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Abstract: The existing cutterhead torque calculation method usually simplifies the characteristics
of the shield, which ignores the rolling angle. In this paper, the cross-river shield project of Wuhan
Metro Line 8 is taken as the research focus. Firstly, the measured data of the cutterhead torque (CT),
the rolling angle and rotation direction were analyzed. Then on this basis, the penetrability, tunneling
thrust, and rolling angle were taken as the influential factors to analyze CT sensitivity. Finally, based
on the theoretical calculation model, a modified solution of CT was obtained considering the rolling
angle. The results show that the rolling angle can be reduced to zero by changing the direction of the
cutterhead rotation; the rolling angle has a greater impact on CT than the other two factors as shown
through the analysis of the range difference and Statistical Product and Service Solutions (SPSS)
method. As the absolute value of the rolling angle increases, CT also increases, and the relationship
between them is linear. To a certain extent, the rolling angle of the shield can reflect the difficulty of
tunneling and the running status. By monitoring the rolling angle of the shield, the prediction of CT
can be more in line with the actual construction conditions.

Keywords: shield tunnel; rolling angle; cutterhead torque (CT); correlation analysis; modified solution

1. Introduction

Due to the advantages of being unaffected by the climate, stable traffic capacity,
strong resistance to war damage and to damage from shipping, underwater tunnels have
increasingly become an important means of connection and a traffic lifeline between
cities, regions, and even countries [1–3]. During long-distance tunneling using large-
diameter shields, cutter wear and attitude control have a significant impact on the safety
of tunneling [4,5]. Tunnel Boring Machine (TBM)tunneling is affected by complex factors,
such as the soil properties, the water and soil pressure, the jack thrust, and the cutterhead
torque (CT) [6,7]. Proving the dynamic mechanism of the interaction between machine and
soil is a prerequisite for optimal control of shield construction mechanics [8].

CT is an important part of shield tunneling parameters [9,10]. It is related to whether
the shield tunneling can be carried out with high efficiency. However, CT is affected by
many factors such as the type of shield, the form of the cutterhead, the type of cutter, and
the formation conditions. In recent years, as the diameter of shields continues to increase,
CT is also increasing, and the gap between the maximum value of the cutterhead torque and
the average value is also increasing in these projects. Therefore, it is very important to study
the characteristics of CT and its influencing factors, and establish the two-way relationship
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between the soil and the shield, which can lay the foundation for the establishment of the
mathematical model of CT [11,12].

At present, the empirical formula widely used in shield design and construction
areas is that proposed by Krause [13]. In view of the fact that the empirical formula
could have too many considerations, it is mainly based on the statistical results of a large
number of construction data, ignoring the influence of complex formation conditions and
machine parameters on CT. Reilly [14] proposed an empirical formula to determine CT,
but there still exist large uncertainties in this model. Therefore, in recent decades, many
attempts have been made to establish a cutterhead torque prediction method based on
physical models [15,16]. Taking account of cutterhead structure, cutting principle and
the interaction between cutterhead and soil composition, and corresponding calculation
method of cutterhead torque as presented by Shi et al. [17]. Wang et al. [18] proposed a new
calculation model considering dynamic parameters, which was verified by laboratory tests,
and established a shield load prediction model for cutterhead torque and thrust. Zhang
et al. [19] established a shield load prediction model for cutterhead torque and thrust,
taking into account the influence of the shield-soil interaction. Ates et al. [20] collected
262 TBMs’ design parameters, and analyzed the relationship between TBM diameter and
installed thrust capacity, nominal torque, and others. With the continuous development
of shield tunnel technology, shield engineering will have to face a variety of geological
conditions. González et al. [21] proposed a calculation model suitable for soils and soft
rock, and Zhou and Zhai [22] extended the existing theory to mixed-face ground. Although
methods based on physical models can predict the CT trend, there are still many key factors
that have not been considered, such as cutterhead rotation, advance speed, total thrust, and
torque. Moreover, the theoretical calculation methods mentioned above are only suitable
for specific cutterhead design and geological conditions.

Due to the low accuracy of the theoretical calculation method of cutterhead torque,
machine learning has been widely used in the prediction of tunnelling parameters [23,24].
First, a large number of tunneling parameters need to be analyzed initially. In recent
years, Statistical Product and Service Solutions (SPSS) is often used in data analysis in civil
engineering [25,26]. Three intelligent models were employed to predict advance speed,
torque, thrust, and other operating parameters, including a predeveloped artificial neural
network (ANN), hybrid particle swarm optimization (PSO)-ANN, and a hybrid imperialist
competitive algorithm (ICA)-ANN [27–29]. Luo et al. [30] proposed an optimal control
method for slurry pressure based on random forest (RF) and particle swarm optimization
(PSO). Qin et al. [31] proposed an approach of precise cutterhead torque prediction for shield
tunneling machines using a novel hybrid deep neural network. Shi et al. [32] proposed a
novel VMD-EWT-LSTM-based multi-step prediction method for shield machine cutterhead
torque. Although these algorithms can achieve better prediction accuracy, the methods
require more data as the basic database for the prediction model. From the existing research
results, more analysis is based on the data of the entire project.

Based on the above literature review, the empirical calculation model of cutterhead
torque is only a reference, and there is often a large error with the actual measured value.
The existing theoretical calculation model of cutterhead torque is generally only applicable
to a single formation. Machine learning prediction models require large amounts of data
as a basis. To resolve these problems, this paper aims to establish a calculation method
of cutterhead torque considering the rolling angle. Based on the Wuhan Metro Line 8
project, a large amount of engineering data has been collected. Through the analysis of
factors and SPSS, the correlation between tunneling speed, rotation speed, tunneling thrust,
rolling angle, and cutterhead torque is analyzed. Based on a physical mechanics model, the
rolling angle is introduced and proposed, and a modified solution of the torque is proposed.
In addition, the model is applied to the prediction of the torque in metro engineering
scenarios. The effectiveness of the model is verified and discussed through a comparison
of the theoretical solution and field data. Based on the strong correlation between the
cutterhead torque and the rolling angle, the calculation method proposed in this paper
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is more adaptable to the stratum, more in line with engineering reality, and has higher
engineering application value.

2. Project Overview

The total length of the Wuhan Metro Line 8 cross-river tunnel is 3186 m, and the width
is about 1500 m, as shown in Figure 1. A slurry TBM with a diameter of 12.51 m is adopted
(see Figure 2). The main technical parameters of the shield are shown in Table 1. There
are six arms with a spokes panel, and the opening ratio of the cutterhead is about 28.5%.
The maximum water and soil pressure is up to 0.7 MPa in this project, and the maximum
overburden depth is up to 37 m. The deepest part of the river bottom is 51 m below the
normal water level.
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Table 1. Main technical parameters of shield.

Item Device Parameter Engineering Demand

Minimum turning radius 650 m 700 m
Maximum pressure resistance 0.80 Mpa 0.67 Mpa

Maximum gradient 5% 7%
Excavation diameter 12.54 m 14.60

Maximum advancing speed 60 mm/min 60 mm/min
Maximum thrust 156,753 kN 140,000 kN
Maximum torque 18.3~24.6 MN·m 17.2~20.3 MN·m

The slurry TBM needs to traverse the upper soft and lower hard composite stratum
for a long distance. The upper part of the tunnel is all silt fine sand. Strongly weathered
conglomerate (1365 m) and weakly weathered conglomerate (750 m) are distributed in the
middle of the tunnel, and strongly cemented conglomerate is distributed at the bottom of
the tunnel, as shown in Figure 3. The project is faced with many technical problems such
as soil fracturing and collapse, low excavation efficiency, and attitude deviation [33].
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3. Correlation Analysis

Shield rolling angle is an important attitude parameter, but it is often ignored in
engineering. Faced with complex strata and high water pressure, there are problems with
the cutting of the cutterhead and the difficulty of controlling the torque. Excessive torque
results in an excessively large rolling angle. On the other hand, excessive large rolling
angle further increases the difficulty of controlling the torque. The rolling angle and torque
mutually restrict and influence each other. Therefore, it is necessary to ascertain the inner
relationship between the rolling angle and the torque. In this field test, Ring No. 480 to
Ring No. 530 was selected as the test tunneling section (see Figure 4).
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3.1. Measured Data Analysis

According to stratum conditions, in this tunneling section, the designer of the slurry
TBM from Herrenknecht set the control line for the positive rolling angle (clockwise)
to 5 mm/m, and the control line for the negative rolling angle (counterclockwise) to
10 mm/m based on the Chinese Standard GB 50446-2017 [34]. Through Herrenknecht’s
own monitoring system, the rolling angle and the cutterhead torque were monitored, and
the direction of cutterhead rotation (DCR) during each ring tunneling was recorded (see
Figure 5).
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Figure 5. Cutter rotation direction change.

Figure 5 shows the change curve of rolling angle; the rolling angle of the shield is
strictly controlled within −10 mm/m to +5 mm/m from Ring No. 480 to Ring No. 530.
When the rolling angle reaches the control limit value, in the current project, the rolling
angle is generally regulated by changing DCR. The change point of DRC is marked in
Figure 6. Figure 6 shows that the rolling angle gradually returns to 0 after DCR is changed.
It can be observed from Figure 7 that when the DCR has changed, CT will drop rapidly.
As shown in Figure 7, the reduction of shield rolling angle can relieve the load-bearing
capacity of the shield machine.
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Through analyzing the changing trend of field data, it can be seen that there is a
certain correlation between the rolling angle and CT. Nevertheless, the degree of correlation
between the two parameters needs further analysis and discussion.

3.2. Factor Analysis of Torque

CT is affected by soil parameters and shield tunneling parameters. The overall stratum
and hydrological conditions of the selected excavation section are similar, so the influence
of soil parameters can be ignored, and the impact of tunneling parameters on CT is mainly
considered. Xu et al. [35] studied the change law of CT under different thrust, rotation
speed and tunneling speed through the excavation model test, but did not consider the
influence of the rolling angle on the cutterhead torque. The rotation speed and tunneling
speed can be analyzed by the penetration. In this paper, the three variables of penetration,
tunneling thrust, and rolling angle are divided into four groups in the form of intervals, as
shown in Table 2.

Table 2. Factor level of the cutter torque.

Factor Level Penetration (mm) Tunneling Thrust (kN) Rolling Angle (mm/m)

1 [3.60, 8.00] [56,691, 61,000] [0, 1]
2 (8.00, 13.00] (61,000, 65,000] (1, 2]
3 (13.00, 18.00] (65,000, 69,000] (2, 3.5]
4 (18.00, 23.00] (69,000, 73,000] (3.5, 4.5]

The limit value of the positive rolling angle is set as +5 mm/m in the test section, and
the negative rolling angle is −10 mm/m. Due to the difference in the absolute value of the
positive and negative limit indexes, the following normalization processing has been done:

γ′ =

{
γγ > 0
|γ|/2γ ≤ 0

(1)

According to the orthogonal experiment theory, the range is obtained by subtracting
the minimum value from the maximum value. It can be observed from Table 3 that the range
of the rolling angle is the largest, followed by the penetration, and finally the tunneling
thrust, which shows that the CT has the greatest correlation with the rolling angle.

Table 3. Analysis of cutter torque difference (MN·m).

Factor Level Penetration Tunneling Thrust Rolling Angle

1 13.54 13.80 13.44
2 14.56 14.07 13.78
3 14.64 14.26 14.15
4 13.74 13.40 14.60

Extreme differences 1.10 0.86 1.16

According to Table 3, the intuitive analysis results of the relevance of each factor to
the torque can be obtained, as shown in Figure 8. It shows the effects of various factors on
the torque, and that CT increases with the increasing of the rolling angle. The penetration
and tunneling thrust has less influence on the torque. Therefore, it can be judged that the
rolling angle has a strong correlation with the CT.
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3.3. SPSS Analysis

Statistical Product and Service Solutions (SPSS) is a data analysis software. Most of the
research on shield tunneling parameters is in the summary stage, and there is no suitable
analysis method for the in-depth analysis of tunneling parameters. This paper uses SPSS
software to analyze the correlation between the rolling angle, penetration, tunneling thrust,
and cutterhead torque [36], and the analysis results are shown in Tables 4–6. When the Sig
value is less than 0.01, it indicates that the two variables have a strong correlation, which is
represented by two asterisks; iIf the Sig value is greater than or equal to 0.01 and less than
0.05, it indicates that the two variables have a moderate correlation, which is represented
by one asterisk; if the Sig value is greater than or equal to 0.05, it indicates that the two
variables are weakly correlated.

Table 4. SPSS Analysis of penetration and cutterhead torque.

Variety Analysis Results Penetration Torque

Penetration
Pearson correlation 1 0.160

Significant (double tail) 0.261

Torque Pearson correlation 0.160 1
Significant (double tail) 0.261

Table 5. SPSS Analysis of tunneling thrust and cutterhead torque.

Variety Analysis Results Tunneling Thrust Torque

Tunneling thrust Pearson correlation 1 −0.059
Significant (double tail) 0.682

Torque Pearson correlation −0.059 1
Significant (double tail) 0.682

Table 6. SPSS Analysis of rolling angle and cutterhead torque.

Variety Analysis Results Rolling Angle Torque

Rolling angle Pearson correlation 1 0.391 **
Significant (double tail) 0.005

Torque Pearson correlation 0.391 ** 1
Significant (double tail) 0.005

Note: ** Indicates that at the 0.01 level (two-tailed), the correlation is significant.

According to the analysis results (see Tables 4 and 5), the Sig values between pen-
etration, tunneling thrust, and rolling angle are all greater than 0.05, which shows that
the correlation between penetration, thrust and rolling angle is weak. However, it is seen
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from Table 6 that the correlation between the rolling angle and CT is significant. Therefore,
the theoretical calculation method of CT should consider the influence of rolling angle.
Through SPSS analysis, the strong correlation between the rolling angle and the CT is once
again proved.

4. Modified Solution of Cutterhead Torque

According to the analysis results in Section 3, the rolling angle has a more significant
correlation with CT than other tunneling parameters. In this section, based on the traditional
calculation method of the torque, the rolling angle is considered, and a modified solution
of the torque is proposed.

4.1. Krause Empirical Model

The Krause empirical load model is widely used in shield design and construction.
In 1987, Krause collected and analyzed the construction load data from 397 sets of slurry
shield tunneling machines made in Japan and 12 sets made in Germany. He proposed the
empirical load model shown in Equation (2) [37,38]:

T = αD3 (2)

where T (kN·m) is the total torque; D (m) is the shield diameter; α (kN·m2) is the empirical
coefficient that depends on the ground conditions and the type of shield. The range of α,
determined by the statistical analysis of in-situ data and widely used in current engineering,
is 9 to 23, as shown Figure 9 [19]. The empirical value range of CT in this paper is from
17.75 MN·m to 45.35 MN·m (D = 12.54 m).
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4.2. Theoretical Calculation Model of Cutterhead Torque

When the shield tunnels in the ground, CT is mainly used to overcome the resistance
torque of the formation when the cutterhead cuts the soil (T1), the friction torque between
the front, side, and back of the cutterhead and the soil (T2), the resistance torque caused
by the seal of the cutterhead (T3), the friction torque caused by the main bearing of the
cutterhead (T4), and the friction loss torque of the reducer (T5) [18,22]. Therefore, the shield
cutterhead torque can be expressed as:

T = T1 + T2 + T3 + T4 + T5 (3)

4.3. Modified Solution Derivation

Table 7 shows the statistics of several shield projects on the torque composition of
the cutterhead [39,40]. It shows that CT is mainly composed of overcoming formation
resistance and friction. T1 and T2 account for about 80–90% of the total torque. Based on
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this statistical data, this paper simplified the calculation model due to the unavailability of
some shield mechanical parameters, as shown in Equation (4).

T= 1.2(T1 + T2) (4)

Table 7. Related projects.

Project T1 + T2 (kN·m) Total Torque (kN·m) Percentage (%)

Izmir Metro, Turkey 4297 5289 81.0
London Heathrow Airport Tunnel 13,806 18,842 73.0

Beijing Metro Line 9, China - - 91.2
Beijing Metro Line 10, China - - 93.8

T1 and T2 can be obtained by the following method. During the advancing process of
the shield, the resistance torque generated by the cutter cutting the soil is:

T1 =
∫ R0

0
quhmaxrdr = 0.5quhmaxrR2

0 (5)

where qu is unconfined compressive strength of soil; hmax is maximum cutting depth per
revolution of the cutterhead; R0 is the radius of the outermost tool.

When the cutterhead is cutting, the front and side surfaces of the cutterhead rub
against the soil, resulting in frictional resistance torque. The specific calculation formula
can be expressed as follows:

T2 = T21 + T22 (6)

T21 =

2π∫
0

De
2∫

0

(1− ξ) f · σn f · r2drdθ (7)

T22 =
∫ 2π

0

D2

4
f W p1 sin2 θdθ +

∫ 2π

0

D2

4
f WKa p2 cos2 θdθ (8)

where T21 is the friction torque between the front of the cutterhead and the soil; T22 is
the friction torque between the side of the cutterhead and the soil. σnf is the normal earth
pressure on the front of the cutterhead; f is the friction coefficient of the soil; ξ is the opening
ratio of the cutterhead; r is the turning radius of the cutterhead; θ is the angle between the
calculation unit on the cutterhead and the vertical axis (see Figure 10); W is the weight of
the shield; p1 is the vertical pressure acting on the side of the cutterhead, p2 is the horizontal
pressure acting on the side of the cutterhead; Ka is the active earth pressure coefficient.
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The data of rolling angle and cutterhead torque between Ring No. 480 and Ring
No. 530 are shown in Figure 10. The points where the rolling angle is greater than 0 and
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the points less than or equal to 0 are respectively fitted, and two fitted straight lines are
obtained. The fitting parameters are shown in Table 8. As shown in Figure 11, as the rolling
angle increases, CT also increases, and the relationship between the two is approximately
linear. The theoretical solution of the torque in this area lies between the intercept values of
the two straight lines. This is because the theoretical calculation model of CT established
does not consider the correlation between rolling angle and torque, and the default is that
the rolling angle is 0 mm/m. When the rolling angle reaches +5 mm/m (the set limit value),
CT deviation is nearly 20% more than the value obtained from the theoretical model. It has
been proved that the rolling angle is a factor that cannot be ignored.

Table 8. Fitting straight parameters.

Fitting Straight Line Slope Intercept

Straight line 1 (γ > 0) k1 = 0.524 b1 = 12.606
Straight line 2 (γ ≤ 0) k2 = −0.251 b2 = 13.029
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Furthermore, it is found that the ratio of k1 and k2 has the following relationship with
the control line of the rolling angle: ∣∣∣∣ k1

k2

∣∣∣∣ ≈ γ−

γ+
= 2 (9)

where γ+ is the limit value of the positive rolling angle; and γ− is the limit value of the
negative rolling angle; k1 and k2 are the slopes of the fitted straight line respectively.

Therefore, the modified solution of CT is:

T∗ =

{
k1γ + T γ> 0 k1γ+ = k2γ−

k2γ + T γ ≤ 0
(10)

where T* is the modified solution of the cutterhead torque.

4.4. Verification

Due to the empirical coefficients β being selected on basis of human experience, a large
margin of safety should be required. In comparing the above results with those predicted
by the Krause empirical model, the empirical torque range is 141–360% of the average
of the field data (see Figure 11). The accuracy of the torque by the proposed model can
significantly improves on estimates provided by the empirical model.

The modified solution of CT obtained in Section 4.3 need to be further verified, and
the field data of the 10 rings before Ring No. 480 and the 10 rings after the Ring No.
530 are selected for comparison and analysis. Since the selected verification tunneling
section is adjacent to the test section, it can be considered that the geological conditions are
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similar, and the influence of soil parameters on the torque can almost not be considered.
Figure 12 shows the comparison of measured value and theoretical value obtained from
this paper method. It can be seen from Figure 12 that the calculated value obtained by the
modified solution is more similar to the measured value, and there is a small gap between
the calculated and measured value.
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Figure 12. Comparison of measured value and theoretical value: (a) Ring No.470~ Ring No.479; (b)
Ring No.531~ Ring No.540.

CT can generally reflect the difficulty of tunneling and the operating status of the shield.
Therefore, accurately predicting the torque of the cutterhead can ensure the continuous
and safe construction of the shield machine. The modified solution proposed in this paper
can avoid complicated mechanical calculations with changes in ground conditions, and
is more suitable for the prediction and control of cutterhead torque in actual engineering
construction. Figure 13 presents the mean absolute percentage error (MAPE) values of the
two verification intervals [41]. The MAPE expression can be obtained by Equation (11). The
MAPE values are 8.476% and 8.268%, respectively, and those MAPE values can basically
meet the actual application requirements of the project.

MAPE =
1
n

n

∑
i=1

∣∣∣∣ ri − pi
ri

∣∣∣∣× 100% (11)

where r is the measured value; p is the calculated value; n is total number of datasets.
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Figure 14 shows the relationship between the rolling angle and CT (Ring No. 630-
650). The rolling angle and the torque in this tunneling section are similar to those of
the tunneling section between Ring No. 480 and Ring No. 530. The slope of the fitted
straight line can also be used to draw up the control line for the rolling angle in the adjacent
tunneling section. The k1 value of this tunneling section is similar to the k1 value of the
tunneling section (Ring No. 480–530), so γ+ is still taken as +5 mm/m. According to the
ratio of k1 and k2, γ− should be set as −8 mm/m. This indicates that the control range of
the rolling angle should be reduced, and CT is regulated more strictly in this area.
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Figure 14. The relationship of shield rolling angle and cutter torque diagram (Ring No. 630–Ring
No. 650).

It can be seen from the geological section (see Figure 3) that there are upper soft
and lower hard strata in this section, and the proportion of the hard rock occupying the
extraction face is higher than that of the tunneling section from Ring No. 630 to Ring No.
650. The geological conditions of this tunneling section are more complicated, and the
shield tunneling parameters are more difficult to control. The shield tunneling is relatively
difficult, and CT is more difficult to control. Therefore, it is necessary to reduce the control
range of the shield rolling angle.
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5. Conclusions

Through the range and SPSS analysis methods, it is proved in this paper that the
cutterhead torque has a strong correlation with the rolling angle. On the basis of the
theoretical solution of the torque, a modified solution considering the rolling angle is
obtained. The main conclusions from this study are enumerated below.

(1) Ring No. 480 to Ring No. 530 are selected as the test tunneling section, and the
field data are analyzed. The results shows that the rolling angle is strictly controlled within
a limited range, and can be reduced gradually to 0 mm/m by changing DCR.

(2) The three variables of penetration, thrust, and rolling angle are selected for interval
grouping. Through range and SPSS analysis methods, it is proved that the rolling angle
has a stronger correlation with CT than the other two factors.

(3) Based on the theoretical calculation model of CT, and through regression analysis
of the field data, the modified solution of CT considering the rolling angle is obtained.
Using this calculation method, the prediction accuracy of CT is much higher than that of
the traditional K model. Compared with the existing theoretical calculation methods, the
predicted value obtained by the method proposed in this paper is more in line with the
actual engineering.

Due to the limited collection of engineering cases, the cutterhead torque calculation
method proposed in this paper only verifies the tunneling parameters of this project, and
some useful conclusions have been obtained. However, in the future, it is necessary to
collect more comprehensive engineering data to further verify the rationality of this method.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.
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