mortar 
layer S51, respectively, 0.48 N·m and 0.05 kN in the M5-grade 
cement mortar layer S52, respectively, and 4.42 N·m and 0.53 
kN in the M15-grade cement mortar layer S53, respectively. 
Compared to specimen S1, there was a smaller difference in 
M and F and rock mass strength between the three rock layers 
of specimen S5. During the drilling process, as the drill bit 
entered layer S52 from layer S51, M and F decreased rapidly; 
as the drill bit entered layer S53 from layer S52, M and F 
increased rapidly. The response of the drilling parameters to 
interfaces between rock layers that differed insignificantly in 
strength was pronounced.

In summary, for specimen S1, the rock layers differed sig-
nificantly in strength, and the difference in ηc between the rock 
layer with the highest strength (S11) and the rock layer with 
the lowest strength (S12) was 199.23 MPa. For specimen S5, 
the rock layers differed insignificantly in strength, and the dif-
ference in ηc between the rock layer with the highest strength 
(S51) and the rock layer with the lowest strength (S52) was 
15.68 MPa. Clearly, the response of the drilling parameters 
to rock layer interfaces was relatively pronounced, regardless 
of how significant the difference in strength was between the 
rock layers. This validates the feasibility and effectiveness of 
the DDT technique in identifying rock layer interfaces.

3.2 � Comparison of Drilling Parameters for Intact 
and Broken Rock Masses

The determination of the broken area of surrounding rock pro-
vides a basis for designing grouting schemes. To discuss the 
feasibility of the DDT technique in determining the broken 
area of surrounding rock, the drilling parameters for the digital 
drilling of intact and broken rock masses are compared, and 
an index δk that describes the ratio of the absolute value of the 
difference in ηc between an intact mass and a broken rock mass 

to the ηc for an intact mass of the same rock is established, as 
shown in Eq. (8).

where ηcw is the amount of energy consumed by the drill 
bit to cut a unit volume of an intact rock mass and ηcp is 
the amount of energy consumed by the drill bit to cut a unit 
volume of the same broken rock mass.

Table 4 summarizes the calculated values of ηc for intact 
and broken limestone, sandstone and mudstone. Figure 11 
compares the values of ηc for intact and broken rock masses 
of various lithologies.

An analysis of Table 4 and Fig. 11 shows that ηcw was 
significantly higher than ηcp. The δk for intact and broken 
limestone, sandstone and mudstone was 93.5%, 92.8% and 
91.1%, respectively, and there was a significant difference 
between the response of ηc to the strength of an intact rock 
mass and a broken rock mass of the same lithology. This 
suggests that it is feasible and effective to use the DDT tech-
nique to determine the broken area of surrounding rock.

3.3 � Comparison of the Drilling Parameters 
for Grouted and Broken Rock Masses

Currently, grouting is a primary means for addressing the 
low self-supporting capacity and poor stability problems 
associated with broken surrounding rock. A quantitative 

(8)�k =

|||�cw − �cp
|||

�cw
× 100%,

Table 4   Summary of the calculated values of the drilling parameter ηc for digital drilling of intact and broken rock masses

No. �
c
 (MPa) No. �

c
 (MPa) No. �

c
 (MPa)

S11 (intact limestone) 208.34 S13 (intact sandstone) 151.88 S23 (intact mudstone) 102.30
S22 (broken limestone) 13.44 S32 (broken sandstone) 10.89 S12 (broken mudstone) 9.11
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Fig. 11   Comparison of the ηc for digital drilling of intact and broken 
rock masses
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evaluation of the effect of grouting of rock masses is 
essential for optimizing a grouting scheme design. How-
ever, there are currently no effective methods for evaluat-
ing the effect of grouting. To discuss the feasibility of the 
DDT technique in evaluating the effect of grouting of rock 
masses, the values of the drilling parameter ηc for digital 
drilling of grouted and broken rock masses are compared, 
and an index δm that describes the ratio of the absolute 
value of the difference in ηc between a grouted and a bro-
ken rock mass to the ηc for the same grouted rock mass is 
established, as shown in Eq. (9).

where ηcz is the amount of energy consumed by the drill 
bit to cut a unit volume of a grouted rock mass and ηI is the 
amount of energy consumed by the drill bit to cut a unit 
volume of the same broken rock mass.

Table  5 summarizes the calculated values of ηI for 
grouted and broken limestone, sandstone and mudstone. 
Figure 12 shows the comparison of the values of ηI for 
grouted and broken rock masses of various lithologies.

An analysis of Table 5 and Fig. 12 shows that ηcz was 
significantly higher than ηcp. The δm for grouted and 
broken limestone, sandstone and mudstone was 84.1%, 
81.9% and 79.4%, respectively, and the response of ηc to 
the strength of a broken rock mass differed significantly 
between before and after grouting. This validates the 

(9)�m =

|||�cz − �cp
|||

�cz
× 100%,

feasibility of the DDT technique in evaluating the effect 
of grouting for rock masses.

4 � Digital Drilling‑Based Determination 
of Rock Strength

4.1 � An Ruc Prediction Model (DPR Model) for Rock

Figure  13 shows a scatter diagram of the relationship 
between ηc and Rc that was plotted based on the digital drill-
ing test results for each rock layer that are shown in Table 3. 
An equation that describes the relationship between ηc and 
Rc is obtained by linear regression fit analysis. On this basis, 
an Ruc prediction model (DPR model) for rock is established.

An analysis of Fig. 13 shows a basically linear relation-
ship between Rc and ηc. Overall, Rc increases as ηc increases. 
The rate of change of Rc with ηc is 0.3258. The goodness 
of fit R2 is 0.9522, indicating a relatively good fit. Based 
on the optimum fitted curve for Rc and ηc, an equation that 
describes the relationship between ηc and Rc is obtained:

By substituting Eq. (7) into Eq. (10), an Ruc prediction 
model (DPR model) is obtained:

(10)Rc = 0.3258�c + 4.5096

(11)

Ruc = 0.3258

⎡⎢⎢⎢⎣

2�NM − ��NF(2R −
L2
1
+L2

2
+L2

3

L1+L2+L3
) + FV

�R2V

⎤⎥⎥⎥⎦
+ 4.5096,

Table 5   Summary of the calculated values of the drilling parameter ηc for digital drilling of grouted and broken rock masses

No. �
c
 (MPa) No. �

c
 (MPa) No. �

c
 (MPa)

S22 (broken limestone) 13.44 S32 (broken sandstone) 10.89 S12 (broken mudstone) 9.11
S42 (grouted limestone) 84.46 S41 (grouted sandstone) 60.12 S43 (grouted mudstone) 44.24
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Fig. 12   Comparison of the ηc for digital drilling of grouted and bro-
ken rock masses
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Fig. 13   Scatter diagram of the relationship between Rc and ηc



850	 Q. Wang et al.

1 3

where the DPR model was obtained based on the digital 
drilling test results for a 12-layer rock mass with a strength 
ranging from 1.59 to 75.23 MPa. Digital drilling experi-
ments on rock masses with a wider range of strengths will be 
performed to facilitate establishment of a DPR model with 
general applicability.

4.2 � A Method for Measuring Rock Mass 
Characteristics and Evaluating the Effect 
of Grouting

Based on the aforementioned analysis, an on-the-spot 
method for measuring rock mass characteristics in real time 
and rapidly evaluating the effect of grouting for underground 
construction is proposed. The specific steps are as follows:

1.	 The digital drilling test system for surrounding rock is 
used to perform a digital drilling test on the rock mass 
in the field and obtain the drilling parameters (V, N, M 
and F) within the entire drilling area and in real time.

2.	 Based on the DPR model and the monitored drilling 
parameters, changes in Ruc with Dh within the entire 
drilling area are determined. On this basis, an Ruc dis-
tribution pattern for the surrounding rock is determined.

3.	 The obtained Ruc distribution pattern shows the loca-
tions where sudden changes in Ruc occur, i.e., the inter-
faces between rock masses that differ in strength. On 
this basis, the locations of the interfaces between rock 
layers, rock mass characteristics (e.g., broken areas) and 
equivalent strength of the rock mass are determined in 
real time.

4.	 If grouting is performed to reinforce the broken rock 
mass, based on the digital drilling test results and the 
DRP model, the distribution of Ruc before and after 
grouting can be determined. On this basis, the extent of 
increase in Ruc and the increase in the ratio of Ruc at the 
same depth after grouting can be determined, thereby 
achieving rapid evaluation of the reinforcing effect of 
grouting.

5.	 The Ruc distribution of rock obtained based on the digital 
drilling test results and the DPR model can provide basic 
data for designing and optimizing support schemes for 
underground engineering sites in a timely fashion.

5 � Conclusions

1.	 A systematic comparison of digital drilling tests on 
intact, broken and grouted rock masses was conducted 
using a multi-functional rock masses digital drilling 
test system and a special PDC drill bit for digital test 
developed by authors. In addition, the ηc associated with 
this type of drill bit was also determined through energy 

analysis based on the values of drilling parameters that 
were monitored in real time.

2.	 The test results showed that the response of the drill-
ing parameters for the digital drilling test to rock layer 
interfaces was pronounced and that the response of the 
drilling parameters to the strength of intact and broken 
rock masses differed significantly, thereby validating 
the feasibility and effectiveness of the DDT technique 
in identifying rock layer interfaces and measuring the 
broken areas of surrounding rock.

3.	 During the digital drilling test process, the response 
of the drilling parameter ηc to the strength of a broken 
rock mass differed significantly between before and after 
grouting. The values of δm are both higher than 75% 
for grouted and broken limestone, sandstone and mud-
stone. This validates the feasibility and effectiveness of 
the DDT technique in evaluating the effect of grouting 
for rock masses.

4.	 An Ruc prediction model (DPR model) based on the 
drilling parameters for the digital drilling test was estab-
lished. A DDT technique-based method for measuring 
the rock mass characteristics in real time and rapidly 
evaluating the effect of grouting was proposed. This 
method is capable of identifying rock layer interfaces, 
determining the broken area and obtaining the strength 
of the grouted rock mass. In addition, digital drilling 
experiments on rock masses with a wider range of 
strengths will be carried out to construct a generally 
applicable DPR model, thereby realizing accurate, real 
time and rapid acquisition of the Ruc of surrounding rock 
during underground engineering construction based on 
the DDT technique and providing a theoretical basis and 
technical means for designing and optimizing support 
schemes for underground engineering construction in a 
timely fashion.
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