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Abstract:

During the construction of twin mechanized tunnels, a large impact of lagging distance is expected due
to the strong effects of external loads and also the time dependence of the tunnel behaviour along the
direction of tunnelling. Most researches in the literature focused on the influence of the distance
between the tunnels’ axis and their relative position. In this study, a 3D numerical investigation was
carried out of the interaction between twin mechanized tunnels excavated in a horizontally parallel
section. Special attention was paid to the influence of the lagging distance between the two
mechanized tunnel faces. The numerical results indicated that the critical situation in terms of the
lining stability occurs when the face of the following tunnel is at the same transverse section as the
preceding tunnel. The tendency in the change of the bending moment and the lining deformation in the
preceding tunnel and the following tunnel are generally opposite, depending on the lagging distance.

Keywords: Numerical modelling; Lining response; Segmental lining; Settlement; Lagging distance;
Twin tunnel.

1. Introduction

During excavation of tunnels close to each other, significant interactions between tunnels
have been presented in the literature. A review of twin tunnel interaction has been given in
recent works by the authors of the present work [1-4]. Accordingly, most researches have
focused on the interaction between two horizontally driven tunnels using physical tests [5-7],
empirical/analytical methods [8,9], field measurements [8-14], and numerical analyses [15-
22]. They considered the interaction between twin tunnel in terms of the ground deformation,
but not the structural forces induced in tunnel linings [2].The effect of the tunnel location in
transverse section, i.e. tunnel distance or different depths of tunnels, etc., was thoroughly
studied. However, less work has been devoted to the influence of lagging distance, along the
tunnel advance direction, between tunnel faces on the change in structural forces, lining
deformation and ground displacement.

Tunnels can nowadays be excavated using conventional methods such as the New
Austrian Tunnelling Method (NATM) or mechanized methods such as shield machines,
tunnel boring machines, pipe jacking, and so on. While NATM tunnels are mainly supported
by shotcrete, rock bolts and steel ribs, a mechanized tunnel is however usually excavated
using a shield machine, supported by segmental concrete lining. NATM method can be used
in tunnel with arbitrary shape but mechanized tunnel is usually applied for circular tunnels.
Then, the behaviour of twin NATM tunnels and that of twin mechanized tunnels excavated in
the same condition are therefore not similar.



Ng. et al. [22] presented an interesting numerical investigation on the multiple
interactions between large parallel hypothetical twin tunnels constructed in stiff soils using
the NATM. This study pays special attention to the influence of the lagging distance between
twin tunnel excavated faces (Lr), indicating a strong effect of Lr on the behaviour of both
tunnels. It should be mentioned that the behaviour of tunnels excavated using the NATM
method and the mechanized method are very different, caused not only by the tunnel shape
but also by the components of the construction loading along the tunnelling direction.

Along the axis of the tunnel excavated using the mechanized method, there are some
construction loads such as slurry/mud pressures on the tunnel face, jacking forces and
compensation grouting pressures at the shield tail and so on. These forces have a strong effect
on the behaviour of a single tunnel, not only in terms of structural forces and lining
deformation, but also on the displacement of the ground surrounding the tunnel [22].
Generally, under the impact of jacking forces and grouting pressure, the greatest normal
forces and longitudinal forces induced in a lining ring are reached right after their installation
behind the shield tail. These two structural forces then gradually decrease as the grout hardens
and the shield machine advances further away from the measured lining section. However,
their values increase again due to a gradual increase in ground loads. The steady state of the
tunnel lining is only reached after a tunnel advance of about 5Dy (D is external diameter of
the tunnel).

Evidently, each of above loading components in the mechanized tunnelling method has
only a certain impact range in the transverse section and also along the tunnelling direction.
During the excavation of twin mechanized tunnels, the interaction between two tunnels
therefore depends on both their distance and relative location in transverse section, and the
lagging distance between the two tunnel faces along the tunnelling direction. Do et al. [3]
conducted a series of tridimensional (3D) numerical analyses, which showed that tunnel
distance had a great effect on the interaction between two tunnels. In this study, the following
tunnel is excavated when the preceding tunnel has reached a steady state.

Also, using 3D numerical models of twin horizontal mechanized tunnels, Do et al. [2]
focused on the effect of the tunnelling procedure in which the two tunnels are simultaneously
excavated (case 1) and successively excavated when the preceding tunnel has reached a
steady state before the excavation of the following tunnel (case 2). The numerical results
indicated that the simultaneous excavation of twin tunnels causes smaller structural forces and
lining displacement than those induced in the case of twin tunnels that are successively
excavated. However, the simultaneous excavation of twin tunnels can result in a greater
settlement above the two tunnels.

A detailed investigation of the influence of the lagging distance between tunnel faces on
their interaction has not yet been conducted in any of the above studies. Obviously, due to the
strong effects of external loads along the tunnelling direction in mechanized tunnelling and
also the time dependence of the tunnel behaviour, the lagging distance can be expected to
have a great impact; thus, this is the goal of the present study. A 3D numerical investigation
of the interaction between twin mechanized tunnels (with varying lagging distance), using the
FLAC?®P finite difference code [23] has been carried out. The numerical results presented in
section 3 indicate that the critical situation in terms of the lining stability is when the face of
the following tunnel is at the same transverse section as the shield tail of the preceding tunnel.
The changes in structural forces, deformation of the tunnel linings and the displacement of the
ground surrounding the tunnel, which are caused by the effect of the lagging distance, have
been highlighted.



2. Numerical model

Figures 1 and 2 show a plan view and a cross section of the 3D model used in this study.
Basically, the same 3D numerical model developed in the finite difference program FLAC®P
[23] used in another work by the same authors [2,3] has been adopted in the present study. All
the parameters used in the numerical model are the same as those applied in previous works
by Do et al. [2,24,25]. Therefore, only a short description is given here.

2.1. Soil’s constitutive model

The parameters from the Bologna-Florence high speed railway line project in Italy have
been adopted for use in this study. The soil has been modelled using the Cap-Yield (CYsoil)
constitutive model, which is a strain-hardening constitutive modelthat is characterized by a
frictional Mohr-Coulomb shear envelope (zero cohesion) and an elliptic volumetric cap in the
(p’, q) plane [23,24]. Parameters of the soil are shown in Table 1 [4,24].

Table 1. Parameters of the soil [4,24]

CYsoil model Value
Reference elastic tangent shear modulus Gy, (MPa) 58
Elastic tangent shear modulus G® (MPa) 98
G* =G oy / p™

Elastic tangent bulk modulus K¢ (MPa) 213
K® =K (o, / p™

Reference effective pressure p™ (kPa) 100
Failure ratio Ry 0.9
Ultimate friction angle ¢ (degrees) 37
Calibration factor A 2.35
Lateral earth pressure factor Ko 0.5

2.2. Shield machine simulation

The twin horizontal tunnels are excavated at a space distance of 11.75 m from centre to
centre. The tunnels have an external excavation diameter including the lining thickness (Dw)
of 9.4m and were excavated at a depth of 20 m below the ground surface.
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Figure 1. Plan view of the twin tunnels (not scaled) (from Do et al. [2])
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Figure 2. A-A: typical cross section view of the twin tunnels (not scaled) (from Do et al. [2])

The tunnel construction process has been modelled using a step-by-step approach [24].
The advance length of 1.5 m after each excavation has been used, which is equal to the width
of a lining ring. A schematic view of the present shield machine is provided in Figure 3.

In this 3D numerical model, most components of a shield machine have been simulated:
trapezoidal distribution pressure applied from the shield chamber to the tunnel face,
distribution pressure applied to the ground surface in the cylindrical void just behind the
tunnel face, the shield machine and its conicity, the self-weight of the shield machine, the
jacking force at the shield tail, the grouting pressure in the liquid state and the hardened grout,
the tunnel linings with the joints and the back-up train(see Figure 3).

Detailed descriptions of the numerical simulation of each of the above components can be
seen in the work by the same authors [2,24] and these are therefore not described here again.
It should be noted that the presence of the joints in the tunnel lining, including the
longitudinal joints and the circumferential joints, has been taken into consideration in this
model due to their important influence [26]. The parameters of the tunnel lining are indicated
in Table 2 [2,4,24].

Table 2. Lining parameters [2,4,24]

Parameter Symbol Value Parameter Symbol Value
, Rotational stiffness Ko 100
E
Young’s modulus (GPa) | 35 (MN.m/rad/m)
Poisson’s ratio " 0.15  Axial stiffness (MN/m) Ka 500
Lining thickness (m) t 0.4 Radial stiffness (MN/m) Kr 1050
External diameter (m) Dy, 94 Rotational stiffness Kor 100

(MN.m/rad/m)

Concrete lining density Axial stiffness (MN/m) Kar 500
(KN/m)

Width of lining ring (m) w 1.5 Radial stiffness (MN/m) Krr 1050

23

The longitudinal joints between segments in a lining ring were simulated by a set
composed of a rotational spring (Ke), an axial spring (Ka) and a radial spring (KRr) [2,3,24].
Similarly, the rigidity characteristics of the circumferential joint between the successive lining
rings were represented by a set composed of a rotational spring (Ker), an axial spring (Kar)
and a radial spring (Krr) (see Table 2).



In order to show the effect of the lagging distance Lr, the excavation process of the twin
tunnels has been modelled as follows: (i) excavation of the preceding tunnel (left); (ii)
excavation of the following tunnel (right) at a certain lagging distance Lr behind the face of
the preceding tunnel. Five scenarios of the lagging distance Ly were simulated: OLs, 1Ls, 2Ls,
3Ls and 8Ls, in which Ls is the length of the shield machine (Ls=12 m). These lagging
distances correspond to the cases ODw, 1.25Dw, 2.55Dw, 3.8Dw and 10Dw, where Dy is the
external diameter of the tunnel. The case Lr = 0 Ls means that the two tunnels are being
simultaneously excavated, while the value Lr = 1 Ls corresponds to the situation that the face
of the following tunnel is at the same transverse section as the shield tail of the preceding
tunnel. The case Lr = 8 Ls implies that the following tunnel is excavated at a distance behind
the preceding tunnel, which is large enough so that the structural forces in the preceding
tunnel lining have reached the steady state. All the numerical calculations were conducted
without considering the presence of underground water.
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Figure 3. Layout of the shield machine model (not scaled) (from Do et al. [24]).
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3. Numerical results and discussion

This section deals with the variations of the structural forces induced in the tunnel linings
and the ground displacements developed over the tunnels during the excavation of the parallel
tunnels at different lagging distances, Lr. These variations were determined at the section of
the 30™ ring, counting from the model boundary (y = 0 m) when the tunnel excavation
reached a steady state. The influence of the boundary condition on tunnel behaviour is
negligible at this section [2,24].

3.1. Surface settlement and lining deformation

Figure 4shows the surface settlement troughs developed over twin tunnels excavated at
different lagging distances between the faces of the two tunnels. For ease of comparison, the
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settlement trough over a single tunnel is also presented. The great influence of the lagging
distance between the tunnel faces on the ground deformation can be seen in this figure. The
greatest surface settlement is observed when the two mechanized tunnels are simultaneously
excavated, that is, the lagging distance is zero. The settlement trough is symmetrical over the
twin tunnels. The increase in the lagging distance (i.e. Lr = 1Ls, 2Ls, 3Ls) causes a decrease in
the maximum surface settlement (also see Table 3). The shape of the settlement trough is still
more or less symmetrical over the tunnels. However, when the lagging distance is large
enough (i.e. Lr = 8Ls), an increase of the surface settlement trough over the twin mechanized
tunnels is again observed and the maximum value of the settlement moves toward the tunnel
which is first excavated. The increase of the maximum surface settlement and the change in
shape of the surface settlement trough when the two tunnels are simultaneously excavated
compared to the case of the large lagging distance Lr = 8Ls has been discussed by the same
authors [2]. In the latter case, a gradual movement of the surface settlement trough from the
preceding tunnel to the following tunnel is expected and the maximum surface settlement is
inclined to the preceding tunnel. However, the results obtained in this study for other cases
when the lagging distance between the tunnel faces is small (i.e. Lr = 1Ls, 2Ls, 3Ls) show a
nearly symmetrical surface settlement trough over the twin tunnels.

Based on the volume loss ratios presented in Table 4, which is related to surface
deformation developed above twin tunnels, it can be seen that the additional volume loss ratio
caused by the excavation of the following tunnel in all cases of investigated lagging distances
between two tunnel faces is smaller than the one caused by the excavation of the single
preceding tunnel (0.92%). This observation is also supported by the development of plastic
zones around each tunnel as can be seen in Figure 5. Accordingly, the size of the plastic zones
around the following tunnel is smaller compared to the one developed around the preceding
tunnel. The same observation of smaller surface settlements developed above the following
tunnel was also obtained from the field measurement introduced by Suwansawat and Einstein
[8], Chen et al. [11]. The above volume loss ratio results induced by the second tunnel (see
Tables 3, 4) are however different from laboratory and numerical results obtained by
Chapman et al. [5] and Addenbrooke and Potts [27]. Their work showed a larger volume loss
ratio caused by the excavation of the second tunnel. This difference could be attributed to the
clayey nature of their soils or due to the undrained behaviour taken into consideration in their
researches. These conditions are not similar to those in the present study (sandy soil and no
underground water).

It is also interesting to note that the higher the lagging distance is, the smaller the
additional volume loss ratio and the total volume loss ratio will be above twin tunnels at the
steady state (see Table 4).

This phenomenon can be explained by the fact that when the lagging distance Lr is large
enough, the following tunnel is excavated when the surface settlement trough over the single
preceding tunnel has reached a steady state. The excavation of the following tunnel causes
large lateral movements of the soil in the zone between the two tunnels toward the following
tunnel, and is followed by large downward movements of the soil above the preceding tunnel,
as can be seen from the normal displacements presented in Figure 6 and Table 3. On the other
hand, the downward movement over the following tunnel in this case is small compared to the
other investigated cases. This could be because the following tunnel is excavated through a
soil zone which was disturbed by the excavation of the preceding tunnel. Consequently, a
certain movement of the soil above the following tunnel has taken place before the excavation
of the following tunnel, and the rest of the downward movement over this new tunnel is
therefore reduced, as can be seen in Figure 7 and Table 4.
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As for the lining deformation which is also related to the movement of the soil, when the
lagging distance between the two tunnel faces decreases, the downward movements
developed in the lining the preceding tunnel at the final state also decrease compared the case
of a large lagging distance (see Figure 6 and Table 3). On the other hand, the downward
movement that develops in the lining the following tunnel increases when the lagging
distance decreases (see Figure 7 and Table 4). The decrease in the difference between the
downward movement over the two tunnels when the lagging distance decreases (i.e. Lr = 1Ls,
2Ls, 3Ls) is the reason for the nearly symmetrical shape of the settlement trough over twin
tunnels (see Figure 4).
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3.2. Normal forces and longitudinal forces in the tunnel lining

Figures 8 and 9 show a significant effect of the lagging distance between tunnel faces on
the normal forces induced in the preceding tunnel on the left and the following tunnel on the
right at the steady state. The excavation of twin mechanized tunnels always causes an increase
in the normal forces induced in the lining of both the tunnels compared to that observed in the
case of a single tunnel.

Figure 8 and Table 3 show that the smallest normal forces induced in the preceding
tunnel are obtained when the two tunnels are simultaneously excavated. An increase of
lagging distance between the two tunnel faces is then followed by an increase in normal
forces in the preceding tunnel all around the tunnel. The maximum normal forces are obtained
when the lagging distance Lr reaches 2 or 3 times the shield length Ls. The increase of the
lagging distance (i.e. Lr = 8Ls), however, causes a decrease in the normal forces of the
preceding tunnel.
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As indicated by the numerical results obtained by the same authors [2] in the case of L =
8Ls (or 10Dw), the advancing process of the following tunnel causes continuous change in the
normal forces induced in the lining of the preceding tunnel. The maximum increase of the
normal forces in the preceding tunnel is observed when the face of the following tunnel is
across the measured lining section [2]. It should be mentioned that in this case the following
tunnel is excavated when the lining in the preceding tunnel has reached a steady state.
However, for the other cases of lagging distance considered in this study (i.e. Lr = 1Ls, 2Ls,
3Ls), the face of the following tunnel is across the measured lining section in the preceding
tunnel when the structural forces in the preceding tunnel are still changing. It can be seen that
the maximum change of the longitudinal forces in the preceding tunnel is observed when the
lagging distance Lr is equal to 1Ls, in particular at the right side near the following tunnel
(Figurel0). In this case, the face of the following tunnel is at the same transverse section as
the tail of the shield machine of the preceding tunnel. At this location, the lining in the
preceding tunnel is loaded by jacking forces at the shield tail. In addition, the cylindrical
distribution pressures that act in the working chamber of the following tunnel cause the load
transfer from this tunnel towards the preceding tunnel. The increase of the external loads in
the radial direction causes an increase in the longitudinal forces in the lining of the preceding
tunnel due to the partial restraint of the transversal deformation (Poisson effect) [2], as can be
seen in Figure 10.
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Figure 10. Longitudinal forces induced in the Figure 11. Longitudinal forces induced in the
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Figure 11 shows the longitudinal forces induced in the following tunnel. Unlike the
preceding tunnel, the smallest normal forces induced in the following tunnel are observed
when the lagging distance Lr is largest (i.e. Lr = 8 Ls) (see Table 4 and Figure 11). In this case
the normal forces’ values all around the tunnel are more or less similar to those induced in the
case of a single tunnel (Figure 9). The same results have previously been obtained in the work
of the same authors [2]. The normal forces in the tunnel lining when the lagging distance is Lr
= 1Ls, 2Ls and 3Ls seem to be the same and reach the maximum values of about 135%
compared to that of a single tunnel (Table 4). The normal forces in the case of the twin
tunnels which are simultaneously excavated are in the middle. The increase of the normal
forces induced in the following tunnel in the cases of Lr = 1Ls, 2Ls and 3Ls can be attributed
to this tunnel being affected by the construction process of the preceding tunnel, such as
grouting pressure at the shield tail. This grouting pressure causes the movement of the soil
between the two tunnels toward the soil zone which the following tunnel will cross later. The
additional outward displacement of the soil from the side of the following tunnel toward the
following tunnel occurs at sections behind the shield tail where the grout has been hardened,
which is also due to the effect of the small lateral earth pressure factor at rest (Ko = 0.5). This
movement leads to an increase of the external loads that act on the lining of the following
tunnel. Consequently, the normal forces measured in the following tunnel are higher than
those induced in a single tunnel.

Based on this, the explanation of why the small lagging distance leads to the higher
normal forces in the following tunnel could be the smaller magnitude of the soil consolidation
over the following tunnel caused by the excavation of the preceding tunnel. A larger
downward movement over the following tunnel (see Table 4), and therefore of the external
loads acting on the tunnel lining, is expected.
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3.3. Bending moment in the tunnel lining

Figure 12 shows the distribution of the bending moment induced in the preceding tunnel
on the left for different lagging distances between two tunnel faces. It can be seen that the
excavation of two parallel tunnels generally causes an increase in the bending moment
induced in the preceding tunnel, particularly on the right side near the following tunnel. This
increase is really significant when the tunnels are excavated at a certain lagging distance.
However, when the tunnels are simultaneously excavated, the bending moment induced in the
preceding tunnel is more or less similar to that in a single tunnel (also see Table 3).

Bending Moment (kKNm/m) Bending Moment (kNm/m)
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Figure 12. Bending moment induced in the Figure 13. Bending moment induced in the
lining of the preceding tunnel on the left. lining of the following tunnel on the right.

The increase of the bending moment in the preceding tunnel in the case of lagging tunnels
can be explained by the loss of the soil during the excavation of the following tunnel (see Do
et al. [2]). The soil mass between the two tunnels has therefore a tendency to move towards
the following tunnel. On the other hand, the soil above the preceding tunnel moves
downwards. Consequently, an increase in the positive bending moment at the right shoulder
and right base region and an increase in the absolute magnitude of the negative bending
moment at the spring line are expected [2].

Figure 12 and Table 3 show that the maximum bending moment induced in the preceding
tunnel is obtained when the lagging distance Lr is largest (i.e. Lr = 8Ls). The decrease of the
lagging distance between tunnels is then followed by a decrease in the bending moment in the
preceding tunnel. This could be attributed to the smaller downward movement of the soil
above the preceding tunnel due to the effect of the following tunnel, as can be seen in Figure
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6 and Table 3. The increase of the bending moment when the lagging distance between the
tunnel faces increases also implies that the difference between vertical and horizontal loads
increase, and therefore the ovalling loads around the following tunnel also increase.

Table 3. Development of the structural forces and deformation in measured ring 30 in the
preceding tunnel on the left

Parameters Single Lagging distance Lr(multiple of the length of

tunnel shield machine Ls)

- 0 1 2 3 8

Max. pos. bending moment (kNm/m) 71.9 109.9 297.2 2783 2784 348.1
Ru+ (%) 100 152.8 4133  387.0 387.2 484.2
Min. neg. bending moment (KNm/m) -93.8 -97.4 -4441  -492.7 -506.5 -480.6
Ru- (%) 100 103.8 4734 5253 540.0 512.3
Max. normal force (KN/m) 1490 1730 2232 2480 2518 1927
RN_max (%) 100 116.1 149.8  166.4  169.0 129.3
Min. normal force (kN/m) 468 519.9 703.1 7204 7240 553.0
RN_min (%0) 100 111.1 150.2 1539 154.7 118.2
Max. Longitudinal force (KN/m) 1745 2057 3888 1481 1554 1798
Rin (%) 100 117.9 222.8 84.9 89.1 103.1
Max. normal displacement (mm) 5.69 94 11.8 12.6 13.1 154
Raisp+ (%0) 100 165.0 2065 2216 2305 271.0
Min. normal displacement (mm) -2.78 -4.7 -6.0 -7.0 -71.3 -8.6
Raisp- (%0) 100 170.6 2171 2526  264.3 311.0
Max. surface settlement (mm) -27.4 -43.8 -34.1 -33.7 -338 -40.3
Rset- (%) 100.0 159.9 1248 1230 1236 147.4
Volume Loss Ratio (%) caused by the
single preceding tunnel excavation 0.92

Table 4. Development of the structural forces and deformation in measured ring 30 in the
following tunnel on the right

Parameters Single Lagging distance Lr (multiple of the length of

tunnel shield machine Ls)

- 0 1 2 3 8

Max. pos. bending moment (KNm/m) 71.9 109.1 105.7 97.5 77.6 65.8
Ru+ (%) 100 151.7 1470 135.6 107.9 91.6
Min. neg. bending moment (KNm/m) -93.8 -94.5 -122.1 -114.9 -69.2 -89.9
Rw- (%) 100 100.8 130.2 1225 73.8 95.9
Max. normal force (KN/m) 1490 1725 2016 2005 1981 1491
RN_max (%0) 100 115.7 1353 1346 132.9 100.1
Min. normal force (KN/m) 468 512.8 662.0 660.6 864.0 469.2
Rn_min (%) 100 109.6 1415 1412 184.6 100.3
Max. longitudinal force (kN/m) 1745 2074 1713 1630 1647 1667
Rin (%) 100 118.8 98.2 934 94.4 95.5
Max. normal displacement (mm) 5.69 94 7.5 6.5 6.5 5.2
Raisp+ (%) 100 165.1 1320 115.0 1144 921
Min. normal displacement (mm) -2.78 -4.7 -3.3 -3.0 -3.0 -2.5
Raisp- (%0) 100 169.1 119.7  107.9 106.6 90.1
Additional Volume Loss Ratio (%)
caused by the following tunnel - - 0.88 0.83 0.82 0.79
excavation
Rw (%) 100 - 96.2 90.9 90.1 86.0

Total Volume Loss Ratio caused by the -

12



twin tunnel excavation (%) 1.81 1.80 1.75 1.74 1.71

Figure 13 shows the bending moment induced in the following tunnel on the right. Unlike
the preceding tunnel, the higher the lagging distance between the tunnel faces, the smaller the
maximum bending moment induced in the following tunnel (Figure 13 and Table 4). It should
be mentioned that the interaction between the two tunnels causes higher effects on the
bending moment at the top and at the left side of the following tunnel near the preceding
tunnel (Figure 13). This could be explained by the decrease of the downward movement of
the soil above the following tunnel when the lagging distance between tunnel faces is
increased, as can be seen in Figure 7. Different from the preceding tunnel, the ovalling loads
around the following tunnel decrease when the lagging distance Lr increases.

From the design point of view in terms of the lining stability, it is reasonable to note that
the critical lagging distance between two tunnel faces is equal to Ls, where the face of the
following tunnel is at the same transverse section as the shield tail of the preceding tunnel.
Using this scenario, the lining stress state permits to determine the critical lagging distance.

4. CONCLUSIONS

In this study, a series of 3D numerical analyses of mechanized twin tunnels have been
conducted, which has allowed the effect of the lagging distance along the tunnelling direction
between tunnel faces on their structural behaviour and on the displacements of the ground
surrounding the tunnels to be highlighted. On the basis of these 3D numerical analyses, it is
possible to draw the following conclusions:

(1) The surface settlement trough over twin tunnels is strongly affected by the lagging
distance Lr.

(2) The dependence of the downward movement over the preceding tunnel and over the
following tunnel on the lagging distance Lr are opposite.

(3) The excavation of twin mechanized tunnels always causes an increase in the normal
forces induced in the lining of both tunnels compared to that observed in the case of a
single tunnel.

(4) The smallest normal forces induced in the preceding tunnel are obtained when the two
tunnels are simultaneously excavated. However, this value is observed in the following
tunnel when the lagging distance is large enough (i.e. Lr = 8Ls).

(5) The dependency of the maximum bending moment induced in the preceding tunnel and
that in the following tunnel on the lagging distance L are opposite.

(6) The critical lagging distance between two tunnel faces in terms of the lining stability is
equal to Ls, where the face of the following tunnel is at the same transverse section as the
shield tail of the preceding tunnel.

In case of a mechanized twin tunnels excavation, the design study is then fundamental to
investigate the excavation influence on the movements and the lining efforts.Experimental

studies and on-site monitoring will also be necessary in the future to validate the numerical
results obtained in this study.
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Highlights

>

>

A strong effect of the lagging distance between mechanized tunnel faces on twin tunnels
excavation has been highlighted;

The tendency in the change of the bending moment and lining deformation in the
preceding tunnel and the following tunnel depending on the lagging distance are
generally opposite;

The critical lagging distance between two tunnel faces in terms of the lining stability is
equal to 1Ls where the face of the following tunnel is at the same transverse section with
the shield tail of the preceding tunnel.
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