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 الملخص:

ً ما يتم استخدام ماكينات حفر االنفاق بدالً من اسال  االنفاق يب حفرفى مشروعات االنفاق الحديثة، غالبا

تماداً على اسباب متر اع 19متر إلى  1التقليدية. قطاع ماكينات الحفر بشكل عام يكون دائرى بقطر يتراوح مابين 

والسكك  للطرق للمياه الجوفية او الصرف الصحى أو نفق كبيراستخدام النفق الذى من الممكن ان يكون نفق صغير 

 الحديدية ومترو االنفاق.

 وم لحفر تقالماكينات أجهزة استشعار محمولة متصلة بنظام التحكم معظم ماكينات الحفر لديها العديد من 

 قعدل اخترام ،بحثوضوع العلى المراجع العلمية المتعلقة بم. استنادًا لحفر النفقىتسجيل جميع البيانات أثناء اب

اعة متر/س كونوحدة ليوالذي قد يختلف في الئية ماكينة الحفر هو المعيار األكثر أهمية الذي يمثل أداماكينة الحفر 

 يقعن طر يتم عرض و تقييم اختيار المعامالت المؤثرة على معامل االختراق في هذه الدراسة، .أو مم/دورة

تحديد عامل المعن طريق  في مشروع أنفاق بورسعيد ماكينة حفراثنين عدد  لها منالبيانات التى تم تسجي استخدام

 ر تأثيًرااألكث المقترحة هي المعامالتأخيًرا، أظهرت النتائج أن و. ومعامل ارتباط بيرسون بين جميع المتغيرات

 ئية ماكينة الحفر.على أدا

Abstract: 

In modern tunneling projects, Tunnel Boring Machines “TBMs” are very often to 

be used instead of the traditional tunneling methods. TBMs have in general a circular 

cross-section with diameter conventionally varies from 1.0 m to 19.0 m depending on 

the tunnel usage, which can be small tunnel for underground water or sewer tunnel or 

big tunnel for roads, railway and subways. 

Most of TBMs have many mounted monitoring sensors connected to TBM control 

system, to record all data measurements during tunneling. Based on literature, the TBM 

penetration rate is the most critical parameter representing the TBM performance, which 

may differ in the unit to be m/hr. or mm/rot. In this study, the selection of the 

parameters which affect the penetration rate are presented and evaluated while using the 

recorded data measurements from two TBMs in Port Said tunnels project based on the 

coefficient of determination (R2) and Pearson-Correlation coefficient between all 

variables. Finally, the concluded results show that, the proposed parameters are the most 

ones affecting the TBM performance. 
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1. Introduction: 
Studying the TBM Performance represents one of the most important approaches, 

by collecting and studying the data measurements of the TBMs and the soil 

characteristics in different projects. The TBM penetration rate is the most important 
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parameter to study the TBM performance which may differ in the unit to be m/hr. or 

mm/rot (Salimi et al. 2016; Rispoli et al. 2017). The TBM penetration rate is generally 

affected by many parameters regarding the tunnel properties, TBM operating 

parameters and soil characteristics. The importance of these parameters should be 

evaluated to select the most significant parameters affecting the penetration rate. Many 

researchers have used the regression analysis to study, evaluate and select the most 

significant parameters affecting the penetration rates over the past years based on the 

coefficient of determination (R2) between all variables (Yagiz et al. 2009; Khademi et 

al. 2010; Farrokh et al. 2012; Maher 2012; Delisio and Zhao 2014; Salimi et al. 2016). 

Most researchers have studied the TBM performance in hard rock ground, (Maher 

2012) studied the TBM performance in soft soils while using Earth Pressure Balance 

TBM. The most used parameters while studying the TBM performance in hard rock 

grounds are divided into three categories. The first category is related to the tunnel 

specifications such as depth (Benardos and Kaliampakos 2004). The second category is 

related to the hard rock properties such as core fracture frequency (CFF), uniaxial 

compressive strength (UCS), rock mass rating (RMR), rock quality designation (RQD), 

Brazilian tensile strength (BTS), brittle index (BI), distance between planes of weakness 

(DPW) and (α) alpha angle between plane of weakness and TBM direction of drive 

(Alvarez Grima et al. 2000; Benardos and Kaliampakos 2004; Yagiz et al. 2009; 

Khademi et al. 2010; Farrokh et al. 2012; Ghasemi et al. 2014; Co and Gokceoglu 

2017). The third category is related to the TBM operating parameters such as cutterhead 

rotations, disc cutter normal force, TBM thrust force and TBM operator experience 

(Farrokh et al. 2012; Armaghani et al. 2017). On the other hand, the used parameters 

while studying the TBM performance in soft soils are mainly related to the operating 

parameters such as cutterhead vertical offset, screw conveyor soil pressure, cutterhead 

temperature, grout component pressure, foam flow rate, foam pressure, TBM operator 

experience, etc. as reported by (Maher 2012) 

In this study, the measured data of two Mix-shield TBMs are used to select and 

evaluate the parameters which affect the penetration rate while tunneling in soft soil 

conditions. These two Mix-shield TBMs with diameter 13.05 m were used to construct 

the two tunnels 19 km South of Port Said City in Egypt. The two tunnels are part of the 

Canal Region development plan aimed to contribute in North Sinai expansion by 

providing adequate linking infrastructure for trades between East and West (Figure 1). 

The tunneling process had been done from the East side of the canal to West side. The 

first TBM started in the North tunnel, then the second TBM followed in the South 

tunnel. The minimum observed distance between the two tunnels during the tunneling 

process was 150m. 
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Figure 1: Project Location 

In this study, the factors which affect the penetration rate of the TBM are different 

from other projects based on the soil conditions, and the TBM type. Accordingly, and 

referring to literature, four categories of parameters have been selected as follows: 

tunnel specification, TBM operating parameters, soil characteristics and TBM operator 

experience. 

 

2. Soil and TBM: 
The soil profile found in Port Said tunnels project is divided into three layers as 

follows: clay layer 1 (very soft to medium clay), sand layer 2 (medium to dense silty 

sand) and clay layer 3 (very stiff to hard clay), as shown in Figure 2. The field 

measurements for sand layer 2 and clay layer 3 were limited.  

On the other hand, as shown in Figure 2 there is intersection between sand layer 2 

and clay layer 3 while clay layer 1 could be considered as a homogeneous layer without 

any interpolations. In addition as reported by (Rizos et al. 2018) high cutterhead 

clogging potentials had been found in the deeper part of clay layer 1. Accordingly, clay 

layer 1 has been considered the selected layer to be studied. 

 
Figure 2: Soil Profile (Rizos et al. 2018) 

The measured data for the tunnel specification, TBM and the soil characteristics 

had been filtered to the tunnel rings located in clay layer 1, which are the tunnel rings 
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from 25 to 167 in the East side of the canal, and the tunnel rings from 1164 to 1390 in 

the West side of the canal. 

The tunneling process in this project had been done using mix-shield TBM with 

separation treatment plant (STP) of maximum capacity 3200 m3/hr. and compressed air 

station (Figure 3). In this case, some operating parameters had been selected related to 

the mix-shield TBM type such as: feed and slurry flows in (m3/hr.) which were not used 

in the study by (Maher 2012) while using EPB machine with different operating 

parameters. 

 
Figure 3: Mix-shield TBM 

3. Parameters Selection: 

In this study, the parameters which affect the TBM penetration rate have been 

divided into 4 categories as follows: tunnel specification, TBM operating parameters, 

soil characteristics, and TBM operator experience. 

Table 1: Parameters Categories 

Category 1 Category 2 Category 3 Category 4 

Tunnel depth Face Pressure Clay Content TBM Operator 

Experience Slope Air Bubble Pressure Silt Content 

Cutterhead Speed Plastic Limit 

Total Thrust Force Bulk Density 

Feed Flow Liquidity Index 

Slurry Flow Undrained Shear Strength 

Average Grout Pressure 

Referring to literature, the operating parameters which affect the TBM penetration 

rate in soft soils are different from those used in hard rock grounds, as in the soft soil 

projects are focusing on balancing the face pressure, and easily removing the excavated 

materials from the excavation chamber (Maher 2012). Consequently, and based on the 

TBM operator experience in tunneling using mix-shield TBM, the most important 

operating parameters affecting the penetration rates to maintain the tunnel face and 

controlling TBM performance are the face pressure, air bubble pressure, feed flow and 

slurry flow. In addition, the tail grout pressure could affect the penetration rate during 

tunneling based on the TBM operator experience as reported by (Maher 2012). In this 

case, the eight lines of tail grout of the mix-shield TBM in Port Said project had been 

averaged to one value per each tunnel ring. Furthermore, the effect of the cutterhead 
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speed, and the total thrust force during tunneling were significant, as the more thrust 

force the more penetration occurs while the more cutterhead rotation the less penetration 

occurs. 

The recorded data measurements are smoothed to be over each tunnel ring not 

every 10 seconds, as the TBM records the measurements each 10 seconds. In some 

cases, the influence of some parameters on the penetration rate could only be observed 

by the TBM. For example, the grout pressure has an effect on the penetration rate while 

starting the injection process; so that in some cases and after long stop of the TBM the 

tail grout injection pressure could be used to push the TBM forward which is directly 

affecting the penetration rate. Accordingly, the TBM operator experience has a great 

influence during the selection of the parameters which affect the penetration rate. 

On the other hand, the selection of the soil parameters had been done based on the 

available field measurements in Port Said project. In addition, as no reference was 

found in literature regarding the most affecting parameters on the penetration rate in the 

clay soils; the selection had been done based on the most important and critical 

parameters representing the clay layer. In addition, the undrained shear strength has 

been selected as the tunneling process is done in undrained condition since, the time of 

tunneling is too short to maintain the drained condition. 

Accordingly, and as outlined in Table 1, the selected parameters in this study are 

tunnel depth (m), tunnel slope, face pressure (bar), air bubble pressure (bar), cutterhead 

speed (rpm), total thrust force (kN), feed flow (m3/hr.), slurry flow (m3/hr.), average 

grout pressure (bar), clay content (%), silt content (%), plastic limit (%), bulk density 

(kN/m3), liquidity index (%) and undrained shear strength (kN/m2). 

4. Parameters Evaluation: 

After selecting the parameters, the evaluation process was assessed to assure that 

these parameters are significantly affecting the mix-shield TBM penetration rate. In that 

case, two approaches have been considered to measure the correlations between the 

parameters as follows: 

4.1 Coefficient of Determination (R2): 

Coefficient of Determination (R2) = 
𝑆𝑥𝑦
2
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Where X and Y are two different variables 

While using the coefficient of determination (R2) to measure and evaluate the 

correlation between the parameters, the graphical representation should be provided 
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with the R2 values, as the values have always positive sign even if the relationship 

between the parameters is positively or negatively correlated. 

Some input parameters have a direct effect on the penetration rate, while other 

parameters have an indirect effect. For example, the clay content has a good correlation 

with the depth, while the depth has a correlation directly with the penetration rate. 

4.2 Pearson-Correlation Coefficient: 

Pearson-correlation coefficient (PCC) =
𝑁∑𝑥𝑦 − (∑𝑥)(∑𝑦)

√{𝑁∑𝑥2 − (∑𝑥)2}{𝑁∑𝑦2 − (∑𝑦)2}
 

Where X and Y are two different variables 

Pearson-correlation coefficients could be used to measure and evaluate the 

correlation between the parameters better than the correlation of determination (R2) 

as the coefficient value can range between -1.00 and +1.00. Accordingly, if the 

coefficient value has a negative sign that means the relationship between the 

variables are negatively correlated (inverse relationship). Also, If the coefficient 

value has a positive sign that means the relationship between the variables are 

positively correlated (direct relationship). In that case, there is no need to provide 

the graphical representation with the calculated values of Pearson-correlation 

coefficients, as the calculated values could represent the correlation direction by the 

sign mean. 

5. Results: 

5.1 Coefficient of Determination (R2): 

The graphical representations between all parameters have been drawn and the 

coefficients of determination (R2) have been calculated to check the most influencing 

parameters on the penetration rate. Figure 4 and Figure 5 show the coefficients of 

determination (R2) between all parameters in the upward and downward slopes.  

Accordingly, there are some parameters which directly affect the penetration rate 

such as the cutterhead Speed, depth and thrust force, while other parameters have an 

indirect effect on the penetration rate such as average grout pressure, plastic limit and 

clay content.  

 
Figure 4: Coefficients of Determination (R2) for the North Tunnel 
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Figure 5: Coefficients of Determination (R2) for the South Tunnel 

5.2 Pearson-Correlation Coefficient: 

Figure 6 and Figure 7 illustrate the Pearson-correlation coefficients between all 

parameters in the upward and downward slopes. Studying the downward slopes in both 

tunnels, all input parameters are inversely proportional to the penetration rate except the 

clay content and the liquidity index in the North tunnel, while all input parameters are 

directly proportional to the penetration rate except cutterhead speed, slurry flow and 

liquidity index in the South tunnel.  

Studying the upward slopes, all input parameters are directly proportional to the 

penetration rate except cutterhead speed, feed and slurry flows, silt content and liquidity 

index in the North tunnel. While all input parameters are inversely proportional to the 

penetration rate except slurry flow, silt content, liquidity index cutterhead speed, slurry 

flow and liquidity index in the South tunnel. Accordingly, the calculated values of 

Pearson-correlation coefficients for all parameters in North and South tunnels indicate 

that, all input parameters have a significant effect on the penetration rate (Pearson-

correlation ≥ 0.1) as shown in Figure 6 and Figure 7  

 
Figure 6: Pearson-Correlation Coefficients for the North Tunnel 
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Figure 7: Pearson-Correlation Coefficients for the South Tunnel 

In that case, it can be concluded that all independent variables (input parameters) 

have a significant effect on the penetration rate value (output parameter), and should be 

used while developing the performance prediction models of the mix-shield TBM type. 

6. Summary and Conclusions: 

The selected parameters in this study have been classified into four categories 

based on the soil conditions and the mix-shield TBM type as follows: tunnel 

specification, TBM operating parameters, soil characteristics and TBM operator 

experience. 

The following pointed the main conclusions of this study: 

1. The selected parameters in this study are representing the mix-shield TBM type and 

the clay soil properties. 

2. The use of Pearson-correlation coefficient is better than the coefficient of 

determination (R2) in evaluating, measuring the correlations between all parameters 

and selecting the most significant parameters which affect the penetration rate  

3. There are sufficient correlations between all input parameters and the penetration 

rate and should be used for developing the performance prediction models. 
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