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Soil conditioning is often adopted to facilitate EPB shield tunneling. However, the resulting
improvement of soil fluidity and the reduction of friction forces will also raise the ground
deformation problem. This paper aims to investigate the influence of soil conditioning on
the ground deformation during longitudinal tunneling. DEM is employed for this study
due to its advantages in analyzing large deformations and discontinuous processes. Soil
conditioning is modeled by reducing the interparticle friction of soils in a specific zone
around the cutterhead of the tunnel. The tunnel advance with different soil-conditioning
treatments is thus modeled. Comparisons are carried out on the ground deformation, i.e.
ground surface settlement, vertical and horizontal displacements. The influence of soil
conditioning on the ground deformation is clarified, and is associated with the fluidity from
poor to favorite, and the mechanical properties from dilative to contractive are associated
with the increase of soil conditioning. The results are helpful to determine the conditioned
soils and control ground deformation for real constructions.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The earth pressure balance (EPB) shield tunneling is an efficient and commonly adopted way for the construction of the
metro under clayey and sandy layers. During tunneling, soils at the cutting face are removed by using the rotating cutter.
The amount of soil imported into the soil chamber is adjusted equal to that exported by the screw conveyor to keep the
earth pressure balance state at the cutting face, i.e. chamber pressure equal to cutting face pressure. Under sandy ground,
the sandy soil is difficult to excavate due to its poor fluidity and to the strong friction forces. Therefore, the lubricating
mud or foam is often injected into the soil chamber, the screw conveyor and the cutter to improve the fluidity of sandy
soil and reduce the soil friction forces [1]. Tunneling is thus facilitated by soil conditioning. However, at the same time,
soil conditioning will also influence ground deformation during tunneling, since the fluidity and mechanical properties of
conditioned soils have been greatly changed compared to virgin soils. Thus, the influence of soil conditioning on ground
deformation is one of the most important issues for EPB shield tunneling.
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Fig. 1. (Color online.) Properties of granular material used in the DEM analyses: (a) distribution of grain size, (b) simulated shear stress ratio versus shear
displacement, (c) simulated vertical displacement versus shear displacement.

Table 1
Material parameters used in DEM analysis.

Parameters Soil

Particle size (d) 6–9 mm
Density of particles (ρ) 2600 kg/m3

Normal spring stiffness of particles (kn) 1.5 × 108 N/m
Tangential spring stiffness of particles (ks) 1.0 × 108 N/m
Coefficient of interparticle friction (μ) 0.5
Normal spring stiffness of wall (kn) 1.5 × 108 N/m
Tangential spring stiffness of wall (ks) 1.0 × 108 N/m
Coefficient of friction between wall and particle (μ) 0

Ground deformation associated with real tunnel constructions is complicated due to tail void, uncertainties of natural
soil variation, grouting, soil conditioning, etc. To simplify the problem, experimental investigations have been carried out
focusing on some of factors, i.e. tail void, buried depth, screw conveyors, dynamic loading, etc., through physical modeling
[2–7]. However, limited investigations have been made to address the influence of soil conditioning on the ground defor-
mation during longitudinal tunneling. Furthermore, it is practically difficult to eliminate the variation of the testing models
when conducting a series of tunnel tests with various soil conditions.

More recently, the discrete element method (2D/3D DEM) has been employed to model the longitudinal tunneling pro-
cess and mostly to investigate the tunnel face failure [8–10]. The advantage of DEM lies in that it can physically capture
the behavior of particulate materials, and as a discontinuous analysis method it can simulate the large deformation and
discontinuous process of discrete particles assembly under quasi-static and dynamic conditions [11–19]. Therefore, it can
potentially overcome the shortcomings of the finite element method (FEM) and is a powerful numerical tool for computing
the motion of a large number of particles in the large deformation and discontinuous analyses during tunneling. However,
few investigations by DEM on the influence of soil conditioning related to ground deformation during longitudinal tunneling
have been conducted up to now.

Therefore, in this paper we focus on investigating the influence of soil conditioning on ground deformation during
longitudinal tunneling. Due to the advantages of DEM in simulating the large deformation and discontinuous processes, and
because it provides identical sample and construction conditions compared to physical modeling or field testing, DEM has
been adopted for this study. Soil conditioning is modeled by reducing the interparticle friction of soils in a specific zone.
The advance process of EPB shield tunnel is thus modeled using various conditioned soils. All results on ground deformation
are compared to each other.

2. Discrete element modeling

2.1. Material properties and mechanical behavior

A dried granular material with a distribution of particle size shown in Fig. 1(a) has been used in our DEM studies. The
numerical simulation has been performed with a particle flow code in two dimensions (PFC2D [20]), which is a commercial
DEM code originally proposed by Cundall and Strack [11]. The material is composed of discs with a maximum diameter of
9 mm; a minimum diameter of 6 mm; an average grain diameter d50 = 7.6 mm and a uniformity coefficient Cu = d60/d10 =
1.3. Material parameters are shown in Table 1 with reference to [12]. Figs. 1(b) and 1(c) marked with μ = 0.5 present results
of a simple shear test with an initial planar void ratio of 0.196, with a global stress ratio τ/σ = 0.31 representing a global
critical state friction angle of 17.2◦ , where τ = (σ1 − σ3)/2 and σ = (σ1 + σ3)/2 are defined with σ1 and σ3 representing
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Fig. 2. (Color online.) Slump tests: (a) initial sample, (b) μ = 0.5, (c) μ = 0.3, (d) μ = 0.1.

Fig. 3. (Color online.) Discrete element model for the EPB shield tunnel with details.

major and minor principal stresses, respectively. It can be seen that there are strong relationships between the microscopic
properties (ks, kn, m, e, etc.) and the macroscopic ones (initial modulus, stress dilatancy, strength, etc.), as obtained by
many researchers [11,12,19,21–24]. Therefore, based on this mechanical behavior, the material with the properties can be
considered as a real soil for this study.

For conditioned soils, the friction forces are usually reduced and the fluidity is usually improved [1]. To capture these two
features, the conditioned soils were modeled in our DEM modeling by only reducing the interparticle friction coefficient μ.
Figs. 1(b) and 1(c) marked with μ = 0.3, 0.1 and 0 present the results of a simple shear test of the mechanical behavior of
different conditioned soils. The comparison with the situation where μ = 0.5 shows that the diminution of the interparticle
friction reduces significantly the global shear strength and increases the contraction of materials. The reduction of the
friction forces and of interlocking is thus reproduced.

Furthermore, to investigate the fluidity influenced by μ, slump tests were performed on particle assemblies with different
values of μ. Four slump tests were generated using the above interparticle properties and grading with μ = 0.5, 0.3, 0.1 and
0 (see Fig. 2(a)). The wall elements were lifted at a speed of 0.1 m/s and the particle assemblies flowed under the earth’s
gravity. When all calculations become stable, the slumped height was measured in all cases (see Figs. 2(b)–2(d)). Note that
for the case with μ = 0, the particle assemblies slumped to a thickness of two particle sizes. Above all, the improvement of
the fluidity of conditioned soils can be reproduced by reducing the μ value.

2.2. DEM model for EPB shield tunneling

The multi-layer under-compaction method (UCM) by Jiang et al. [12] was adopted to generate the ground base under
a gravitational acceleration of 10 g. Under-compaction criteria based on the average planar void ratio were proposed to
achieve uniformity of specimens. A total number of 150 000 particles were generated with fifteen layers in a container with
the ground size of 4 × 2 m (width × height) and the planar void ratio of 0.196 after consolidation (see Fig. 3).

As shown in Fig. 3, a value equal to three times the tunnel diameter was selected as the burial depth of the tunnel. The
cover lining, the cutterhead and the soil chamber of the EPB shield tunneling system were simulated by walls. The cutter
opening was set up with a common value, which is 53% of the cutterhead area allowing soils to be imported into the soil
chamber [6]. After ground generation, the tunnel system was initially generated with a distance of 0.3 m. The advance of
the tunnel was simulated by giving a longitudinal advance rate of 0.1 m/s to walls, which results in a rate of 0.03 m2/s of
imported soils. The excavation of the soil was simulated by deleting particles in the soil chamber. In order to keep the earth
pressure balance state at the cutting face, the deletion rate of the soils in the chamber was given the same value as the rate
of imported soils. The EPB shield tunneling process was then modeled with excavating and supporting simultaneously. For
the ground deformation behavior, three observation points A, B and C were selected, as shown in Fig. 3.

In order to investigate the influence of soil conditioning, a soil conditioning zone was specified, including the soil cham-
ber and the cap-shaped area in front of the cutterhead according to the real construction of EPB shield tunnel (see Fig. 3).
Then different cases of soil conditioning can be modeled by giving different values of the interparticle friction coefficient
(μ = 0.5, 0.3, 0.1 and 0) and keeping other properties identical for soils in this specified zone.
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Fig. 4. (Color online.) Ground surface settlements: (a) for different soil-conditioning treatments during tunnel advances up to 1.4 m; (b) for μ = 0.3 during
different tunnel advances up to 0.9, 1.4 and 1.9 m; (c) for μ = 0.1 during different tunnel advances up to 0.9, 1.4, and 1.9 m; (d) for μ = 0 during different
tunnel advances up to 0.9, 1.4, and 1.9 m.

Note that the tail gap and the friction between the tunneling and soil particles depend not only on the soil itself, but
also on the lining, which is controlled by its quality and construction technology, etc. [25]. For the sake of simplicity and
the focus on the soil conditioning effect, the tail gap was not considered and the interparticle friction between soil particles
and walls was handled in the same manner as the soil.

Furthermore, it is known in the Geotechnical Engineering community that the amplified gravity will lead a small-size
ground to simulate a large-size one without scale effect. In addition, the tunnel lining and machine are generally made
from concrete and steel with their stiffness/modulus significantly larger than that of the surrounding soil. Hence, it can
be considered that the DEM modeling represents a real ground size of 40 × 20 m with a tunnel of 3 m diameter, and
there is little scale effect in this study. Since the particle assembly can be considered as a real soil based on its mechanical
behavior, the simulation follows the real construction procedure, the influence and of soil conditioning can be qualitatively
investigated with microstructural insight.

3. Influence of soil conditioning on ground deformation

The influence of soil conditioning on the ground deformation during longitudinal tunneling was investigated on different
aspects, i.e. ground surface settlement, vertical and horizontal displacements, averaged pure rotation rate of particles, etc.
Such complete observation has never been reported in practice due to technological problems in monitoring displacements
in situ.

3.1. Ground surface settlement

Four DEM models of the advance of the cutterhead up to 1.4 m were carried out with different inter-particle friction
properties (μ = 0.5, 0.3, 0.1 and 0) in the soil conditioning zone. The ground surface settlement for each case was plotted
versus the relative distance from the cutter face x/d (d representing the diameter of tunnel) in Fig. 4(a). All results show
that: (1) the more fluid the soils in the conditioning zone, the more surface settlement occurs; (2) conditioned soils improve
the upheaval of the ground surface; (3) the distance between the biggest surface settlement and the final cutter face is
decreasing with the increase of soil conditioning.

It is worth pointing out that in the case without soil conditioning (μ = 0.5) the surface settlement above the cutter-
head is slight, similar to that obtained from centrifuge modeling without soil conditioning [3]. Surface settlement above the
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Fig. 5. (Color online.) Vertical displacements at observation point A for different soil-conditioning treatments during tunnel advance up to 3.4 m.

Fig. 6. (Color online.) Vertical displacements for different soil-conditioning treatments: (a) at observation point B during tunnel advance up to 3.4 m; (b) at
observation point C during tunnel advance up to 1.8 m.

cutterhead increases with soil conditioning from μ = 0.5 to 0, which is similar to the behavior observed in real construc-
tions with soil conditioning [26,27]. Moreover, Attewell and Woodman [26] concluded that the average amplitude of the
surface settlement above the cutterhead is about half of maximum settlement based on many field investigations, which
corresponds to DEM modeling in this study with the μ value between 0.1 and 0.3 (see Fig. 4(a)). Such observation and com-
parison demonstrate that the research presented in this paper is reasonable, although few data can be found only focused
on the soil conditioning effect in a real tunnel.

Furthermore, for each specified soil conditioning, DEM simulations were also carried out for different advance distances
of the cutterhead up to 0.9 and 1.9 m. The ground surface settlement curves together with that of the advance of 1.4 m were
compared to each other for μ = 0.3 in Fig. 4(b), for μ = 0.1 in Fig. 4(c) and for μ = 0 in Fig. 4(d). The comparisons show
that, even under the same earth pressure balance tunneling, different conditioned soils have different ground deformation
behaviors: (1) for soils a little conditioned (μ = 0.3), the tunnel advance changes the subsidence slightly, but increases the
upheaval significantly; (2) more conditioned soils (μ = 0.1) can erase the upheaval during tunnel advancing and change the
maximum subsidence slightly; (3) for soils very conditioned (μ = 0), the surface settlement deepens and moves forwards
with the cutterhead advance. This trend is associated with the improvement of fluidity and the reduction of friction forces
for conditioned soils from μ = 0.5 to 0 (see Figs. 1 and 2). These results are helpful to determine the conditioned soils and
explain the ground surface behavior for real constructions.

3.2. Vertical displacements

Vertical displacements at observation points A, B and C (see Fig. 3) were obtained from DEM models with the advance
of the tunnel up to 3.4 m for different soil-conditioning treatments (μ = 0.5, 0.3, 0.1 and 0). The sign of the vertical
displacement is defined positive for upheaval.

Fig. 5 shows a significant influence of the soil conditioning on the evolution of vertical displacement at point A during
the longitudinal advance of the tunnel, i.e. from upheaval with μ = 0.5 to subsidence with μ = 0. Moreover, the vertical
displacement develops rapidly before the cutterhead arrives at A, and then changes slowly to converge with the tunnel
advance.

The evolution of vertical displacement at point B in Fig. 6(a) is similar to that at point A, but with more upheaval. For
point C located on the centerline of the tunnel and ahead of the cutterhead (see Fig. 3), during the cutterhead advance up
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Fig. 7. (Color online.) Field of vertical displacement at the tunnel advance of 1.4 m for different soil-conditioning treatments.

Fig. 8. (Color online.) Horizontal displacements for different soil conditioning: (a) at observation point B during tunnel advance up to 3.4 m; (b) at
observation point C during tunnel advance up to 1.8 m.

to a distance equal to one tunnel diameter before point C , the evolution of the vertical displacement in Fig. 6(b) is similar to
that at point B , but with a smaller amplitude. For the following advance towards point C , a large subsidence occurs rapidly
in all cases. Finally, point C can no longer be used, since the tunnel passed through.

Fig. 7 shows the field of vertical displacement for the advance of the tunnel up to 1.4 m with different soil-conditioning
treatments. From μ = 0.5 to 0, it can be concluded that: (1) the settlement of soils over the tunneling increases, in con-
cordance with Figs. 4–6; (2) the deformation of soils above the cutterhead is from upheaval to subsidence, in concordance
with Figs. 4–6; (3) the biggest subsidence occurs in the area close to the cutter face, in concordance with Fig. 6b; (4) the
settlement of the soils under the cutterhead decreases.

Above all, a suitable soil conditioning between μ = 0.3 and 0.1 can reduce the vertical ground displacement during
longitudinal tunneling.

3.3. Horizontal displacements

Horizontal displacements at observation points B and C were obtained from DEM models with the advance of tunnel
up to 3.4 m and different soil-conditioning treatments. The sign of horizontal displacement is defined positive following the
direction of the tunnel advance.

Fig. 8(a) shows a significant influence of the soil conditioning on the evolution of horizontal displacement at point B
during the longitudinal tunneling, i.e. from positive with μ = 0.5 to negative with μ = 0. The horizontal displacement
develops rapidly before the cutterhead approaches B , and then becomes almost stable with the advance of the tunnel. For
point C , during the cutterhead advance up to one tunnel diameter distance before point C , the evolution of horizontal
displacement in Fig. 8(b) is similar to that at point B . For the following advancing towards point C , a large horizontal
displacement occurs rapidly in all cases. Finally, point C can no longer be used since the tunnel passed through.
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Fig. 9. (Color online.) Field of horizontal displacement at the tunnel advance of 1.4 m for different soil-conditioning treatments.

Fig. 10. Force chains in the soil around the cutter face of the tunnel for different soil-conditioning treatments.

Fig. 9 shows the field of horizontal displacement for the advance of tunnel up to 1.4 m with different soil-conditioning
treatments. The biggest horizontal displacement occurs at the center point of the cutter face, and the displacement becomes
slightly with the increasing distance from this point. From μ = 0.5 to 0, the influence area due to the tunneling on the
horizontal displacement of soils becomes smaller. Note that the blue color in all figures is due to a small negative value
which is close to zero, similar to white area due to a small positive value and close to zero.

Above all, soil conditioning can generally reduce the horizontal displacement of ground during longitudinal tunneling.

3.4. Interparticle force chain

Since the geometry is the same for all tunnel models, the interparticle forces are comparable for different cases to
demonstrate the soil conditioning effect from the point of view of the microstructure. Fig. 10 presents the contact forces
between particles for the selected zone around the cutterhead of tunnel with different soil-conditioning treatments. The
width of the lines in the figure represents the magnitude of the contact force between particles, and the direction of the
lines represents the direction of the contact force. From Fig. 10(a) to 10(d), the contact forces above and in front of the
cutter face of the tunnel generally decrease with increasing soil conditioning. This evolution can be revealed to the resulting
soil conditioning effect on the ground deformation during longitudinal tunneling.

4. Conclusions

The EPB shield tunneling with a buried depth of three times the tunnel diameter was modeled with excavating and
supporting simultaneously. A soil conditioning zone was specified including the soil chamber and a cap-shaped area in
front of the cutterhead. Different cases of soil conditioning were modeled by reducing the interparticle friction of soils in
this specified zone.
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The influence of soil conditioning on the ground deformation during longitudinal tunneling was investigated on different
aspects, i.e. ground surface settlement, vertical and horizontal displacements, averaged pure rotation rate of particles:

• for ground surface settlement, (1) more conditioned the soils in the conditioning zone are, more surface settlement
occurs; (2) well controlled conditioned soils can erase the upheaval of the ground surface, but highly conditioned soils
will cause the surface settlement deepening and moving forwards with the cutterhead advancing; (3) the distance
between the biggest surface settlement and the final cutter face is decreasing with the increase of soil conditioning.

• For a vertical displacement, (1) more conditioned soils increase the settlement of soils over the tunneling; (2) the
deformation of soils above the cutterhead goes from upheaval to subsidence with the increase of soil conditioning;
(3) the biggest subsidence occurs in the area close to the cutter face; (4) the settlement of soils under the cutterhead
decreases with the increase of soil conditioning.

• For a horizontal displacement, (1) the biggest horizontal displacement occurs at the center point of cutter face, and the
displacement becomes smaller with the increasing distance from this point; (2) the influence area due to the tunneling
on the horizontal displacement of soils becomes smaller with the increase of soil conditioning.

The trend of ground deformation is associated with the fluidity from poor to favorite and the mechanical properties from
dilative to contractive for conditioned soils from μ = 0.5 to 0. Such phenomena are also related to the inter-particle forces
from the point of view of the microstructure. These results are helpful to determine the conditioned soils and control the
ground deformation for real constructions.

Future works on underground engineering construction will be carried out numerically on soils with different internal
friction angles by using the rolling resistance model [14], the bonded granular material [16], and unsaturated soils [13] with
more realistic dimensions with the rapid development of computer technology. Furthermore, other methods (e.g., coupled
FEM/DEM and 3D DEM) can be used as alternative approaches to solve this class of problems.
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