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4 Numerical performance of the long pipe roof

4.1 Numerical model

A three-dimensional model was built to simulate the real landform and ground conditions, as showed in
Fig. 8. The pipe roof and surrounding rock were simulated with solid element while the primary
shotcrete support was modelled with so called “liner” elements. Time-dependent strength effect of the
sprayed concrete was considered by gradually increasing the strength parameters during the computation.
The strength of the shotcrete is assumed to increase linearly and stabilizes after six round length of
shotcrete supporting.
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Fig. 8 3D meshed numerical model Fig.9 Detail view of meshed model

Since the diameter of the pipe roof is very small compared to the excavation section size, very fine
mesh should be used for the pipe roof and the surrounding rock mass. This leads to a total number of
450 thousand solid elements. The model was first built with Midas and then imported into FLAC 3D for

computation. Fig.9 shows some details of the meshed model in 3D.

The upper surface boundary of the model was free, while the four sides were horizontally
constrained and the bottom surface was fixed. The ends of the pipes were rigid constrained because of
they are embedded with the entrance casing arch. The highway pavement was considered as different
material layers in the model. The tunnel excavation was simulated by top heading and then bench and
invert excavation, with a round length of 1m, 2m and 4m, respectively. The length of core soil during the
top heading was maintained to be 4-6m. The bench face was about 12-14m behind the top heading face,
and the inverted face was about 12m behind the bench face. Each step of removing the soil of round
length was calculated to obtain numerical equilibrium, and consequently support has been placed before
the next step of excavation. Such excavation process was equivalent to the real situation and was
simulated by writing FISH script in FLAC3D. Other construction effects such as blasting of the lower
hard rock were not considered in this research.

The behavior of the tunnel surrounding rock was modelled by the Mohr—Coulomb failure criterion
(5] The primary support and the pipe roof were modelled as linear elastic. The physical and mechanical
material parameters used in this calculation are shown in Table 1 "', The stiffness of the pipe roof was
calculated from the steel pipe and the filled concrete, while the reinforcement in the primary support was
equivalent to an increase of shotcrete stiffness.
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Table 1 Material properties

Material p(kg/m’) E(GPa) v c(kPa) D(°) H(m)
The pavement concrete layer 2400 30 - - - 0.3
The pavement basic layer 2400 0.6 0.25 10 30 0.4
Soil layer 2000 0.06 0.35 20 40 0.3
Expansive soil 2000 0.03 0.35 18 20 11.2
Limestone 2600 5 0.30 600 55 33.8
First layer primary support 2400 26.4 0.2 - - 0.55
Second layer primary support 2400 26.32 0.2 - - 0.25
Grouting pipe roof 2500 76.5 0.2 - - -

Note: p—Density, E—Elastic Modulus, v—Poisson, c—Cohesion, gp—FTriction angle.
4.2 Numerical results
4.2.1 The stress of the pipe roof

Fig. 10 shows the longitudinal stress distribution of the selected pipe varies with the location of tunnel
face. The stress of the pipe also appears to be a bimodal curve distribution. The two peak values of the
stress increase and their position moves forward with the tunnel face advancing. After a certain distance
of tunnel excavation, the two peak values no longer increase but move forward with the excavation of
tunnel face. The pipe roof has undergone tensile stress ahead of the tunnel face. This tension length is
about twice the height of top heading excavation with the maximum tensile stress at the half length. The
pipe roof has undergone compression behind the tunnel face and the maximum value was at a distance
equal to the top heading height behind the tunnel face. Moreover, the pipe roof near the entrance has
undergone tension. The maximum tensile stress occurred close to the entrance casing arch.
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Fig.10 Horizontal stress longitudinal distribution for pipe roof
Both the field measurements and the numerical analysis show that the performance of the pipe roof
can be divided into three areas along the longitudinal direction. They are the tension section ahead of the
tunnel face, the compression section behind the tunnel face, and the tension section near the entrance
casing arch, as shown in Fig. 11.
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Fig.11 Zoning of longitudinal stress for pipe roof
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Actually, the pipe roof in section I has undergone tension. The peak tensile stress occurred ahead of
the tunnel face at a distance which is equal to the excavation height of top heading. The pipe roof in
section II has undergone compression. The peak value of compressive stress occurred at a distance
behind the tunnel face. This distance is about 5 m in numerical analysis while it is about 10 m in field
measurements. The relative larger distance in field measurements is due to the lagging effect of the
closure of the primary shotcrete in a tope heading construction method. In section III the pipe roof has
undergone tension as well. The peak value of tensile stress occurred close to the entrance casing arch.

All the analysis shows that the calculated section length and the peak stress of each section vary
with the distance of excavation length. The length of section II and III increases with the excavation
of tunnel face, however, the length of section I keeps to be a constant length. Besides, the peak stress
of pipe roof in each section also increases with advancing of the tunnel face. This increase is fast at the
beginning of excavation and after the excavation passed half length of the pipe roof the stress increases
very slowly.

4.2.2 Comparison between field measurements and numerical results

The measured strain of the pipe was converted to stress by using the equivalent stiffness of the pipe
roof, which is calculated from the elastic modulus of the steel pipe and the in-filled mortar. Fig. 12
shows the stress calculated both from field measurements and numerical analysis. The two results are
found in good agreement both in values and distribution. This results show that the numerical method
used in this study can serve as an effective method in modelling the performance of long and large pipe
roof in tunnelling.
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Fig.12 Comparison of the pipe stress from numerical simulation and field measurements

S CONCLUSIONS

The performance of long and large pipe roof in Shitougang tunnel was analyzed by field measurements and 3D
numerical analysis. Based on the mechanical response of the typical pipe at the tunnel crown, the following
conclusions were obtained:
® The development of stress along the long and large pipe roof turns out to be a bimodal curve distribution.
The waveform of the distribution curve increases initially and then moves forward with the advance of the
tunnel face.
® The stress distribution of the pipe roof can be divided into three sections: tension section ahead of the
tunnel face, compressive section behind the tunnel face and tension section near the entrance casing arch.
The peak tensile stress generally occurred near the entrance casing arch and at a distance equal to the
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excavation height ahead of the tunnel face. The peak compressive stress is related to the distance from
closed primary support to the tunnel face. The length of tension section which is close to the entrance
casing arch tends to be constant while the other two sections vary with the tunnel face position.

® The stress of the pipe increases fast first and then it increases very slowly after the tunnel face passed the
half length of the pipe roof.

® The calculated stress of pipe roof was in good agreement with the measured result. Solid elements with
consideration for the contact between the surrounding rock and pipe roof can serve as an effective tool to

analyze the long and large pipe roof.
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Abstract: Damages due to a fault activity can be divided into dynamic rupture and
quasi-static rupture. In some special projects like roads, channels, and pipelines,
engineers have to design and construct them on the faults inescapably. In addition to
seismic design, the effects of fault rupture crossing the structures must be considered
in the design process. In this paper, four different computer models of a granular
alluvium with and without tunnel were made by a three-dimensional finite-difference
software. A normal fault offset with three different cross angles was applied to the
bottom of the models at the next step. Then, the shear bands propagation and ground
deformations were calculated. The results show that the effects of tunnel existence on
the ground deformations and shear band propagation depend on the cross angle.

INTRODUCTION

In a seismic event, the rupture of an earthquake fault generates two types of ground
displacement: permanent quasi-static offsets on the fault itself, and transient dynamic
oscillations away from the fault (Anastasopoulos et al. 2007). The permanent offset on
a fault affects the ground surface only in some cases, when the fault rupture extends
all, or nearly all the way to the surface. Naturally, over the last four decades, much
less effort had been devoted to understand how a fault rupture affects the overlying
soil, structures and facilities until the three notorious earthquakes of 1999 in Turkey
and Taiwan having offered numerous examples of detrimental effects of large surface
fault ruptures (Loukidis et al. 2009, Anastasopoulos and Gazetas 2010).

The existence of active faults in the path of tunnels implies a seismic hazard, which
can affect underground and on-ground structures in addition to the tunnel. To this
extent, seismic codes correctly require that the construction not be built within the
“‘immediate vicinity’’ of active faults, at least not without a specialized analysis and
design. However, the quantitative indications for the width of these set-back zones are
few and rather uncertain. Given that various conditions such as a structure existence
can deflect the path of shear bands in the overlying soil, the width of the set-back zone
can’t be defined precisely. So for these cases, the following questions are raised:

This is a preview. Click here to purchase the full publication.

141


https://www.civilenghub.com/ASCE/146213754/Geo-China-2016-Emerging-Technologies-in-Tunnel-Engineering-Modeling-Design-Construction-Repair-and-Rehabilitation?src=spdf

Geo-China 2016 GSP 260

© ASCE

1) Will the fault rupture reach the ground surface and at which location?
2) How will the ground surface be distorted when a tunnel exists?
This paper studies the special case of a normal fault. The numerical analyses
presented herein are quasi-static, i.e. they do not account for the potential effects of
seismic wave propagation and ground response.

METHODOLOGY

The numerical analyses presented herein were performed using the finite-difference
code FLAC 3D, which employs the dynamic relaxation technique. The merits of the
dynamic relaxation technique, in connection with the numerical analysis of fault trace
propagation problems, have also been demonstrated in the previous studies (Roth et al.
1982). In this study, firstly a simple alluvium model was made, and fault displacement
was applied. Then, the same fault offset was applied to the same alluvium with a
tunnel for different cross angles. Finally, shear bands causing ground deformations
and distortions were calculated and compared. As well as the mentioned models, two
different models based on Lin et al. (2007) sandbox tests were conducted to verify the
modeling method.

Verification

In this part, the two numerical models with similar characteristics with that of Lin et
al. (2007) sandbox tests, were conducted in FLAC 3D and then the results were
compared with theirs. They also made numerical models with FE code software
(ABAQUS) the same as the physical tests. Faulting in a free-field alluvium was
depicted in Figure 1 and the one in alluvium with a tunnel was depicted in Figure 2.

W=0L99H

(d) I
FIG. 1. Deformation and development of fault zones of the overlying overburden
soil. (a) Sandbox test; (b) Sandbox test in detail; (c) FE model; (d) FD model.
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W=098H

fc) . (d)
FIG. 2. Deformation and development of fault zones of the overlying overburden
soil with underground tunnel. (a) Sandbox test; (b) Sandbox test in detail; (¢c) FE
model; (d) FD model.

The similarity in shear bands development and the shape of settlements between the
illustrations verifies the modeling method of this paper. Even it can be seen in Figure
1 that the results of FD model are more accurate than those of FE model in this
problem.

Mesh and Boundary Conditions

The alluvium depth chosen in this study was 20 m while the length in both X and Y
axis was four times bigger than the depth (i.e. 80 m) to reduce the boundary condition
effects on results. In order to mesh the alluvium, a grid with a different element
density was used. The tunnel excavated in the second step has a 5 m diameter and 10
m depth. The tunnel is lined with concrete segments, which were modeled by the liner

elements and were connected to the orid throueh an interface
X=8im

X= 4 m

Z=2m

I=0m

Y=80m

FIG.3 Problem geometry, mesh and imposed normal faulting boundary
conditions; p=Cross angle o=Fault dip angle (Sarayloo 2011).

The boundary walls of the model are fixed in their normal direction and are free in
other directions. The bottom boundary is split in two parts, one that remains firm and
the other follows the hanging wall movement of the fault (Figure 3). The displacement
specified to the bottom boundary and boundary walls of the moving block are parallel
to the fault plane in the bedrock, i.e. their direction is inclined at a dip angle a=30°
relative to the horizon. The modeling is conducted for the three cross angles of f=0°,
45°, 90° and the one-meter downward fault displacement along the slide surface.
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Materials Behavior

Several experimental and numerical studies have shown that post-peak soil behavior
is a decisive factor in fault rupture propagation and its possible emergence on the
ground surface (Anastasopoulos et al. 2007).The constitutive model assigned to the
soil is the elastoplastic Mohr-Coulomb with isotropic strain-softening model.
Furthermore, the studied alluvium is made of sand with low cohesion. The features of
the alluvium material are mentioned in Table 1. The constitutive model assigned to the
concrete lining is also elastic and is shown in Table 2.

Table 1. Parameters of the MC model used for the soil.

Model P E v Cp Cres Dui | Oy | Pres | Pini | ¥y | Wres
Constant (t/m>) | (kPa) (kPa) | (kPa)
Value 2 4x10* 0.3 1 0.75 20° | 45° ] 30° | -11° ] 5° | 0°

Table 2. Parameters of the MC model used for the concrete lining.

Parameter E (kPa) v f. (kPa) f.. (kPa) Thickness (m)
Value 2x10’ 0.2 2.5x10" 2.5x10° 0.5
NUMERICAL ANALYSIS

Various studies (Roth et al. 1982, Bray et al. 1994, Lin et al. 2006, Anastasopoulos
et al. 2007, Loukidis et al. 2009) have been done about the fault rupture propagation in
the overlying soil and the effect of different parameters such as friction angle, dilation
angle, cohesion, soil type, fault type, etc. In most of these studies (Lin et al. 2006,
Anastasopoulos et al. 2007, Loukidis et al. 2009), centrifuge tests or sand box tests
have been used to verify the modeling. The results show the accuracy of numerical
modeling and indicate the ability of these methods in predicting the fault effects on
soil and structures. Some studies have been done (Shahidi and Vafaeian 2006, Lin et
al. 2007, Anastasopoulos et al. 2008, Anastasopoulos and Gazetas 2010, Mahinroosta
and Mirmoayed 2011) about the impact of fault rupture on structures located in the
alluvium cover of the fault. Valuable results have been conducted, but because of 2D
modeling, the probable cases of faulting have been limited and in fact, some cases
have not been investigated.

Free-Field Alluvium
Fault rupture can cause the development of the primary shear band and a secondary
shear band which are approximately symmetrical (Figure 4a).
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FIG. 4 One-meter fault offset with a 30° dip angle. (a) Shear bands propagation
through overlying soil; (b) Ground surface settlement and inclination plot.

Usually in normal faults with small dip angles, depending on the soil type, a wedge-
shaped depression can be seen on the ground surface, made by the development of the
secondary shear band. This wedge failure can be seen in Figure 4a. According to the
fault dip angle, the fault trace is predicted to appear at X=74.6 m but based on Figure
4b, the fault trace appears at X=46 m, indicating an average angle of faulting of 73°.
Actually, the rupture propagation path is deflected in soil and becomes closer to the
perpendicular. This deviation is due to the rupture path which passes through the soil.
According to Figure 4b the maximum inclination is 0.49, which occurs at X=46 m and
the maximum settlement is 1 m, which is 2 times larger than the fault’s vertical
displacement (0.5 meter), at X=37 m.

Alluvium with tunnel

Previous studies (Shahidi and Vafaeian 2005, Lin et al. 2007, Anastasopoulos et al.
2008, Anastasopoulos and Gazetas 2010) show that having a tunnel in the path of a
fault rupture changes the path and the fault trace. In the second part of this study, the
alluvium of the previous part is modeled with an excavated tunnel in it for different
cross angles of p=0°, 45°, 90° (0° for faulting along the tunnel and 90 for faulting
perpendicular to the tunnel). For more accurate modeling, the tunnel has been modeled
using step by step excavation and lining method.

Faulting with a cross angle of f=0°

As shown in Figure 5a, the development of shear bands has been changed because of
the tunnel. After the primary shear band reaches the tunnel perpendicularly, it is
distributed on half of its circumference and then from the upper left corner it reaches
the ground surface with an angle near to perpendicular. The primary shear band affects
the bottom and the left walls of the tunnel. The secondary shear band is also developed
which reached the surface with a similar angle in the previous section. Figure 5a
shows that the wedge failure is formed above the tunnel on the left which has a
smaller base width than the wedge failure formed in the free-field alluvium.
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FIG. S One meter fault offset with a 30° dip angle and a 0° cross angle above the
tunnel. (a) Shear bands propagation through overlying soil; (b) Ground surface
settlement and inclination plot.

According to the tunnel existence and the deviation of the primary shear bands
development, the fault trace appears at Y=38 m on the ground (Figure 5b). The
maximum settlement is 1.48 m, which is 2.96 times larger than the fault’s vertical
displacement and appears at Y=33 m (Figure 5b). Since the wedge failure has a
smaller width in this state, a smaller zone is affected by the fault rupture and so the
ground surface inclination is larger than the free-field alluvium case. As shown in
Figure 5b, the maximum ground surface inclination magnitude is 1.08, which is 2.2
times greater than that of the free-field alluvium state and occurs at Y=38 m.

Faulting with a cross angle of f=45°

In this case, because of the specific cross angle, in order to reduce the boundary
condition’s effects on the results, 20 meters were added to both sides of the model in
the X direction. For this condition, the development of shear bands after reaching the
tunnel, are distributed along the tunnel so that the fault rupture does not reach the
ground surface (Figure 6a). The cause of this phenomenon is the angle between the
tunnel and the fault trace (named cross angle), causing the tunnel to behave like a
continuous beam against the fault induced movement. Therefore, the stresses caused
by faulting are distributed in a longer area, and this situation does not allow the shear
bands to reach the ground surface. The primary shear band affects the walls and the
bottom of the tunnel when it reaches the tunnel, and like the previous state, it causes
an increase in the stresses, especially tensile stresses in the concrete lining. As shown
in Figure 6a, the wedge failure is only formed under the tunnel.

The maximum ground surface settlement recorded above the tunnel is 0.21 m, which
is 2.38 times smaller than the fault’s vertical displacement and occurs at X=43 m. The
maximum inclination in this path is 0.0078, which occurs at X=45 m. (Figure 6b)
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