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1 INTRODUCTION 
  
Stress-induced breakouts are rock failure 
zones around a borehole wall created by in 
situ rock stresses. Understanding of the 
mechanics of breakout formation is essential 
for successful well operation, i.e. drilling, 
completion and maintenance. Although 
excess breakouts are detrimental to borehole 
stability, their occurrence can be beneficial 
by providing important clues regarding the 
directions and magnitudes of the stress field. 
Early reports of stress-induced breakouts 
came from Leeman (Leeman, 1964). Cox 
observed a consistent pattern in the 
directions of the elongations of wellbores in 
results from high-resolution dip meter field 
studies (Cox 1970). Later, Mastin, Haimson 
and Herrick, Zheng et. al., Lee and Haimson 
, Song and Hamison  and others showed that 
stress-induced borehole breakouts are 
aligned with the direction of minimum in situ 
stress (Mastin 1984), (Haimson and Herrick 
1985, 1986), (Zheng et. al. 1989), (Lee and 
Haimson 1993), (Song and Hamison 1997). 

Compressive (breakout) and axial tensile 
induced failure are commonly taken as 
reliable indicators of the minimum and 
maximum horizontal in situ stress 
orientation, respectively. 

Moos and Zoback, Vernik and Zoback 
Papamichos and others conducted some 
researches on the parametric analysis of 
factors affecting borehole stability and 
breakouts (Moos and Zoback 1990) (Vernik 
and Zoback 1992), (Papamichos 2004, 
2010).  In this work a numerical finite 
element simulation along with Mohr 
Coloumb failure criterion were conducted to 
analyze factors affecting in breakout 
initiation, propagation and stabilization. 

2 STATE OF IN VICINITY OF A 
VERTICAL BOREHOLE  

The state of stress in the vicinity of a vertical 
borehole depends on the rock mechanical 
properties. In the simplest case, which is the 
one most often used to simulate brittle rock 
behavior, linear elasticity is assumed. The 

Finite Element Modeling of Borehole Breakouts: Initiation, 
Propagation and Stabilization 
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National Iran Oil Company- Exploration directorate, Tehran, Iran  
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ABSTRACT Borehole breakouts are elliptical-like holes caused by unequal in situ stresses 
during the drilling of oil and gas wells. Breakouts caused by in situ stresses around wellbore 
would affect cutting transport, casing design and cementing program, pipe stuck, and etc. 
Therefore, predicting breakout shape, size, and influencing parameters will help in estimating 
in situ stresses and finally drilling operation. In this paper, a numerical finite element 
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Also, the stability of breakouts was studied to explain why breakouts eventually stabilize in an 
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stress distribution around a circular hole can 
be calculated by a modification of Kirsch 
(1898) solution for two dimensional cases as 
follow, 

The state of stress in the vicinity of a 
vertical borehole drilled into the earth’s crust 
depends on the rock mechanical properties. 
In the simplest case, which is the one most 
often used to simulate brittle rock behavior; 
linear elasticity and isotropy are assumed. In 
addition, it is assumed that the vertical stress 
is a principal stress component, which 
conditions of plane strain apply. In this case 
the state of stress can be expressed by the 
well-known Kirsch (1898) equations for a 

Fairhurst (1968)) for the case of plane strain 
and for drilling a hole in an already stressed 
earth’s crust, 
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Where compressive stresses are negative; 

r , , r , z are the radial, tangential, 

shear, and vertical stresses, respectively, 

acting around the borehole wall; H and 

h are the maximum and minimum in situ 

(far- v is 

the vertical in situ stress; r is the radial 

distance from the axis of the hole, wR  is the 

borehole radius,  is the angular direction 

measured counter-clockwise from the 

H direction. 

At the borehole wall the principle stresses 
reduces to 

wr p  

whHhHr p2cos2  

2cos2 hHvz   (2) 

 

Since the model is assumed to be linearly 
elastic, the largest stress differences occur at 
the borehole wall, hence rock failure is 
expected to initiate there. There are several 
conditions for which the borehole may fail, 
depending on the relative magnitudes of the 
principal stresses and bore hole pressure, pw.  
It is obvious from Eq. (1) and Eq. (2) that the 

largest principal compressive stress at the 

borehole wall is the tangential 

component, acting along the h  springline. 

Moreover, is the maximum stress along 

the h  springline (Fig. 1) for some distance 

away from the borehole. 
 

 

Figure 1. Cross-section of a vertical borehole 

showing the far-field principal stresses in the 

plane, and defining the polar coordinates r 

and ; the local stresses r , and the h  

springline. 

3 NUMERICAL PROCEDURE 

3.1 Model Description 

We use a continuum approach and a 
validated finite element code, FLAC3D 
(Itasca, 2002). The model is constructed to 
simulate the borehole breakouts: initiation, 
propagation, and stabilization 
     The model concerns a borehole with 
diameter of 20 cm (Fig. 2). Mechanical and 
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physical properties which are assigned to 
model were derived based on laboratory and 
field tests (Table 1). The in situ stresses are 
close to those estimated from nearby 
wellbores where the horizontal stresses are 
anisotropic, and the effect of drilling fluid 
inside the wellbore on the mechanical 
strength of the rock has not been taken into 
account. The formation under consideration 
is a non porous anhydrite rock containing 
dispersed amount of clays. 

Table 1. Rock mechanical properties and 
drilling parameters 

Parameter Value 

Borehole radius (m) 0.2 

Bore hole pressure (MPa) 16 

Vertical stress (MPa) 67 

Minimum horizontal stress (MPa) 35-40-45-50-55 

Maximum horizontal stress (MPa) 55 

Poisson ratio 0.23 

Young’s Modulus (GPa) 48.21 

Cohesive Strength (MPa) 9.1 

Internal friction angle (deg) 30 

Rock Density (kg/m3) 2700 

Figure 2. Numerical model of simulated 
cylindrical borehole 

 

The standard Mohr-Coulomb model has 
been applied to study wellbore stability and 
the damage zone around it. The failure 
envelope for this model corresponds to a 
Mohr-Coulomb criterion (shear yield 
function) with tension cutoff (tension yield 
function). The position of a stress point on 
this envelope is controlled by a non-
associated flow rule for shear failure and an 
associated rule for tension failure. 

3.2 Influence of Horizontal Stresses on 
Stability Condition of Borehole  

The orientation of breakouts due to failure of 
stress-induced wellbore breakouts related to 
the orientation of the horizontal stresses. It is 
clear that the maximum tangential stress 
occurs in the direction of the minimum 
horizontal stress, and hence shear failure at 
the borehole wall will initiate in the direction 
of the minimum horizontal stress.  
Anisotropy in the material properties of the 
rock also affects the orientation of breakouts 
which is not considered here. When the 
horizontal stress is isotropic, the breakouts 
tend to be oriented normal to the joints of 
bedding in the material (Kaiser et al., 1985). 

The simulations further gave the important 

result that the elongated borehole becomes 

stable when it has reached a specific shape. 

This shape depends on the actual 

combination of stresses and strength, and 

also on the stress path. In these simulations, a 

breakout is initiated as a slab of rock 

covering a certain angle of the borehole wall 

which then is spalled off. This causes further 

stress concentrations in front of the spalled 

region, and further spalling takes place 

within this sector of the borehole. Thus, once 

a breakout is initiated within a sector, it will 

not become wider, but will deepen until it 

reaches its stable shape.     Fig. 3 shows 

numerical simulation of breakout tip 

locations for various values of horizontal 

stresses. It worth mentioning that the Figure 

3 shows only the orientation of the induced 

stresses around the borehole with various 

deviatoric horizontal stresses ( minmax hh ), 

which may not reach to failure criterion 

envelope. It is obvious that orientation of the 

horizontal stresses and magnitude of 

deviatoric horizontal stresses ( minmax hh ) 

have significant effect on shape and 

orientation of breakout zone. In other word, 

when ( minmax hh ), the breakout zone is 

symmetrical around the borehole; whenever 

( minmax hh ) , the orientation of breakout 

zone will spread alongside of the ( minh ) .  
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55=55,= hminhmax
 

 

 

50=55,= hminhmax
 

 
 
 

 

45=55,= hminhmax

 

 

 

40=55,= hminhmax
 

Figure 3. Numerical simulation of breakout tip locations for various values of horizontal 
stresses. 

   
Figure 4 shows the representation of the 

Mohr-Coloumb criteria and shear stress in 

several deviatoric horizontal stresses at depth 

ratio of 0, 0.5, 1, 1.2 and 2. At depth ratio of 

1 with deviatoric horizontal stresses of 

30,55 minmax hh , and 35,55 minmax hh  

, the points located under the Mohr-Colomb 

criteria and does not prone to failure; on the 
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other hand, at the same location with 

deviatoric horizontal stresses of 

50,55 minmax hh , and 55,55 minmax hh  

, the points located above the Mohr-Colomb 

criteria and breakout is initiated due to the 

stress-induced mechanism.  

Zheng et al. (1989) analyzed numerically 
the breakout development and suggested that 
the reason for the increased breakout stability 
is the fact that at some distance from the 
breakout tip, the deviatoric stress decreases 
with increasing breakout depth while the 
hydrostatic stress increases. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Mohr-Colomb criteria and shear stress in several deviatoric horizontal stresses at 
depth ratio of 0, 0.5, 1, 1.2 and 2 
 

 

 

 

 

 

Figure 5. shows states of shear stress around the borehole at depth ratio of 0, 0.5 and 1, under 
different deviatoric horizontal stresses 

 

Figure 5 shows states of shear stress 
around the borehole at depth ratio of 0, 0.5 
and 1, under different deviatoric horizontal 
stresses. With increasing the depth ratio to 
r/r1=1, the shear stress decreased 

significantly and it reach to shear strength of 
the rock.  

Figure 6 shows analytical solutions of 
breakout tip locations for various values of 
minimum horizontal stresses. Each line 
corresponds to specific values of stresses for 
different radii measured from center of the 
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hole along the minimum horizontal stress 
springline. For each conditions of stress, the 
region above the failure criterion line shows 
the distance away from the borehole wall 
which has been spalled away. The spalled 
spans are selected to be the distance 
equivalent to the intersection of the failure 
criterion and stress paths for each condition 
and are reported in the legend. Those parts of 

the lines below the failure line shows the 
condition where the imposed shear stress is 
less than the shear strength of the rock, so no 
more breakout happens. As the radii in the 
legend show, maximum distance which is 
spalled away is corresponding to the 
conditions which have greatest difference of 
in situ stresses. 

 
 
 

 
 

Figure 6. Analytical solutions of breakout tip locations for various values of minimum 

horizontal stresses-for different radii measured from center of the hole 

 
4 CONCLUSIONS 

The breakouts of cylindrical boreholes with 
various deviatoric horizontal stresses have 
been studied analytically and analyzed 
numerically. To simulate the evolution of a 
borehole breakout, this process is combined 
with a numerical boundary element analysis 
of the stresses around a borehole as its cross 
section evolves from the originally circular 
shape to that of a stable breakout. The 
tangential stresses around a stable breakout 
cross section are found to be everywhere less 
than the unconfined, plane strain tensile or 
compressive strength of the rock. The 
stresses outside the stable breakout are found 
to be everywhere less than the limiting 
values of shear strength given by a Mohr-
Coulomb criterion. According to the 
numerical simulation the orientation of the 
horizontal stresses and magnitude of 
deviatoric horizontal stresses have significant 
effect on shape and orientation of breakout 

zone. Reaching to the elliptical shape, 
borehole rapidly become stable, also the 
induced stresses in elliptical shape reduced 
under the failure criterion envelope more 
rapidly. As increasing the depth ratio to 
r/r1=1, the shear stress decreased 
significantly and it reach to shear strength of 
the rock.  
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ABSTRACT In this paper, tunnel’s stability analysis by using of rock bolt and reinforce 
shotcrete systems is shown. In this research Toyserkan Doolayi Tunnel has been examined. 
doolayi tunnel faces collapses because of being in specific structural and petrological 
conditions . Also, because the level of underground water – especially in winter – comparing 
to tunnel is higher, we see the leakage of water especially from the tunnel’s walls. in this 
paper , by exerting the compound system of rock bolt and reinforce shotcrete , and using 
FLAC 3D software which is based on numerical modeling methods , tunnel’s stability under 
static conditions has been discussed . The conclusion of this research shows that exerting 
compound system not only stabilizes the tunnel, but also decreases the amount of 
displacement, settlement, stress and strain, considerably. 
 
 
1 INTRODUCTION 
According to the increasing developments of 
underground structures and the cost of 
construction these structures, and also in 
attention to its importance in inter-city 
transportation and intracity transportation, 
their stability to the dangers static and 
dynamic loads has to be studied, since in the 
time of injury and destruction, they will 
bring irreparable financial and human 
damages. In this regard, one of the most 
important parts of the tunnel design and 
construction is the system of tunnel holding. 
In general, the tunnel itself is not able to 
bear loads of adjacent rocks or materials 
after excavation. Therefore, it must be 
protected using appropriate equipment in 
order to be durable enough to resist loads 
(Gharoni and Naimi , 2009) 

In this regard, numerous studies have been 
undertaken in the field of stabilizing tunnels 
that such studies are O. Aydan studies the 
tension and compression on rock bolts, 
Joseph Saffar Shahroodi studies the 
application of elements reinforcement of 
rock masses, and Hock and Braun’s studies 

the stability of underground structures in 
rocks (Aydan, 1989, Shahrudi, Hook and 
Brown, 1997) 

In this article  Toyserkan Doolayi Tunnel 
stability analysis under static loads through 
combined system of Rock Bolt and 
reinforced Shotcrete by using Flac 3D 
software. 

2 THE STABILITY AND SUPPORT 
SYSTEMS OF TUNNELS 

One of the important aspects in the design of 

underground structures is structural elements 

or supports which significant role to play in 

stabilizing soil and rock. Among the most 

important of these systems can be noted the 

ordinal of the following three methods. 

2.1 Beam 

The support can be used in resistant to 
bending structures and also where the 
limited bending moment occurs. Beams 
behavior like linear elastic materials without 
failure limit. However, we can consider an 

The Study Stability of Toyserkan Doolayi Tunnel Using 
Reinforce Shotcrete and Rock Bolt under Static Condition 
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unlimited plastic momentum or plastic pin 
joint (the discontinuity in rotation) for them. 

2.2 Cable (Rock Bolt) 

The support system can be used in structures 
where the tensile capacity performance is 
important. In general, rock bolts consist of a 
simple and flat steel rod which is utilized to 
joint different layers and segments .To 
ensure this, at first a pit is made in rocks, 
then a steel bar would be tighten to it, so that 
the term “Rock Embroidering” is used for 
this. After tightening the bar, the other end 
will tie with nut and bolt. 

2.3 Lining 

The lining of tunnel after excavation, if 
necessary, will be used to protect against 
loss. However, there are cases when the 
rocks have sufficient strength, the lining is 
not used, but otherwise the use of Shotcrete, 
Concrete in situ and pre-built components is 
available.  

 

The support system when both normal 
(tension or compression) and shear 
interactions occur in structures can be used. 

3 GEOLOGICAL AND 
GEOTECHNICAL 
CHARACTERISTICS OF THE AREA 

Tuyserkan Doolayi tunnel have been drilled 
in one of the most stressful and most active 
structural zones of Iran (Sanandaj - Sirjan). 
Because Doolayi tunnel being under certain 
Petrologic and structural conditions, it is 
facing problems and several losses. Intrusive 
acidic and alkaline masses are abundant in 
this zone. Schist and amphibolites are the 
remnants of the enormous orogenic in this 
zone. Also at the time of the Alvand 
batholith intrusion (pre-Paleocene), as 
showed in Figure 1, the rocks of the zone are 
subject to sophistication and metamorphism. 
And the hornfels of the tunnel are the results 
of this metamorphism of the schist; the 
specifications are in Table 1 (Ghasemi et al., 
2004). 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Geological map of the area 
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Table 1. Geomechanical properties of cross-layer (Taradod Rah Consulting Engineers, 2004) 
 

 
4 MODELING FOR STABILITY 
EVALUATION OF TUNNEL 

The first step in FLAC 3D software is 
creating the geometry of the tunnel’s model. 
On of the important tips on creating the 
geometry of model is allocating especial 
material properties and applying initial and 

boundary conditions of the model. In this 
paper, more than 42 different models for 
creating optimized geometry of the tunnel 
model were investigated. And considering 
the amounts of unbalanced forces, the results 
are shown in Figure 2, and created model of 
the software is in the Figure 3. (Itasca, 2005). 

 
Figure 2 : Diagram of the conditions of unbalanced forces 

 
 

 
 
Figure 3: Three-dimensional geometry of chosen cross section in Flac 3D software 
 

4.1 The Ubiquitous Joint Model 

This model is used for materials that have a 
behavioral model Mohr - Coulomb. Except 
that the resistance anisotropy of weak planes 
are well-represented. One of the applications 

of this model is to excavation in the material 
with close layers (Zammiran, 2012). 

 

 

Building 

materials 

Density 

(KN/m2) 

UCS 

(Mpa) 
GSI Adhesion 

Friction 

angle 

Tensile 

strength 

(Mpa) 

G.W.L 

Height 

overburden 

(m) 

Hornfels 

(weathered and 

chopped) 

26 80 25 0.22 33.36 0.015 

23 m above 

the tunnel 

roof 

25 
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4.2 The Ubiquitous Joint Model 

After creating the model geometry and 
properties are assigned to materials forming 

the tunnel in the next step, excavation in the 
model was performed with the values of the 
span length of 10 m and a height of 5 meters, 
as shown in Figure 4.

Figure 4 : A View of excavated tunnel in Flac 3D software 

 

4.3 Checking the Results of the Tunnel 
Analysis without Support 

At this stage, after excavating the tunnel, the 
model have been analyzed statically and 
without support for the 8 selected points in 
different places, and the results are as 
follows. Because of the low tunneling 
resistance in this modeling, at this stage the 
software was not capable of completing the 
analysis due to the exceeding displacement  

of the walls, ceiling and floor of the tunnel, 
and the analysis is completed by displays an 
error message in software. 
4.4 Corresponding Data of the Selected 
Points in the Tunnel 

This study analyzes eight different points on 
the ceiling, walls and floor of the tunnel to 
the left and right are considered as critical 
points with different coordinates in Table 2 
has been noted, have been selected. 

 
Table 2 - Characteristics of selected points in the tunnel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4.5 Critical Values of the Displacement 
and Strain 

One of the important parameters that are 
commonly used in the stability analysis of 

tunnels is the displacement value and strain 
rate in around of underground structure. The 
stability or instability of the structure can be 
achieved by estimating the amount of 
displacement in around of underground 

Selected pointsCharacteristics  of points

A X = 4(m) , y = 13(m) , z = 3(m)         

B        X = -1.7(m) , y = 15(m) , z = 4.73(m) 

CX = -5(m) , y = 25(m) , z = 0(m) 

DX = -5(m) , y = 1(m) , z = -2(m) 

EX = -5(m) , y = 10(m) , z =-5(m) 

FX = 0(m) , y = 24(m) , z = -5(m) 

GX = 5(m) , y = 49(m) , z = -5(m) 

H X = 5(m) , y = 49(m) , z = 3(m) 
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space. If the displacement and strain rate 
around underground excavations is less than 
or equal to the critical value, then we can say 
that the structure is stable. Otherwise it will 
be unstable. Sakuraie and colleagues 
presented how to obtain the critical strain 
( ) according to equation (1). 

cm
cm

cmE
                           (1) 

 
In equation (1),  is rock mass uniaxial 

compressive strength, and Em is Young's 
modulus of the rock mass. The significant 
point is that the critical strain is always the 
strain of rock in the time of destroying. To 
calculate the rock mass critical displacement 
equation (2) can be used. 
 

cm cmU a                    (2) 
 

In equation (2), a is the radius of the 
tunnel and Ucm is critical displacement. 

 
With regards to the equations (1) and (2), 

calculate the critical values of the 
displacement and strain in the tunnel 
(Sakuraie, 1999). 

 

cm
cm

cm

80 10 ^ 6
0.023

E 3.5 10 ^ 9
 

 

cm cmU a 0.023 5000 115mm  

 

After excavating a tunnel and implementing 
the model, the stability or instability of the 
model is examined. Among the important 
factors in the stability of the model, there are 
the displacement of the model space and the 
surrounding material behavior. Studies have 
found that the model was unstable, in which 
case we are forced to use a support system.  

5 ANALYSIS OF THE MODEL WITH 
SUPPORT SYSTEM 

During construction of underground 
structures, the deformations to a distance 

from it, is plastic. And after this distance 
which is known as elastic radius, the 
deformations will be elastic. Failure of the 
rock mass around the tunnel does not 
necessarily means to tunnel loss. Since such 
materials still have the power of bearing 
load. But the thickness of the plastic zone 
should be smaller than the radius of the 
tunnel. If the plastic zone was large and the 
large internal displacements occur in wall, 
then the loosening of the falling rock mass 
may be lead to large losses and falling of the 
un- support rock mass. 

In fact, initial and basic support would 
control the wall displacement and prevents 
loosening of the rock mass. Installation of 
rock bolts and Shotcrete reinforced system, 
plays a major role in the control of 
deformation and loss of tunnel. 

5.1 Rock Bolts 

One of the supporting systems of 
underground structures is Rock bolts. Past 
few decades, the application of rock bolts 
has been grown in strengthening gradients, 
walls, tunnels, especially in transport tunnels 
and mines. Rock bolts can be used locally or 
generally in each zone, if necessary. The use 
of rock bolts has been prevented from rocks 
falling, and also can make a profitable space 
in tunnels. Since the use of wood supporting 
and steel arcs will significantly decrease the 
profitable space of tunnels and will cause 
problems in transport engineering of mines. 
Rock bolts, Shotcrete, and metal mesh are 
used as an integrated system in combined 
supporting, which are good alternatives for 
steel arcs. 

According to Figure 5, the local 
coordinates of the cables are determined by 
using two nodal points. Cables have two 
degrees of freedom in direction of its axis. 
One degree of freedom is included at each 
node. In this case, the x-axis is along the line 
connecting node 1 to node 2. Axis y is the 
image of this connecting line to the cable 
section.
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Figure 5. A view of the model was reinforced with rock bolts and Shotcrete 
 

   After installing the supportings , 
displacement values in x, y and z directions, 
stress in x and z, the shear stress in x and z , 
the strain in x, y and z  , and the shear strain 
rate were controlled.The results are in Table 
3 and Figure 6.

 

 
Table 3. Comparison of the results obtained from the analysis of the tunnel, without 
supporting and with supporting 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

 
 
 
 
 
 

Critical pointswithout supportingwith supporting

dis xmmD716.924.93

dis ymmA0.0610^-35.78

dis zmmF86710^-35.12

Stress xPaG10^5-5.910^5-3.05

Stress zPaD10^5-5.3910^5-4.99

Shear stress x-zPaA10^510.3110^59.15

Strain x D0.720

Strain y 00

Strain z F0.870

Shear strain rateB10^-47.7610^-52.49
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Figure 6. Graph comparing the results obtained from the analysis of the tunnel, without 
supporting and with supporting 
 

Finally, according to the results of the 
modeling, the angles of alignment bars in the 
ceiling, walls and floor of the tunnel are 30 
degrees against each other, 0 degree to the 
horizon, and 90 degrees to the horizon, 
respectively. And that is the best alignment 
mode. The optimal length of bars is 5 m in 
the roof, walls and floor of the tunnel. So 
you can see that the maximum value of the 
displacement along the vertical axis (axis z) 
has happened, is reduced to the value of 
0.005mm from 867mm. And the stresses 
decreased -2.85  10^5  and -0.4 10^5 in x 
and z directions, respectively. Regarding the 
changes of strain values, it can be observed 
that all of values equal to 0, and eventually 
shear strain reduced. 

5 CONCLUSIONS 

Since the falling and loss in tunnels is one 
of the most important problems in 
underground structures, especially tunnels, 
and their stabilization to loads is very 
important and essential, we require using 
stabilizing factors in tunnel by analyzing the 
Doolayi tunnel of Tuyserkan and obtained 
results. So, Reinforced Shotcrete and Rock 
Bolt System were considered. In this regard, 
performed analysis before and after 
stabilizing the tunnel shows different 
behavior of the tunnel to loads. Finally, it 
can be concluded that the stabilizing of 
tunnels has significant effects in reducing 
the amount of tunnels displacement, stress 
and strain that can not be ignored. 
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ABSTRACT The collapsing problem which is likely to occur suddenly at the tunnels faces 
requires to geotechnical engineers to consider additional measures to strengthen the temporary 
support. The objective of this work is to present a comparison between two methods of 
reinforcement used in a real case, namely in the Tunnel T4 of the East–West Highway in 
Algeria, the umbrella crown method (AGF) and the method called FIT. The comparison 
between the in-situ measurements of convergence and settlement then the numerical 
calculations results using the finite elements method shows clearly the efficacy of the FIT 
method for the kind of ground met. 

Keywords: Tunnel, Reinforcement, Tunnel face, AGF method, FIT method.  

1. INTRODUCTION 

Tunnel's excavation on a soft soil requires, 
generally, a reinforcement of the tunnel 
face by pre-supporting or pre-confinement 
technique in order to ovoid possible 
collapse at the tunnel face; where  
consequences might be catastrophic for site 
workers on one hand to preserve the 
stabilization of the structure and to 
minimize deformations of the tunnel on the 
other hand. Among the methods, currently 
most used; we can mention the umbrella 
crown method and FIT method. 

The umbrella crown method AGF (All 
Ground Fasten) is a supporting pattern 
technique which consists on reinforcing the 
face by bolting at the level of the crown, by 
setting longitudinal columns at the 
periphery of the face; often on the superior 

third or the quarter of the circumference. It 
is planned to reach a penetration length 
before the face equal to its high with an 
inclination of 8° à 10°. Often, the 
longitudinal columns are realized by 
metallic tubes with spacing between 20 and 
50cm; 

The FIT method (FRP tube for injection) 
is a pre-confinement technique which 
consists on reinforcing the tunnel face by 
bolting using tubular inclusion on GFRP 
(Polymer injection tube reinforced by glass 
fiber) sealed on the soil by an injection 
system using a cement grout in order to 
stabilize the tunnel face of sections (calotte, 
stross) and to oppose to the deformations 
and charges produced by soil movement on 
several directions.  

These two reinforced methods; FIT and 
umbrella crown AGF, were used during the 
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excavation of Tunnel T4 of the East-West 
highway in Algeria. On this work, we 
present a comparison between the 
measurements of convergence and 
settlement set on site relative to these two 
reinforced methods.  

It exists several approaches simplifying 
modeling of tunnel face reinforcement by 
bolting. We can mention the modeling by 
the amelioration of the soil resistance for 
which Indrarantna and Kaiser (1990) 
realized axisymmetric calculations 
considering a reinforced rock which 
respects plasticity criterion of Mohr-
Coulomb where the resistance properties 
are improved. 

On this work, we present the numerical 
modeling by the finites elements method of 
the two reinforced methods used on the 
tunnel, subject of our study, using PLAXIS 
3Dcalculation code. 

2. PRESENTATION OF THE 
STRUCTURE 

The tunnel belongs to the T4 section 4 of 
the East-West Highway; it crosses Jebel El-
Kantour at the north eastern of Constantine 
over a total length of 2500 m. The 
geotechnical investigation carried out on 
site indicates that the area is mainly 
composed of marls and argillites altered 
overlain by conglomerates and clays in the 
upper layers. The maximum cover of the 
tunnel is about 235m. The most critical 
section corresponds to the lowest cover 
which is 17m. 
 

 

 

 

 

 

 

Figure 1. Plan view of Tunnel 4 

 

 

 

 

 

Figure 2. Geological section of Tunnel T4 

  

3. EXCAVATION METHOD Of 

TUNNEL T4  

The excavation was started by divided 
sections according to NATM method (New 
Austrian Tunneling Method) till about 
430m at the north portal. However, further 
to the change in the geological nature of the 
traversed soil, from marl to argillite little 
crumbly, which produce important 
deformations up to 90cm in some points, it 
was decided to use the method AGF 
"umbrella crown "as pre-support ahead of 
the tunnel face. And after about twenty 
meters of progress at the main tubes and 
sixty meters at MGS by this technique, it 
was noticed again an accelerating 
deformations inside the tunnel then a 
landslide occurred at the working face. The 
situation has become critical and required 
the use of other more advanced 
reinforcement solutions to solve the 
problem of instability and ensure safer 
working environment. For this, the project's 
technical group has opted for the use of the 
FIT method which is adopted for properties 
that have very poor, crumbly and 
heterogeneous characteristics.   

4. AUSCULTATION SYSTEM 

The auscultation system designed for 
monitoring the behavior of the tunnel 
during excavation and construction of 
temporary and final support is based on the 
installation of: 
- Stations of convergence inside the tunnel 
positioned perpendicularly to the axis of the 
tunnel, every 5 or 10 m to measure the 
convergence and settlement. 
- Drilling extensometer and deformation 
gauges. 
- Extrusiometres installed at the tunnel face 
during the use of the method FIT. 

NG 

ND 

Access 

Tunnel

SG 

SD 

North Portal 

South Portal 
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- Settlement marks on the surface. 
- Inclinometers and piezometers on surface. 
In this work, we particularly interested in 
convergence stations measurements, 
comparing the results of convergence and 
settlement of the AGF method by those 
corresponding to the FIT method. 
 

5. AUSCULTATION MEASURMENT 

RESULTS 

The curves shown in Figures 3 and 4 show 

the results of measurements of convergence 

and settlement made at the AMS (left  

middle to the south), after using the two 

methods of reinforcement AGF and FIT. 

 

 
 

Figure 3: convergence and settlement 

curves at the station N°125 

 

 

 

 

 

 

Figure 4: Convergence and settlement 

curves at the station N°151 
 

Station No. 125: Measurements at this 
station show a persistence of deformations 
up to 15cm despite the use of the technique 
of pre-supporting AGF. After using the 
method FIT, a remarkable decrease in the 
deformation rate was registered. 

Station No.151: This station is located in 
the zone where the FIT method was used. 
We note first of all a sudden deformation 
up to 15cm due to the landslide occurred at 
the front. After excavation progress 
about10m, we note there a good stability of 
the tunnel. 

From the foregoing, it is clear that the 
FIT method has better stability of the tunnel 
than the AGF method. 
 

6. NUMERICAL MODELING  
 

6.1  Modeling Of FIT Method  
  

6.1.1 Assumptions of calculation  

For the numerical calculation, the finite 

element method was adopted using the code 

PLAXIS 3D. The soil was modeled by 

prismatical triangular elements at 15 knots, 

the temporary support of the tunnel by 

quadrilateral plate elements at 8 knots and 

rock bolts by quadrilateral bar elements at 8 

knots. However, the modeling of the tunnel 

core reinforced by the FIT system has been 

developed according to the Indrarantna 

model (1988, 1990) by improving soil 

strength parameters, cohesion c and friction 

following relations:  

 

                           (1)     

                                                                             

                        (2)                                                          

 

With:          

D Bolt diameter  0,025 m 

  Friction coefficient of 

Soil/bolt 

0,7 

A Tunnel radius 9,15 m 

SL vertical spacing 1,5 m 

   

ST Horizontal spacing 2,5 m 
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The geometrical model used is shown in 

Figure 8 and Table 1 shows the physical-

mechanical characteristics of the soil, 

temporary support and rock bolts used in 

the numerical calculation. 

Table 1. physical-mechanical 

characteristics of materials 

Material Argillite 
Temporary 

support 
Rock bolt 

Model 
Morh-

Coulomb 
Elastic Elastoplastic 

d (kN/m
3
) 19 - - 

sat 

(kN/m
3
) 

21 - - 

C’ 

(kN/m²) 
71 - - 

’ (°) 5 - - 

 (°) 0 - - 

E (kN/m²) 30 0000 - - 

 0,3 0,2 - 

EA 

(kN/m) 
- 8,814E+06 1,688E+05 

EI (kN.m²) - 6,610E+04 - 

d (m) - 0,3 - 

 

Modeling of excavation phasing has been 

designed according to the excavation steps 

executed really on site, where the 

excavation was done by divided sections 

with a gap of 3m between each section and 

an advancement pace of 0.75 m.  

 

 
 

Figure 5: Representation of geometrical 

model of the structure 
 

 

6.1.2. Calculation results 

In order to show the effect of tunnel face 

reinforcement by FIT method on the 

stability of the structure, we have 

developed a calculation with reinforcement 

and another without reinforcement. For 

each calculation phase which represents an 

advancement pace in the excavation, the 

values of displacements (settlement and 

convergence) are taken equal to the values 

obtained at the upper part of the tunnel 

(calotte). The curves shown in Figure 6 

allow to compare between the results of 

calculation (settlement and convergence) 

related to he reinforcement by the FIT 

method and those related to the ordinary 

excavation without reinforcement:  

 
Figure 6: Settlement and convergence at the 

tunnel face according to the excavation 

with and without reinforcement by FIT 

method 

6.1.3. Results Analysis 

An analysis of the calculation results shows 

that the settlement of the calotte of the 

tunnel and convergence are less weak in the 

case of reinforcement by the FIT method 

compared to ordinary excavation without 

reinforcement. 

We also note that the reinforcement by FIT 

method has more sensitive influence on the 

settlement (vertical movement) than on the 

convergence (movement along the X axis). 

Core reinforced by 
FIT system FIT 
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6.2  Modeling Of AGF Method  

6.2.1 Assumptions of calculation  

The same geometrical model adopted for 

modeling the FIT method was used for 

modeling the AGF method and the same 

physical-mechanical characteristics shown 

in Table 1. 
For modeling the pre-supporting, it is 

suggested to activate the upper part of the 
temporary support (callote) that 
corresponds to the reinforced crown by the 
AGF system, 9 m length ahead of the face 
(AGF cycle length), before proceeding to 
the phasing of excavation, by modifying the 
characteristics of the supporting by the 
characteristics of pre-supporting estimated 
according to the metallic tubes and the 
injected silicate resin, as shown in Table 2.  

Table 2. AGF pre-supporting characteristics 
Material Pre-supporting AGF 

Model Elastic 

 0.2 

EA (kN/m) 1 000 000 

EI (kN.m²) 20 833 

d (m) 0.5 

 

6.2.2. Calculation results 

To be able to evaluate the influence of this 

pre-supporting technique, the same 

procedure as the FIT method was adopted 

by calculating with and without 

reinforcement.  

The curves shown in Figure 7 show a 

comparison between the results of 

calculation (settlement and convergence) 

related to the reinforcement by AGF 

method and those related to the ordinary 

excavation without reinforcement: 

 

 

 

 
Figure 7: Settlement and convergence at the 

tunnel face according to the excavation 

progress with and without reinforcement by 

AGF method. 

6.2.3. Results analysis 

The analysis of calculation results indicate 

that the settlement of the calotte and 

convergence are weak in the case of 

reinforcement by the AGF method 

compared to ordinary excavation without 

reinforcement. 
We also note that the reinforcement by 

AGF method has more sensitive influence 
on the convergence (movement along the X 
axis) than on settlement (vertical 
displacements). 

7. SYNTHESIS 

Table 3 summarizes the results of 

numerical calculation in terms of influence 

and efficacy of the settlements and the 

convergence at the tunnel. 

Table 3 : Summary of numerical calculation 

results 

Method Y1 Y2 X Observation 

FIT ++ ++ - 

- Reinforcement by FIT 

method minimized the 

settlement at the tunnel. 

- Less influence on the 

convergence. 

AGF + + ++ 

- Reinforcement by AGF pre-

supporting minimized 

settlement s and convergence at 

the tunnel.  

(-) : Non or less Influence.                        

(+) : Important Influence.                          

(++) : Very important Influence.  
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8. CONCLUSIONS 

Auscultation and observations on site 
during the excavation of the tunnel T4 of 
the East-West Highway in Algeria, showed 
the efficacy of the FIT method compared to 
the AGF method, which has led to the 
reduction of deformations inside the tunnel 
and put end to the phenomena of landslides 
at the tunnel face 

The numerical calculation using the 
finite element method was allowed to 
highlight the efficacy of two methods of 
reinforcement FIT and AGF for reducing 
deformations inside the tunnel with a best 
efficacy of FIT method for settlement 
measurements. 

Modeling of tunnel face bolting by 
improving the resistance of the soil 
according to the method of "Indrarantna 
and Kaiser (1990)" gave good results. 

Other confrontations between numerical 
results and measurements made by other 
auscultation instruments installed on site 
(deformation gauges, drilling 
extensometers, inclinometers to the surface 
settlement marks on the surface ... etc...) 
Can be done to study the influence of 
reinforcement of the tunnel face on other 
parameters. 

D’autres confrontations entre les 
résultats numériques et les mesures 
effectuées par les autres instruments 
d’auscultation installées sur site, (jauges de 
déformation, extensomètres de forage, 
inclinomètres à la surface, repères de 
tassement à la surface...etc.) peuvent être 
effectuées pour étudier l’influence du 
renforcement du front de taille sur d’autres 
paramètres.   
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