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Behavior of tunnel face pre-reinforced with sub-horizontal pipes

C.S.Yoo & H. K.Shin
Department of Civil Engineering, Sungkyunkwan University Korea

ABSTRACT: This paper presents the results of a parametric study on the behavior of tunnel face reinforced
with sub-horizontal pipes. A three-dimensional finite element model was adopted in this study to capture the
three-dimensional nature of tunnel face behavior under various boundary conditions. A parametric study was
performed on a wide range of boundary conditions with emphasis on the effect of reinforcing layouts on the
deformation behavior of tunnel face. The results of analysis such as tunnel face deformation behavior under
various conditions were thoroughly analyzed, and a database on the behavior of tunnel face under different
reinforcing conditions was established for future development of a semi-empirical design/analysis method for
the tunnel face reinforcing technique. The results indicated that there exit an optimum reinforcing layout for a
given tunnel condition, which must be selected with due consideration of tunnel geometry and ground
condition.

l INTRODUCTION ameliorating soil conditions using external agents
such as freezing, grouting, and dewatering, etc.

Rapid growth in urban development has resulted in
an increased demand for construction of tunnels for

electric and communication lines, and transportation
systems. For obvious practical reasons such as
accessibility, serviceability, and economy, these
tunnels are constructed at shallow depths. Since the
ground at shallow depths consists of either soft soils
or weak rocks, the shallow tunnels are usually
constructed by either shield or conventional
tunneling methods such as NATM in conjunction
with auxiliary ground improvement techniques.
Even in rock tunneling, there are many occasions
where tunnels are constructed through thick, highly
sheared and altered fault zones. Numerous cases

have been reported where heavy support systems
failed leading to TBM’s being frozen in place, and
construction delays for years.

For tunnels constructed in soft ground or fault
zone, maintaining the tunnel face stability is one of
the most important excavation design issues since the
failure of tunnel face causes a loosening of the
ground and may thereby lead to complete tunnel
collapse. A variety of methods are employed to
improve the face stability either by dividing the face
into partially self supported subdivisions or by

European countries such as Italy and France have
been successfully implementing the tunnel face
reinforcing technique using longitudinal steel or
fiberglass pipes grouted into the tunnel face to
improve the face stability during excavation 'With
good results in terms of safety and speed of
construction. Figure 1 illustrates a schematic view of
the technique. Despite the popularity of this
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A - Pipe umbrella; B-Horizontal fiberglass pipes

Figure 1. A schematic view of pipe umbrella and
face reinforcing system.
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technique, no rigorous design/analysis method is
available, and therefore design engineers tend to
resort to their past experiences, resulting in an either
unsafe or uneconomical design.

2 PREVIOUS STUDIES

The studies on the face reinforcing technique are
very limited, despite the fact that the technique has
been widely adopted in various countries. Few field
application examples in Italy and France include
works done by Arsena et al. (1991) and Lunardi
(1991). Ltmardi (1991), in particular, reported the
field ‘monitoring results of the face reinforcing
teclmique using fiberglass pipes coupled with
mechanical precut, obtained from various tunnels.
Recently, Grasso et al. (1993) performed a research
using axisymmetric finite element analysis on the
face reinforcing effect of horizontal pipes and
proposed a concept of equivalent cohesion for the
reinforcing effect of horizontal pipes. Peila (1994)
conducted extensive studies on the behavior of
turmel face reinforced with horizontal pipes using
FEM and established a relationship between
equivalent face pressure and face reinforcing layout.
More recently, Peila et al. (1996) conducted a
parametric study on the influence of sub-horizontal
fiberglass pipes on the stability of a tunnel face using
the three-dimensional finite element analysis. They
drew a conclusion that the three dimensional nature

of the reinforced ttmnel face behavior can only be
captured by the three-dimensional numerical
modeling of the ground and individual pipes.

Overview of the previous studies revealed that
although the available studies have given insights
into the working mechanism of the face reinforcing
technique, much still needs to be investigated for a
more rational design/analysis method to be
developed. Therefore, this study has been
undertaken with the 'aim of understanding the
behavior of tunnel face reinforced with horizontal

pipes and also establishing a database for future
development of a design/analysis method for the face
reinforcing technique. A numerical analysis was
found to be an appropriate tool for the investigation
as it provides a satisfactory simulation accuracy of
the geometry and the constitutive model of the
problem. The three-dimensional finite element
method of analysis, although exhaustive in its
computational effort, has been adopted in this study
since it has become more affordable due to recent

advances in computer systems.
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Figure 2. A schematic view of geometrical
configuration of ground/tunnel system considered.

3 PROBLEM INVESTIGATED

In this study, a circular tunnel with a diameter of 8
m excavated through a homogeneous ground was
considered. Figure 2 illustrates a schematic view of
the geometrical configuration of the ground/tunnel
system.

A wide range of boundary conditions were
analyzed by varying tunnel cover depth (C/D) as
well as the number (NP) and the length (LP) of
reinforcing pipes. Note that three different ground
conditions were considered, including cohesive as
well as frictional ground formations with relatively
poor geotechnical characteristics. Table 1 tabulates
the conditions analyzed together with a set of
reference conditions for the reinforced and the
tmreinforced cases. The stability ratio values for the
unreinforced cases are much greater than N=6, and
therefore, these conditions serve to represent severe
cases for tumieling.

In the analysis, a fully lined tunnel which the
radial deformation around the turmel periphery is
completely restrained by a stiff structural support
system was considered assuming that the stress
release at the tunnel face is the only source of
ground movement. Such simplification was
adopted since the physical presence of the support

system normally limits the radial deformation of the

ttmnel wall, and the face stability becomes the
critical consideration for the tunneling problems with
poor ground conditions such as those considered in
this study.



Table 1. Conditions analyzed.
C Tunnel cover Reinforcement

depth (C/D) Number of Length of
pipes (NP) pipes (LP)

0 2.5, 5.5, 10.5 12, 18, 30 0_1D, 0.313
54, 72, 90 0.5D, 1.0D

1.5D, 2.0D
Ground condition

Properties G1 G2 G3
Cohesion, C (kPa) 5 30 S()
Int. friction angle 3 5° 20° 0°
Young’s modulus, 70,000 50,000 15,000

E (kPa)

Note) Bold-faced fonts indicate the reference case

4 THREE-DIMENSIONAL FINITE ELEMENT
ANALYSIS

4.1 Finite element modeling

In this study, a commercial finite element code
DIANA (DIANA 1996) developed by TNO Building
& Construction Research Co. and Delft Technical

University was used for analysis. In the finite
element modeling, the ground was discretized by
using 8-node brick elements (HX24L), while
reinforcement elements were used for the reinforcing
bars. Figure 3 shows a typical finite element mesh
used in the analysis, consisting approximately 3600
nodes and 3000 elements.

Note that only one half of the entire domain was
modeled due to the synnnetry about the tunnel center
with the lateral and bottom boundaries at 4.0D and

3.0D away from the tunnel center, respectively.
Locations of these boundaries were selected in
accordance with the results of preliminary analysis so
that the presence of the artificial boundaries does not
significantly alter the stress-strain field. In the
analysis, the ground was assumed to be elasto-plastic
material obeying the Mohr-Coulomb failure criterion
together with the associated flow rule, while the
reinforcing bars being linear elastic material. Note
that the unit weights for the grounds were assumed to

be y=20 kN/m3 in all cases with the poisson ratio of
o=0.3, 0.4, and 0.49 for Gl, GZ, and G3, respectively.
The reinforcing pipes were assumed to be fiberglass
pipes with a diameter of 50 mm, having elastic
properties of E=l5 GPa and u=0.2, which are being
frequently used in European countries.

465

$Q Q% %`~l|| °
§g~!;|n||| l|||||l ,p
§§§==!u!!;E'H|||||gI»¢\\*= `=;§!!!lM!5¢{

!~-#ff-&"¢

` `“""» f//I /\ \=llI~ lg /\ \`=§::!§ §§\§====l==ea;§ , ., 3$§§===§.i§;a;§§§§:':!,¢v',¢¢` "
~ _"U: "' ‘lt- ._ in

\\`\%i§`
`*§iI--.~=§§.-'J*éf~#§§ -55;

_ |~ ”" ig#-Q wqgiffQ ° i
i|||||iiiSE.|»ii;¢

- |||||llE,,il|||l||

Figure 3. A typical finite element mesh used in the
analysis (C/D=2.0).

4.2 Excavation simulation

A simplified single-step excavation scheme was
adopted in this study, asstuning that the tunnel is
excavated instantaneously from a distance far
behind the tunnel face. Simulation of the
excavation scheme adopted in this study consists of
two steps; first step for creating the initial geo-static
condition and second step for simulating the process
of excavation and the lining placement. The initial
geo-static condition was achieved by applying
gravity forces with all elements representing the soil
being activated. Upon excavation, the equivalent
excavation forces are applied to the nodes of
excavated surface in steps with the reinforcing bars
being activated. Note that the stiff structural tunnel
lining was simulated by fixing the nodes along the
excavated tunnel wall. This type of simplified
approach is justified since this study did not intend
to simulate all the details of the methods of
excavation and support, but to focus on a more
direct examination of the three dimensional
behavior of tunnel face.

The step by step tunneling sequence was
simulated by the phased analysis option, which is a
special feature offered by DIANA. The phased

analysis comprises several calculation phases.
Between each phase the finite element model
changes by addition or removal of elements,
constraints and/or loading conditions.
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(a) unreinforced (b) reinforced

Figure 4. Displacement vector plots.

5 RESULTS AND DISCUSSION

5.1 Mechanical Behavior

Figure 4 shows displacement vector plots for the
reference cases of the reinforced and the unreinforced

conditions. It is seen in this figure that a substantial
reduction in the face defonnation is observed for the

reinforced. ln addition, it is of interest to note that
for the unreinforced case, a doming of the intrusion
of soil into the face is clearly observed with the
maximum displacement occurring near the centerline
of the tunnel, whereas rather uniform face
deformation prevails for the reinforced case. This
trend may be a direct consequence of the fact that the
reinforcing pipes act as an equivalent stabilizing
pressure, providing a rather uniform supporting
action at the face.

Figure 5 illustrates the reinforcing effect of the
pipes on the face deformation behavior using the
relationship between the axial displacement at the
ttmnel centerline and the loading step (LS). Note
that the loading step LS can be considered as a
measure of the amount of initial stress relieved. In

addition, the face displacement is represented by the
dimensionless displacement, Qf= 6 XE/DPC, in which

E and D are, respectively, the elastic modulus and
tunnel diameter. As expected, it can be observed that
the slope of the curve for the reinforced case appears
to be much steeper than for the Lmreinforced case,
resulting in a smaller _Qf at a given LS than that for
the unreinforced case. Further inspection of the
figure reveals that _Qf at the final stage is reduced
more than 70%. In addition, the cruve for the
unreinforced case shows that the development of the
axial displacement is gradual up to a LS value near
0.7 after which there is a rapid increase in Qf,
indicating the accelerated plastic yielding at the face.
The curve for the reinforced case, however, exhibits
a rather linear relationship, implying the reinforced
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Figure 5. Effect of face reinforcement on _Qf vs. LS
relation for C/D=5.5.

zone ahead of face essentially remains in elastic
state due to the reinforcing effect.

5.2 Face deformation behavior

For a practical point of view, the number and length
of the reinforcing pipes are the most important
design parameters, and they must be selected with
due consideration of the tunnel stability as well as
economy. Therefore, in order for a more rational
design/analysis method to be developed, the effect
of the number (NP) and the length (LP) of the pipes
on the face deformation behavior must be
thoroughly understood.

Figure 6 illustrates the effect of NP on the Q f vs.
LS relation for the reference case (GZ, C/D=5.5,
L=l.0D). As expected, the trend of decreasing .Qf
with increasing NP is evident. It appears, however,
that the rate of decrease is significantly reduced
with increasing NP when NP254, and the .Qf vs.
LS relations essentially become identical, implying
no additional reinforcing effect. This trend can be
more clearly demonstrated in Figure 7, which shows
a relationship between the dimensionless maximum
axial face displacement (Qfm) and NP. Note that
Qfm is the axial face displacement after full stress

release at the tunnel face. As shown in this figure, _Q

51, decreases with increasing NP at a decreasing rate
and more .or less becomes constant beyond NP;-40.
This trend indicates that there exist a critical number

of pipes, called NPN, hereafter, for a given condition,
which maximizes the reinforcing effect. Also shown
in this figure is that the result of field measurement
reported by Poma et al. (1995). Note that the field
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Figure 6. Effect of NP on Qfvs. LS relation.
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Figure 7. Relation between .Qfm and NP.

measurement was done for a tunnel of D=l8 m with

a cover depth of 100 m constructed in a variegated
clay formation(E=200 MPa, C=30 kPa, <|>=l8°).
Although a direct comparison between the two
curves is not possible due to the differences in the
tumiel geometry and ground condition, the general
trends are in good agreement.

The effect of LP on the face deformation
behavior is clearly demonstrated in Figure 8 which
illustrates the variation of Qfm with LP for the
reference case. A rapid decrease in .Qfm with
increasing LP is observed in this figure up to a value
approximately 0.4D, after which there is a
negligibly small variation with LP. Such pipe
length can be considered to be a critical pipe length,
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called LPC,-, hereafter, beyond which ftuther increase

in the pipe length would not contribute to the
reinforcing effect., This trend may be attributed to
the fact that the shear zone due to stress release at

the face, in general, extends only to approximately
O.5D ahead of tunnel face, as previously observed in
Figure 4. LPN, can also be considered to be a
required minimum overlap length to prevent
excessive face deformation when implementing the
face reinforcing technique. Based on this results,
the current design practice, which adopts an overlap

length of approximately 0.3~0.4D (Peila 1996),
appears to be appropriate.

The effects of C/D and type of ground on NPN,
and LPN, are illustrated in Figure 9 and 10. As can
be seen in Figure 9, NPN, does not appear to be
significantly influenced by the tunnel cover depth
C/D for a given condition, exhibiting nearly a
constant value of NPN,;30~40 regardless of C/D.
Although a slight discrepancy is observed in the
variation of Npcr, with the type of ground, NPN, may
also be assumed to be independent of type of
ground.

Figure 10 shows the variations of LPN, with C/D

and the type of grotmd. Again LPN, appears to be
constant regardless of C/D for a given ground
condition, implying that the magnitude of initial
stress (PO) acting at the face would not much affect
the extent of the required zone for reinforcement.
Further inspection of this figure reveals that LPN,,
ranging O.2~0.7D, becomes slightly larger for the
ground with smaller internal friction angle (di). This
trend may be explained by the initial state of stress.
With a smaller internal friction angle dp, a larger value
of lateral earth pressure K0 is expected, which in turn

0.8

E - G2 (C/D = 5.5, NP = 27)
C] 0.7 "f _
'EL
.52 0.6 Q _
-5 0.5 _<C _
3 0 4 _N .kt _Q 0.3 - * o2 _

0.2 -1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.3 1.0

Length of Pipes (LP)

Figure 8. Relation between .Qfm and LP.
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Figure 10. Effects of C/D and ground type on LPc,,.

results in larger lateral strains. It is therefore fair to
state that LPN, should be selected based on K0 for a
given ground condition.

6 CONCLUSIONS

The behavior of ttmnel face reinforced with
horizontal pipes was investigated using the three
dimensional finite element method of analysis. A
parametric study was performed on a wide range of
boundary conditions with emphasis on the effect of
reinforcing layouts on the deformation behavior of
tunnel face.
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The results indicated that the ttmnel face
deformation behavior is significantly affected by the
reinforcing layout such as the munber and the length
of reinforcing pipes, and that there exist critical
pattem of reinforcing layout (Nm, LP,,,,), which
maximizes the reinforcing effect. Also revealed is
that for a given tunnel, Nm and LP", are more
influenced by the geotechnical characteristics of the
ground than by the tunnel geometry (C/D).

REFERENCES

Arsena, F.P et al. 1991. La prima applicazione in
Italia del pretaglio meccanico. Int. Congr. on Soil
and Rock Improvement in Underground Works:
649-556. Milano.

DIANA User’s Manual Release 6.1 1996. TN()
Building and Construction Research.

Grasso, P. et al. 1993. Consideration for design of
shallow ttmnels. Int. Conf Underground
Transportation Infrastructures. Toulon.

Lunardi, P. 1991, Aspetti progettuali e costruttivi
nella realizzazione di gallerie in situazioni
difficili: interventi di precontenimento del cavo:
Int. Congr. on Consolidamentozdel suolo e rocce
in sotterraneo. 2: 567-580. Milan.

Lunardi, P. et. al. 1992. Tunnel face reinforcement
in soft ground design and constros during
excavation. Int. Congr. Towards New Worlds in
Tunnelling. 2: 897-908. Acapulco.

Peila, D. 1994. A theoretical study of reinforcement
influence on the stability of a tunnel face.
Geotechnical and Geological Engineering. 12:
145-168.

Peila, D. et al. 1996. Study of the influence of sub
horizontal fiber-glass pipes on the stability of a
tunnel face. Proc. Int. Conf on Noth American
Tunneling ’96. 1: 425-431.

Poma, A. et al. 1995. Finite difference analysis of
displacement measurements for optimizing tunnel
construction in swelling soils. Field
Measurements in Geomechaincs 4'h International.

Symposium.: 225-236. Bergamo.

€


