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A B S T R A C T  

 

In recent years, modern technology has been applied to build tunnels by means of drilling machines 

(TBM) that were used for civil engineering work in large cities to reduce the harmful effects of spending 

on the surface of the earth significantly. To build the tunnel, numerical modeling was used on the basis 
of the finite element method to predict stress behavior during the tunnel construction process. Tunnel 

simulation model by using the numerical method (FEM) with the Hoek-Brown model, which includes 

calculating the behavior of predicting stress-that surrounds the tunnel and analysis during the process of 
building the tunnel and compared with the natural state of the rocks during the different tunnel 

construction stages. Vertical stresses at the top and bottom of the tunnel are reduced during the advance 

of tunneling while horizontal stresses are increased. TBM progression is reflected in phases through one 
to five by performing an axial symmetric FE analysis, math calculation results revealed significant stress 

changes occurring in rock regions near the boundary of the tunnel. In other words, proximity to rocks is 

mostly affected by the tunnel. These pressure variations decrease as you move away from the tunnel 
horizontally and the seams reach extremely small values for distances greater than (2D) meters from the 

edge of the tunnel, where D is the diameter of tunnel.  

doi: 10.5829/ije.2020.33.08b.05 
 

 
1. INTRODUCTION1 
 

An increase in economic and social development made 

the need to build tunnels significant due to its multiple 

functions such as transportation and water supply. The 

construction and design of the tunnel is different from 

other engineering fields. The tunnel design procedures in 

a rock mass affect the strength of the rocks, pressure 

behavior, and other measures [1]. Shot concrete is a 

crucial component of tunnels and underground structures 

as protection. To determine the time-dependent nature of 

a tunnel boring machine (TBM) tunnel liner under high 

site stress a new fundamental model of sprayed concrete 

is being implemented. The Shotcrete model is based on a 

versatile plasticity system designed to more accurately 

view the non-linear and time-dependent behavior of 

concrete materials [2]. Horizontal rock strata is a 

geological state of rock that is often encountered in tunnel 

construction and has a major impact on tunnel 

construction, it is important to examine and study the 

stability of horizontal rock strata in tunnel construction to 
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ensure the safety and efficiency of tunnel construction. 

By using the "Xishan Highway Tunnel" as the focus of 

study and using the numerical simulation method [3].  

Thus, for the purpose of overcoming problems of 

insufficient information about ground conditions and in 

order to predict the condition of the land under loading 

after drilling, some have used numerical analysis [4, 5]. 

Modeling rock mass is a very difficult task due to 

interruptions, heterogeneous,  and inflexible nature of the 

rock mass, using experimental and modern methods [6, 

7]. The complex nature and various formations make 

rock blocks a difficult material for experimental and 

numerical modeling. The RS2 numerical modeling 

technique was used by analytical methods to validate the 

support proposed. The data obtained from field and 

laboratory test results were used for the classification of 

rock mass and the determination of rock mass unit 

qualities along the tunnel alignment. RMR described the 

rocks as good to bad, and Q-system moderate to very bad. 

The RMR suggested bolt support and Shotcrete mounted 

in RS2 software models decreases the total displacement 
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and thickness of the plastic zone around the tunnel [8]. 

Site Response Analyses (SRA) will assess the seismic 

excitation at the surface to compensate for the site's 

unique soil properties. However, the results obtained are 

largely determined by the choice and setting of the model 

and by the depth of the soil layer considered. Proposes a 

streamlined 3D analytical approach, by OPENSEES 

platform use. Special attention has been paid to the role 

of the soil depth considered in determining the seismic 

input from the surface [9]. During the initial stages of 

drilling projects, detailed data are not available on 

strength characteristics, model deformation, on-site 

pressure, and hydrological rock masses [10]. 

Digital modeling is receiving more attention in civil 

and rock engineering to predict the response of the rock 

mass to various drilling activities [11]. Numerical 

methods are convenient, less expensive, and less time 

consuming to analyze redistributive stresses and their 

effects on rock mass behavior and design the structures 

are in the center of the environmental stone block. 

numerical methods mathematical equation rest in 

problems in governance and engineering Input 

parameters physical and strong determinants of rock 

parameters [12, 13]. A more detailed examination of 

stress concentrations around the tunnel and in areas close 

to it is permitted in three-dimensional analysis using 

numerical modeling. The effects of three-dimensional 

stress have proven to be an important factor when the 

tunnel side is present, especially advanced with regard to 

induced stress concentrations and rock strength 

degradation [14, 15]. 

In general, estimating site stresses requires detailed 

descriptions of site geology and considerable judgment. 

Models (physical or numerical) can be developed to 

explore the influence of parameters such as the rock's 

foundational model, loading date, critical geological 

structures, terrain, and boundary conditions on-site 

pressures. It is common practice to make two basic 

assumptions when estimating the stress state at any 

depth, z, in a rock mass. The first assumption is that the 

stress condition can be described with two components: 

vertical component, (𝜎v), due to the rock's excess weight 

at this depth equal to 𝛾z, A uniform horizontal 

component, 𝜎h = (𝜎H equals K times 𝜎v. The second 

assumption is that both 𝜎v and 𝜎h are two main stresses. 

Another expression often used in the literature for the 

coefficient of K is Ko = v / (1 -v) where v is the Poisson 

ratio of the rock.  

This expression was derived by assuming (1) that the 

rock mass is half of an ideal linear homogeneous linear 

parallel area with the surface of the horizon, (2) that the 

rock mass is under gravity alone with the disappearance 

of horizontal positions, and (3) that the loading record has 

no effect on how it accumulated pressure on the site [16]. 

The main objective of this study is to predict the 

horizontal and vertical stresses around the tunnel during 

the advance of tunneling with TBM progress in the rocks.  

 
 
2. CASE STUDY 
 
The purpose of the numerical analysis of a mechanical 

tunnel model is that it takes into account the large number 

of operations performed during tunnel excavation and 

construction. The 3D object model consists of several 

different components such as rock parameters, rock 

layers, tunnel boring machine, hydraulic jacks, tunnel 

liner application, all of these parameters are analyzed and 

simulated in the 3D FEM model. 

 

2. 1. Model Dimensions and Rock Properties          
The simulation of the tunnel construction is carried out 

using FEM, and because the model is symmetric, half of 

the tunnel model is taken for calculations by a numerical 

solution. The tunnel diameter (D) assumes 6m and its 

length is 9m. The geometrical shape of the tunnel and the 

estimated network are shown in Figure 1. 
The tunnel model depends on the actual data of the 

rock properties. The criteria obtained from the basic tests 

on the rock hole of the project and some other standards 

were adopted from literature [17]. The obtain data from 

field and laboratory tests of the project are shown in 

Table 1. In this study, the model has used the behavior of 

rock is the Hoek-Brown model (HB). 

 

2. 2. Type of Element Used in Numerical Study      In 

engineering problems (geotechnical problems) and in 

order to obtain accuracy, for the three-dimensional finite 

element, the grid with the nested four-dimensional nested 

elements is used which is also used to model the tunnel 

lining. The functions of the shape Ni has the size of the  

 

 

 
Figure 1. The geometry of the tunnel for the 3D model 
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TABLE 1. The rock parameters of the Hoek-Brown model 

(HB) 

Depth(m) 40 

Saturated unit weight of rock (kN\m³)  23 

Unsaturated unit weight of rock (kN\m³) 23 

Young’s modulus×106 * (kN\m²) 14 

Uni-axial compressive Strength×103 * (kN\m²) 25 

Intack Rock parameter* 4 

Geological Strength Index* 38 

Disturbance factor 0 

Poisson’s Ratio * 0.3 

*[17] 
 

 

function equal to the unit in node i and zero in the other 

nodes. Interface elements are observed with a limited 

thickness, in some program output diagrams, but the 

coordinates of each node pair are identical in the 

formulation of the finite element (FE), meaning that the 

interface element has zero thickness. The stiffness matrix 

of trigonometric elements depends on the characteristics 

specified in the material data sets that were acquired by 

Gaussian integration using 6 integration points.  

 

2. 3. Structural Elements Properties       Tunnel 

boring machine (TBM) is designed as plate elements and 

is supposed to be 9m in length, and segmental tunnel liner 

is designed as plate elements. Table 2 shows the 

parameters of the tunnel machine [17]. In the concrete 

lining used, each part is assumed to be 1.5m wide, and 

so, TBM advances 1.5m in each severity of the tunneling 

stages. The segments of the concrete lining are formed by 

using structural elements with flexible linear behavior of 

the formed properties. The material properties of lining 

elements are shown in Table 3.  
 
 

TABLE 2. Material of properties of the TBM [17]. 

Parameter Unite TBM 

Thickness Meter 0.35 

Elastic Modulus (kN\m2) 23.0*106 

Unit Weight (kN\m3) 70 

Poisson’s Ratio - 0.1 

 

 

TABLE 3. The material properties of the concrete lining 

element. 

Parameter Unite Lining TBM 

Thickness Meter 0.25 0.35 

Elastic Modulus (kN\m2) 23.5 *106 23.0*106 

Unit Weight (kN\m3) 25 70 

Poisson’s Ratio - 0.1500 0.1 

In this paper, the volume of the face pressure is 

determined in relation to the vertical pressure caused by 

the weight of the rock deposits and is related to the unit 

weight of the bentonite suspension while the volume of 

the pressure has been defined by increasing the face 

pressure at the crown of the tunnel. The pressure of the 

filling increases linearly from the crown of the tunnel to 

its reversal as a face pressure depending on the weight of 

the unit of the plaster material. 

The first six drilling steps represent a 9-meter 

advance at long TBM, and the veneer elements are 

activated with the dedicated TBM material, then the liner 

is fixed by setting the liner material to the corresponding 

veneer elements [17]. 

 

2. 4. Mesh Generation        In PLAXIS 3D, an 

unstructured, automatically generated network that can 

be chosen to improve the local and global network is 

used. PLAXIS 3D shows five network density options 

spread from a very rough mesh to a very fine mesh. In 

this paper, a medium network is applied. The network is 

refined in areas where stresses and strains are expected to 

be high and critical, i.e. the tunnel, the liner of the tunnel, 

and the surrounding rocks, as shown in Figure 2. 
 

 

3. RESULTS AND DISCUSSION OF NUMERICAL    
MODEL 
 

The modeling process for building a tunnel using TBM 

is a summary of the construction stages that include rock 

drilling and the installation of a lined concrete part. The 

results obtained from rock tunnel pressure by using a 

finite element method with rock failure criteria are the 

HB model, displaying the location of sections taken 

tunnel model at x-direction shown in Figure 3. 

 

3. 1. Stresses of Section A-A           This section 

represents the data through tunnel (x=0 with variations at 

x-direction=26.5m, and different depths z). It should be 

noted that the stress depth curves in this case show the 

vertical and horizontal stress at different depths, while y- 

 
 

 
Figure 2. Medium type mesh of 3D geometrical of the 

tunnel for (HB) model 
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Figure 3. Displaying location of sections taken tunnel model 

at x-direction 
 

 

direction = 26.5 with deviations and x-direction = 0 with 

deviations. The first stage marks the beginning of TBM 

construction work and the drilling of the first part of the 

tunnel liner, in addition to the following other phases that 

will serve as a model for 1.5m rendering. 

Figure 4 represents the distribution of the vertical 

stresses during the construction stages of the tunnel 

model. In general, the vertical stress decreases with 

increasing the depth from all phases. During the 

advancing of TBM in rock, the vertical stress from the 

upper region of the tunnel begins less than native rock at 

a percentage of 75%. This is due to machine vibration of 

TBM and the effect of lateral stress. For the region under 

the tunnel, the vertical stress from all phases also less 

than native rock at percentage 42% and became close to 

the native rock with increasing the depth because the 

effect of tunneling is not significant. Figure 5 represents 

the total horizontal pressure distribution during the 

construction stages of the tunnel model. In general, the 

horizontal stress increase with increasing the depth from 

 

 

 
Figure 4. Distribution of the total vertical stress during 

construction phases of tunnel at x=0 with find deviations 

 
Figure 5. Distribution of the total horizontal stress during 

construction phases of tunnel at x=0 with find deviations 

 

 

the native and all phases. During the advancing of TBM 

in rock, the horizontal stress from the upper region of the 

tunnel begins more than native rock at a percentage of 

30%. This is due to machine vibration of TBM and the 

effect of horizontal ratio k. For the region under the 

tunnel the horizontal stress from all phases also more than 

native rock at percentage 22% and became close to the 

native rock after depth 30m because the effect tunneling 

is not significant beyond this depth. 

 

3. 2. Stresses of Section B-B             It is obvious from 

Figure 6 that the vertical stresses increase with increasing 

depth for native rock and all phases. During the 

advancing of TBM in rock the differences in vertical 

stress is begin approximately at a depth of 9m from 

ground surface. For the region between depth (9-19)m, 

the vertical stress of all phases is more than the native 
 
 

 
Figure 6. Distribution of the total vertical stress during 

construction phases of tunnel at x=4 with find deviations 
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rock at a percentage of 29%. This is due to tunneling in 

this region and the effect of lateral stresses. In addition, 

for the region between(19m and 30m) the vertical stress 

of all phases begins to decrease and become less than 

native rock at a percentage of 5%. This is because of 

lateral forces induced from TBM machine. Beyond the 

depth of 30m the vertical stress of native and all phases 

are similar, the effect of tunneling is not significant 

beyond this depth. 

From Figure 7, it is obvious that the horizontal stress 

in the upper region of the tunnel can be seen the same 

behavior of deviation at all stages, at depth o.5m appear 

largely deviation due to several reason such as machine 

vibration (TBM) during drilling and the effect of 

horizontal ratio k. For the region between depth (7m-

22m) the horizontal stress of phases less than the native 

rock at percentage 24% except phase one and phase two 

at depth(13m-15m) became more the native rock at 

percentage 26% for phase one and 3% for phase two and 

return less after this depth. This is due to tunneling in this 

region and the effect of horizontal ratio k. For the depth 

(22-40)m the horizontal stress of native rock and all 

phases are similar because the effect of tunneling is not 

significant beyond this depth. 

 

3. 3. Stresses of Section C-C            In this section, we 

focused on the distance from X-direction =12m Y-

direction=26.5m and different depth of Z. It is obvious 

from Figure 8  that the vertical stresses of all phases close 

to the vertical stress of native rock because this region is 

located far away from the drilling zone of the tunnel. 

Figure 9 shows the distribution of the horizontal 

stresses through the stages of building the tunnel model. 

In general, the overall horizontal stress behavior can be 

clearly observed and is the same as the direction of 

 

 

 
Figure 7. Distribution of the total horizontal stress during 

construction phases of tunnel at x=4 with find deviations 

 
Figure 8. Distribution of the total vertical stress during 

construction phases of tunnel at x=12 with find deviations 
 

 

 
Figure 9. Distribution of the total horizontal stress during 

construction phases of tunnel at x=12 with find deviations 
 
 

 

behavior for all stages with a slight difference between 

all stages. This is due to several reasons such as the 

distance is far away from the machine vibrations (TBM) 

during drilling of the tunnel, (the effect of the horizontal 

ratio (K).  

 
 

4. CONCLUSIONS 
 

In this study, the analysis focuses completely on the 

difference of state (pressure) before and after TBM 

construction. Thus, all the curves presented in this 

research are displayed rock stress conditions for pre-

drilling state (original rock state) with rock stress during 

construction of the tunnel. The following points are 

drawn: 
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i. The vertical stress in the centreline of the tunnel(X/ 

D = 0), at the top of the tunnel for all phases, is 75% 

less than the original rocks, while at the bottom of 

the tunnel is 42% less than the original rocks. This 

is due to several reasons, including the vibrations of 

the TBM tunnelling machine during the progress of 

the tunnel and the effect of lateral pressure. As for 

the horizontal stress, the top of the tunnel is 30% 

larger than the original rocks, while the bottom of 

the tunnel is 22% more than the original rocks. This 

is due to the advancing of the TBM machine and the 

effect of horizontal ratio k.  

ii. At each side of the tunnel (X/ D = 0.67), the vertical 

stress values for the phases of the original rocks 

within the depth are increased from 9 m to 19 m, 

with an increase of 29%, due to the tunnel in this 

area and the side effect pressure after depth (19-

30)m. The vertical pressure of all stages has become 

5% less than the original rock due to the effect of 

induced stress, after depth 30m the stress values of 

the original rock have converged with the rest of the 

stages. As for the horizontal stress, it will be at all 

stages less than the original rocks at depth from 7m 

to 22m, with a decrease of 24% except for the 

depths from 13m to 15m. Then it returns to 

diminishing after this depth 22m and the reason for 

that is the presence of the tunnel in this area and the 

effect of the ratio of horizontal stress k until the 

values of horizontal stress for all stages converge 

with the stress of the original rocks. 

At each side of the tunnel (X/ D =2), the vertical stress 

values for all the phases close to the original rocks,  due 

to this region away from the drilling zone. As for the 

horizontal stress, it will be at all stages close to the 

original rocks with slightly difference due to the effect of 

the ratio of horizontal stress k. Tunneling progress is not 

affected by stresses in rock mass beyond (X/ D=2).  
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Persian Abstract 

 چکیده 

بزرگ مورد    یعمران در شهرها  یمهندس  یکارها  یاستفاده شده است که برا (TBM) یحفار  یها  ینساخت تونل ها با استفاده از ماش  یمدرن برا  یاز فن آور  یراخ  یدر سالها

 یبر اساس روش المان محدود برا یعدد  یساز لساخت تونل ، از مد یکاهش دهد. برا یبطور قابل توجه ینسطح زم یها را رو ینهگرفت تا اثرات مضر هز یاستفاده قرار م

براون ، که شامل محاسبه رفتار -با مدل هوک (FEM) یتونل با استفاده از روش عدد  یساز  یهمراحل ساخت تونل استفاده شده است. مدل شب  یرفتار تنش در ط  ینیب  یشپ

در    یعمود  ی سنگها در طول مراحل مختلف ساخت تونل. تنش ها  یعی طب  یترا احاطه کرده و با وضع   یز و آنال  ساخت تونل ، تونل  یندفرا  ی است که در ط-استرس  ینی ب  یشپ

و    یهتجز یکتا پنج با انجام   یک یقدر مراحل از طر TBM یشرفت. پیابد یم یشافزا ی افق یکه تنش ها یدر حال یابد یکاهش م  ی تونل زن یشرویتونل در طول پ  یینبالا و پا

،    یگردهد. به عبارت د  یمرز تونل نشان م  یکنزد  یرا در مناطق سنگ  یتنش قابل توجه  ییرات تغ   یاضیمحاسبه ر  یجشود ، نتا  یم   نعکسم FE محور  یمتقارن محور  یلتحل

متر از  ( 2D) تر ازیشب یمسافت ها یرزها براو د یابد یکاهش م یفشار با کاهش فاصله از تونل به صورت افق ییرات تغ  ینتونل قرار دارد. ا یرتحت تأث  یشتربه سنگها ب یکینزد

 .رسند  یم یکم یاربس یرقطر تونل است ، به مقاد D که یی لبه تونل ، جا

 


