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Abstract: The pipe roofing method has been widely recognized as an alternative for tunnel construction in urban areas to reduce ad-
verse effects on underground utilities and ground surface activities. In those tunneling projects through various geological formations
using pipe roofing method, the assessment of ground movement in soft clay is the most endeavoring engineering exercise. The soil be-
havior, pipe roof characteristics, and construction sequence have significant influence on the ground movement in the tunnel construc-
tion. In this paper, the methodology of ground movement assessment for pipe roofing method in soft clay is introduced. The key fac-
tors concerning settlement from soil behavior, pipe roof characteristics, and construction are identified. In addition, the monitoring data
from the vehicle tunnel construction with pipe roofing method along the Fuhsing North Road passing through the Taipei International

Airport is used for validation of this methodology.

1 INTRODUCTION

The call for tunnel construction in urban areas is often justified
by minimizing the disturbance to existing underground utilities
and ground surface activities. One of the most sever adverse ef-
fects from tunnel construction is excessive ground movement.
Ground movement prediction is therefore particularly important
in tunneling work for designers and contractors to better evaluate
the risk on proposed construction technique. Piping during tunnel
construction in granular formation of high groundwater levels
can cause cavities in ground and potential sudden ground subsi-
dence. In clay formation, construction disturbance usually induce
excess pore pressure increase and cause strength reduction,
which may result in long term ground subsidence. Both of these
effects above pose significant threats to facilities in the neighbor-
hood of tunnel construction site. The pipe roof method is de-
signed to minimize these potential threats in tunnel construction
and has been successfully used in many projects in various coun-
tries such as United States, Germany, Japan, Portugal, and Tai-
wan (Yao, Wu, and Chang, 2004). In all of these successful pro-
jects, the vehicle tunnel construction using pipe roof method
along the Fuhsing North Road in Taiwan is the only one at such
magnitude completed through soft clay formation. The Fuhsing
North Road vehicle tunnel project in Taiwan will be used in this
paper to illustrate the ground movement analysis process.

Unlike the forepoling method (Fig. 1), which has a long his-
tory in tunnel construction, pipe roof method constitutes a better
temporary structure with respect to water tightness and structural
integrity. Comparing to the traditional shield method in a short
tunnel, pipe roof method has leading advantages on construction

economy and flexibility of tunnel cross section (Yao et al., 2004).

The detail configuration of vehicle tunnel project along the
Fuhsing North Road in Taipei, Taiwan was introduced in Hsiung
(1997), and Moh et al. (1999). The tunnel layout and profile are
illustrated in Fig. 2. It is a four-lane tunnel of 592m long, ap-
proximately 22m wide, and 7.8m high under and crossing the
main runways of Taipei International Airport. The pipe roof
method was used in two sections, respectively, a 77m section of
conventional interior braced excavation under a lawn area be-
tween work shafts C and D, and a 103.5m section between work
shafts D and E directly under the runway with a width of 60m.

To further reduce the ground movement and interference of flight
operation in runway area, the Endless Self Advance (ESA)
method was used in junction with pipe roof method in tunnel
construction of the section under runway. In this paper, the
ground movement of 77m conventional braced excavation sec-
tion between work shafts C and D is discussed and the monitor-
ing data is used for the demonstration.

1.1 Pipe Roof Structure

The pipe roof structure consisted of 83 steel pipes of a uniform
diameter of 0.812m and a length of 77m. The average cover
above the pipe roof is approximately 5.8m in thickness. The de-
tail configuration of pipe roof is shown on Fig. 3. The steel pipe
has a wall thickness of 0.0127m and Young’s modulus of 210
GPa. The exterior envelop of this pipe roof constitutes a rectan-
gle box of 24.9m x 10.1m x 77m and an interior space of 23.3m x
8.4m x 77m. The key lock between adjacent pipes is configured
to provide interlocking between pipes and proper waterproof dur-
ing tunnel excavation. The pipe roof structural integrity and
strength were significantly improved with these key locks and
they also served as a guide for adjacent pipe during pipe jacking.
The key locks were filled with waterproof sealant to form a wa-
ter-tight box structure. The key lock configuration is shown on
Fig. 4.
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Fig. 1. Forepiling Method (After Kuo et al., 1998)



1.2 Bracing System

The bracing system consisted of welding, post, ties, and corner
pieces as illustrated in Fig. 5. To minimize the risk resulted from
full face excavation, two levels of benched excavation with 4.7m
of upper level and 3.7m of lower level were employed. The steel
bracing frames were erected every 4m along the tunnel advanc-
ing direction. The bracing system was designed accordingly us-
ing mostly H beams. The temporary upper level bracing was re-
placed with full face bracing immediately after the excavation of
lower level was completed.

1.3 Subsurface Condition

The subsurface soil condition was summarized from the geotech-
nical borings and laboratory test results. The boring location lay-
out is illustrated in Fig. 6 and the boring information is shown on
Fig. 7. Normally consolidated clay was encountered from ground
surface to the bottom of boring with an exception of a layer of
medium dense silty sand from approximately 4m to 7m below
ground level. The ground water table was found at approximately
the ground surface. The soil test results including the water con-
tents, liquid limits and plasticity index, as well as unconfined
compressive strengths are shown in Fig. 8.
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Fig. 3. Configuration of Pipe Roof

1.4 Ground Movement during Construction

The ground movement in tunnel construction is significantly af-
fected by the subsurface conditions, construction sequence as
well as quality of management, and bracing systems. In the con-
ventional braced excavation, other factors such as the timing and
workmanship of excavation and support erection can also be sub-
stantially important in pipe roof tunnel construction due to the ef-
fects of soil creep and disturbance. In addition, the excavation
rate and sequence can affect the magnitudes and distribution of
ground movement. Because ground movement is an irreversible
process, optimization of excavation sequence can be surprisingly
advantageous in minimizing the adverse effect of ground move-
ment. An adequate numerical analysis with correct analytical
model is critical in the pipe roof design.
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zovic & Pintar, 1999), the Young’s moduli of cohesive soils of ) Water Content Undrained Shear Strength
400 times of undrained shear strengths were used in the analysis. Ij;!r wa (%) su (kPa)
In addition, Poisson’s ratio of 0.49 was used for the cohesive oY o % , 0 20 4006080 100 120 140160
soils since the undrained condition was assumed and the effect of cL =
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Young’s moduli were evaluated using Standard Penetration Test
(SPT) N-values and a Poisson’s ratio of 0.3 was adopted. The 10 101 s 10 1
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purposes. The areas of ground improvement are illustrated in Fig.

9. At two ends of the tunnel, ground improvement was used to 35 ] 35 ] 35 ] §\
increase the soil strength for the stability of initial excavation and = -
to decrease the permeability to avoid piping. In the silty sand a0t a0 40

layer above pipe roof, grout was used to mainly decrease the Fig. 8. Soil Test Results

permeability and reduce the risk of piping. For the portion of
silty sand enclosed in the pipe roof structure, ground improve-
ment using horizontal double packer method was conducted to < I5m
improve the strength and to reduce the permeability. To improve

the stability of excavation and reduce the ground deformation,
improvement of strength was carried out also with horizontal
double packer method on the clay soil within the pipe roof. The
unconfined compressive strength of improved clay and silty sand
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2.2 Mesh Scheme and Boundary Conditions

The mesh scheme used in analysis around the tunnel was illus-
trated in Fig. 10 and the full mesh was extended 24m from either
sides of work shafts and 37m from bottoms of work shafts to re-
duce boundary effects. The initial equilibrium with excavated
work shafts on either sides was calculated to obtain the initial
states of stress and strain before tunnel excavation. After the ini-
tial equilibrium, all the displacements were zeroed and support
elements were placed at tunnel entrance before the start of exca-
vation simulation.

2.3 Construction Sequence Simulation

After the initial equilibrium state of stress and strain was ob-
tained and the boundary conditions were reset, the numerical
simulation was executed according to the designed sequence of
excavation. The soil mass within pipe roof structure was removed
according to designated excavation stage as illustrated in Fig. 11.
After the soil mass was removed for each designated excavation

stage, the equilibrium state of stress and strain was calculated and
used as the initial condition for the next excavation stage.

Table 1. Soil Strata and Parameters

Soil Depth vy, o Sy E
Classification (m) (kN/m’) éf;) Pa) N0 Mpay
CL 44 185 30 26 050 104 049
SM 70 192 32 - 047 70 030
CL 162 186 29 28 052 112 049
CL 250 186 29 38 052 152 049
CL 350 19.0 30 60 0.50 24.0 049
cL 450 190 31 80 048 320 0.49
CL 560 200 32 128 047 512 049

Where ¢’=effective friction angle; s,= undrained shear strength;
Ko=lateral earth pressure coefficient; E=Young’s modulus;
v=Poisson’s ratio.
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3 FIELD MONITORING PROGRAM

3.1 Instrumentation System

A comprehensive monitoring program was implemented in the
field and consisted of instrumentations on loads, deformations,
and pore water pressures. For the ground deformation measure-
ments ground settlement points, horizontal inclinometers, and
ground extensiometers were used to collect the data. The in-
strumentation layout for ground deformation measurement was
illustrated in Fig. 12 and the settlement measurement from the
horizontal settlement meters (HSM) along the longitudinal cen-
ter line in the pipe roof was presented in Fig. 13.
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Fig. 12. Partial Instrumentation Layout

3.2 Comparison of Analytical Solution and Field Data

As shown in Fig. 13, comparison between the predicted defor-
mation and field measurement presents a satisfactory simulation
result. The numerical prediction closely identifies the signifi-
cance of ground movement in tunnel construction with pipe roof
method. The maximum deformation was well captured in the
analysis.

4 DISCUSSIONS

Disturbance of surrounding soil/rock formation was almost in-
evitable in tunnel construction. At this project site, cohesive soil
is the dominant type of soil encompassing pipe roof tunnel. The
disturbance of cohesive soils could cause pore pressure increase,
and resulted in strength reduction and consolidation as a conse-
quence of afterward pore pressure dissipation. Although the dis-
turbance to the cohesive soil was inevitable, the structure of pipe
roof had effectively reduced the influence of tunnel construction
to the surrounding soil and the disturbance-induced settlement
was believed to be minimal. The actual contribution of distur-
bance in ground deformation was yet to be determined.

Two major sources of deformations, respectively the vertical
deformations of soil and pipe roof structure, could attribute to
the ground settlements. In this study, an important part of pipe
roof structure deformation was observed, which was the ring de-
flections of hollow steel pipes at the contacts of temporary
welding elements as shown in Fig. 14. Even with a load redistri-
bution plate, a concentrated load transferred from the weight of
soil overburden was still applied at the crown of pipe ring as il-
lustrated in Fig. 15. Since the geometry of pipe interlock was
not designed to provide significant lateral confinement, the pipe
ring will continue to deform until sufficient lateral confinement
was provided by adjacent pipes or the load equilibrium was
reached for each individual pipe. The load-deformation relation-
ship was shown in Fig. 16. An independent study of ring deflec-
tion with the field approximated conditions indicated a vertical
deflection of approximately Scm on the steel pipe could occur at
the intermediate pipes while the lateral confinement was not
provided.
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In the numerical simulation of excavation, proper modeling
of soil behavior of stress relief has often been an important and
difficult issue. This difficulty results from different soil stress-
strain constitutive relationships in the loading and unloading
stages and the time effect of soil deformation on the construc-
tion sequence simulation. Before the soil stress-strain relation-

ship and the time effect can be properly modeled in the analysis,
the common resolutions of stress relief in excavation include us-
ing partial weight elements in initial equilibrium, constrained
boundary conditions, and actual lateral stress coefficients for the
shallow cohesive formations.

The methodology of prediction and analysis of ground de-
formation in pipe roof construction using a 2-D model with an
approximated plane strain condition is presented in this paper.
Instead of using a costly 3-D numerical simulation, fairly con-
sistent prediction using the 2-D model with the field measure-
ment can provide the designer and contractor with a fast review
of the design and construction process. Most of the significant
features affecting ground movement including material proper-
ties and construction issues were discussed. However, several
important issues such as soil disturbance, numerical difficulties,
and soil constitutive modeling still require further attention.
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