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Abstract

The ground load acting on a tunnel is an important issue in tunnel design, especially when the tunnel passes through highly
weathered sandstone. A systematic field-monitoring campaign was performed to investigate the ground loads on a tunnel
structure, the behavior of the composite support system, and the deformation of the tunnel boundaries. The monitoring results
were analyzed and compared with those of various theories, such as the whole-soil column theory and those of Terzaghi,
Bierbaumer, Xie Jiaxiu, and Protodyakonov. The ground load on a highway tunnel in highly weathered sandstone does not
conform to current theoretical methodologies. It was confirmed that Terzaghi’s theory is suitable for estimating the peak
magnitude of the vertical ground load, but differs from the field-monitoring results for ground load distribution profile. To
facilitate tunnel design, a potential profile for ground loads is proposed, in which the vertical load component is ‘mountain’-
shaped and the horizontal component adopts a ‘folded-line’ pattern. The roof rockbolts are subjected to compression and should
be replaced by pipe grouting that is capable of providing enhanced reinforcement and accelerating the construction schedule. The
bending moments acting on the lining were found to form a ‘butterfly’ shape. Supplementary finite-element modeling was
undertaken to explore the mechanical behavior of the tunnel lining. These results indicated that steel rebar needs to be pre-
installed in both the intrados of the lining roof and extrados of the spandrels to improve the lining tensile strength.
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Introduction

The determination of ground loads acting on tunnel structures
is one of the most complex issues in deep excavation science.
This typically involves deriving parameters for the composite
support system (Kim et al. 2015; Singh et al. 1997) as well as
assessing risks posed to underground safety in the event that
the ground load exceeds the bearing capacity of the tunnel
structure. It is widely held that the performance of the com-
posite support system of the tunnel (that is, the primary sup-
port and concrete lining) depends on the post-excavation
ground load (Goel et al. 1996; Simanjuntak et al. 2014).
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This is true for tunneling through highly weathered sandstone,
which is typically characterized by softness and dense discon-
tinuities, giving rise to difficult challenges for safe construc-
tion. As might be expected, obtaining appropriate information
about ground loads helps to facilitate a safer and more eco-
nomical tunnel design (Gurocak 2011).

Most methodologies for predicting ground loads on
tunnels built using the New Austrian Tunneling Method
(NATM; Rabcewicz 1964) depend, to some extent, upon
taking an empirical approach to the problem, such as in
the whole-soil column theory and those of Terzaghi
(1946), Bierbaumer (1913), Xie Jiaxiu (China Railway
Eryuan Engineering Group 1997; Song et al. 2007), and
Protodyakonov (Szechy 1970). In these theories, the
ground loads are assumed to be uniform in the vertical
component and right-angled trapezoid in the horizontal
component. Realistic ground loads on a tunnel structure
may, however, not have these ideal distributions, which
significantly affects its design parameters. To date, the
resultant differences between existing theoretical solutions
have not been compared or discussed with respect to
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Fig. 1 Map showing the location
of Piaoli Tunnel in southwest
China

specific engineering applications. When tunneling in
highly weathered sandstone with softness and density

(b)

Fig.2 Highly weathered sandstone encountered at Chainage YK6 + 955:
(a) outcrop at the working face of the tunnel; (b) an enlarged view
(Photographs by Dr. Ben-Guo He)
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discontinuities, selection of rockbolts of identical length
may be not reasonable. Carrying out a structural analysis
of the tunnel lining is therefore an essential practice for a
tunnel passing through such material.

The first report on vertical ground loads was provided by
Bierbaumer (1913), and included various variables of rele-
vance (including unit density, internal friction, cohesion of
the medium, and excavation span). Later, in his book,
Theoretical Soil Mechanics, Terzaghi (1943) initially pro-
posed the concept of ‘arching’ in an attempt to evaluate
whether or not a tunnel is stable. Terzaghi (1946) then devel-
oped an empirical equation based on data from a collection of
railway tunnels constructed in the eastern Alps where rock
mass quality was classified into nine categories; the pressure
on the tunnel structures was assumed to be uniform.

Barton et al. (1974) proposed a method for calculating
ground load that took into account the presence of joint sets,
but did not consider the dimensions of the opening space.
More recently, roof settlement observed via field monitoring
was used in conjunction with back analysis to estimate the
ground load imposed on a two-lane highway tunnel in Korea
(Kim et al. 2015). However, this method could not be used to
provide a potential profile shape for the ground load in the
vertical and horizontal directions. Using the three-dimensional
finite-difference method, FLAC”, Rolf et al. (2009) studied a
variety of loads acting on the Gotthard Base Tunnel in
Switzerland and compared the results with field-monitoring
data in an attempt to achieve a profile of the ground load.
Field-monitoring technology was also applied to an under-
ground excavation passing through loess (Zhang et al.
2013); the ground pressure between the primary support and
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Table 1 Mechanical parameters

for highly weathered sandstone of ~ Unit density, Cohesion, ¢~ Friction angle, ~ Poisson’s Young’s modulus, Initial stress
Piaoli highway tunnel (KNm™) (kPa) p(©) ratio, v E (GPa) ratio, K*
22 200 35 0.31 32 0.48

*Note: K denotes the ratio of in-situ horizontal to vertical stress

the loess was significantly incompatible with the loosening
ground pressure prescribed by theoretical solutions.

All of these aforementioned methods, aimed at predicting
the ground load, focus on the vertical ground pressure on a
tunnel structure o, but often ignore the horizontal pressure oy,.
Moreover, the various methods can give rise to strikingly dif-
ferent results when predicting the ground load for a specific
scenario (Taromi et al. 2017). To date, this issue, surprisingly,
has not been studied very thoroughly and is particularly trou-
blesome in highly weathered sandstone, which is widely dis-
tributed around the world (Aljja et al. 2014).

The purpose of this study was to explore the effect of non-
squeezing ground loads on the structure of the Piaoli Tunnel, a
two-lane span embedded in highly weathered sandstone in
Qiannan Autonomous Prefecture, Guizhou Province, China
(Fig. 1). The geological properties here are typical of those
encountered in southwest China. Systematic field-monitoring
experiments were devised to derive a realistic representation
of the ground loads acting on the tunnel structure, internal
forces acting on the cast-in-place reinforced lining, axial
forces acting on the rockbolts, and evolution of the deforma-
tion of the tunnel boundaries. In addition, finite-element nu-
merical modeling was implemented to examine the mechani-
cal behavior of the tunnel lining. Our results should provide a
meaningful way of designing the support needed in a deep
two-lane highway tunnel.

Systematic field-monitoring preparation
Brief introduction to the tunnel

Piaoli highway tunnel is located in Qiannan Autonomous
Prefecture, Guizhou Province, in southwest China. It has a total
length upwards of 885 m and overburden depth of 86—120 m.
In terms of both laboratory and field observations, most of the
rock mass consists of non-squeezing, highly weathered sand-
stone (Fig. 2). More specifically, it has a rock mass rating
ranging from ‘poor’ to ‘fair’ (Bieniawski 1973). The tunnel

Table 2 Correlation between global strength index (GSI) values and
rock mass classification used in China

“GSI” method >81 80~61 60~41 40~21 <21

Chinese rock mass classification 1 1I I 1v \% VI

has a horseshoe-shaped cross-section with an opening span
of 12.6 m, height of 9.8 m, and excavated area of 94.6 m2.

Considering the in-situ observations of outcrops at the
working face of the tunnel, as well as field geological survey
reports, the mechanical parameters of the highly weathered
sandstone are summarized in Table 1 and used throughout this
section. The field observations are recorded as Classification
no. V using the Chinese rock mass classification system (JTG
D70-2004 2004); they can readily be converted to geological
strength index (GSI) values (Hatzor et al. 2017; Hoek and
Brown 1997) using Table 2.

After tunneling and removal of the rubble, primary support
was employed (rockbolts, steel ribs, and flexible shotcrete
spraying) according to the practices commonly used in com-
posite support procedures for tunnels constructed using the
NATM (Hjalmarsson 2011). When deformation of the prima-
ry support stabilized, a waterproof layer and cast-in-place

8 Working face
&

(b)
Fig. 3 Steel ribs installed as part of the primary support applied during

tunneling: (a) installation of steel ribs after tunneling excavation; (b) an
enlarged view of the steel ribs
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Fig.4 Schematic diagram of two-
lane highway tunnel cross-sec-
tion: (a) top heading and bench
excavation method employed; (b)
layout of monitoring instrumen-
tation installed. Note that ‘ground
load’ refers to the load between
the highly weathered sandstone

@22 rockbolts
Steel rib

C20 shotcrete
Waterproof layer

C30 reinforced lining
Cells to monitor ~ ———————————

contact pressure Cells to monitor

ground load

and the primary support; ‘contact
pressure’ is the radial stress be-
tween the primary support and
tunnel lining

Rockbolt

dynamometer &
‘ 12m Top heading Y o
= e - - - - 0\
Lower bench )
excavation Strain gauge
12.6 m
(a) (b)

concrete lining were applied in accordance with current tunnel
design practice (Zhang et al. 2013). The parameters of the
composite support system used in the Piaoli tunnel were as
follows: (I) @ 22 mm rockbolts of length L =4.5 m and spac-
ing of = 1.0 m (longitudinal direction) x 1.2 m (hoop direc-
tion); (II) an advance step of 1 m, equal to the spacing of the
steel ribs (Fig. 3), which were required to be welded onto
struts at the bottom to ensure that the ribs were capable of
bearing a high ground load in the highly weathered sandstone;
(III) @ 6.5 mm wire mesh with spaces of 25 cm x 25 cm to
prevent ground deterioration in the event of collapse; (IV)
16 cm-thick sprayed C20 shotcrete to complete the primary
support; (V) a waterproof layer covering the shotcrete; and
finally, (VI) a cast-in-place C30 concrete lining of non-
uniform thickness, implemented at a distance 4D from the
working face after the tunnel closure stabilized (where D is
the opening span).

Monitoring program

To quantitatively assess the non-squeezing ground load acting
on a large cross-section of the deep Piaoli highway tunnel, we
monitored two sections, YK6 +955 and YK6 + 960, as our
domain of interest (with depths in the range 103—-110 m). It
should be noted that squeezing ground conditions are beyond
the scope of this study. Probing the outcrop of the tunnel work-
ing face highlighted the presence of the highly weathered sand-
stone commonly encountered in southwest China. It is charac-
terized by its fragmented structure and poor condition, i.e.,
occurrence of numerous joints, fissures, and even structural
planes. If a system of structural support is not promptly con-
structed, the stability of the tunnel gradually deteriorates and it
then becomes susceptible to rock spalling and even collapse.

@ Springer

NATM was used here, i.e., the top heading and lower
bench were sequentially excavated using a tunneling exca-
vator (Fig. 4a). To explore the ground load acting on the
tunnel structure, together with the behavior of the compos-
ite support system, we adopted the instrumentation layout
shown in Fig. 4b. Following excavation, steel ribs spaced
at 1 m and rockbolt dynamometers were installed. Wire
mesh (e 6.5 mm) spaced at 25 cm x 25 cm was then welded
onto the steel ribs to prevent further ground deterioration in
the event of collapse. Ground pressure cells were posi-
tioned between the highly weathered sandstone and prima-
ry support prior to the spraying of shot concrete (see
Fig. 5a-b). After completion of the waterproof layer, con-
tact pressure cells and strain gauges were positioned at the
lining steel bars. Finally, concrete was cast through the
steel formwork to form the tunnel lining (Fig. 5c). All
instrumentation was supplied and calibrated by Yongshun
Testing Company (Dandong, China); the testing errors
were found to be less than 1%. The electrical connections
carrying the data from the measurement instruments were
channeled through the tunnel lining. The monitoring sig-
nals thus were recorded using secondary instrumentation
and used for long-term monitoring.

Behavior of tunnel composite support system
Distribution of ground load

As a fundamental factor in the design of the tunnel structure,
ground loads prominently affect the behavior of the structure
and, to some extent, the cost of construction process. The
ground load acting on the primary support was obtained using
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Contact
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Fig. 5 Instrumentation used to monitor radial compressive loads acting
on the primary support and tunnel lining: (a) preparing the vibrating wire
load cells and electrical cables; (b) a ground load cell positioned at a steel
rib to monitor the radial ground load between the sandstone and primary
support; and (c) a contact pressure cell in place against the primary sup-
port and strain gauge fixed to a steel rebar prior to the construction of the
cast-in-place lining

ground load cells, which gave the results presented in Fig. 6.
In this figure, the label ‘failure’ near the left springer of
Chainage YK6 + 960 means that the ground load cell at this
position did not work properly after construction.

As can be appreciated from inspection of Fig. 6, the maxi-
mum pressure appeared near the roof of the tunnel at both loca-
tions YK6 + 955 and YK6 + 960 (and was roughly double that

experienced at the sidewalls). Asynchronous construction is typ-
ically involved (e.g., during excavation of the right and left
laterals of the lower bench in the NATM), which may account
for the asymmetric ground loads acting on the tunnel structure.

From the viewpoint of tunnel design, we sought to estab-
lish, as far as possible, the profile of the ground load exerted
on deep tunnels with a large cross-section in highly weathered
sandstone. To help elucidate the shape of the ground load
profile, the radial ground loads monitored at Chainages
YK6 +955 and YK6 + 960 (Fig. 6) were decomposed into
their vertical and horizontal components (see Table 3). To
simplify the analysis for design practice, a profile was pro-
posed that is typical of this symmetrical and piecewise linear
characteristic. Here, the vertical pressure was ‘mountain’-
shaped (Fig. 7a), i.e., the maximum vertical load (¢ =
331 kPa, according to Table 3) occurred at the roof of the
tunnel. It then dropped linearly to 0.6q at the hances of the
tunnel and remained constant towards the sidewalls. Similarly,
the horizontal load component was described as a ‘folded-
line’ (Fig. 7b). The horizontal load was equal to 0.2¢ at the
hance and increased linearly up to 0.5¢ at the sidewalls (level-
ing off at a point inclined at 72° to the vertical dashed line
marking the center of the opening cross-section). The load
remained constant until it reached the tunnel invert.

The contact pressure between the primary support and lin-
ing directly influences the magnitudes of the thrust N and
bending M experienced by the tunnel lining. In terms of nu-
merical modeling, it is widely accepted that the interaction
between the primary support and concrete lining can be
modeled using Winkler springs (Vu and Broere 2018; Wood
2004). Duddeck (1979) proposed an idealized lining modeling
that does not need to be circular for deep tunnels. According to
the International Tunnelling Association Working Group on
General Approaches to the Design of Tunnels (1988), noncir-
cular cross-sections, like the horseshoe-shaped profile consid-
ered here, can therefore be taken into account as well (Moller
2006). A nonlinear finite-element program, ANSYS (ANSYS
Inc. 2009), was employed to help understand the mechanical
behavior of the tunnel lining mobilized by the monitored con-
tact pressure. The numerical modelling is shown in Fig. §,
where the realistic lining of the horseshoe-shaped tunnel has
non-uniform thickness (50 cm at the roof and 60 cm at the
invert). Eight-node nonlinear SOLID 65 elements were used
to simulate the tunnel lining because these allow for plastic
deformation, cracking in tension, and crushing in compression
and can adequately model the nonlinear behavior of the lining
concrete in line with the Von Mises yield criterion (ANSY'S
Inc. 2009). In line with EN 1992-1-1 (2004), the Young’s
modulus and Poisson’s ratio of the C30 concrete were as-
sumed to be 33 GPa and 0.20, respectively.

Kolymbas (1998) proposed that the stiffness of a normal
spring, K, normally positioned at the tunnel lining can be
described by the expression:

@ Springer
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Fig. 6 Monitored ground loads
acting on the primary support of
Piaoli tunnel at Chainage: (a)
YK6 +955; (b) YK6 + 960 (all
values are in kPa)

E(1-v)
K»Y = T T N1 AN Y
r(l +v)(12v)
where E is the Young’s modulus, v is the Poisson ratio of the
ground, and r is the radius of the tunnel lining.

According to the experimental results of Clough and
Duncan (1971), the shear stress acting on the interface be-
tween the tunnel lining and primary support is definitely less,
and may be negligible, when compared with the normal stress.
Therefore, in our numerical simulations, the compression-
only elements (LINK10) were set normally on the tunnel lin-
ing to model the interaction between the primary support and
tunnel lining (i.e., shear elements were omitted).

Figure 9 illustrates the principal stresses calculated for the
tunnel lining. Interestingly, the most unfavorable position in
the lining occurred at the roof. Note that positive values rep-
resent tension, and vice versa. The minimum stress o3 was
approximately +1.75 MPa at the intrados of the roof in
Fig. 9a, which did not exceed the tensile strength of C30
concrete (fim), which was 2.90 MPa (EN 1992-1-1 2004).

175

180

(@) (b)

The maximum stress o; was about —3.43 MPa at the extrados
of the lining roof (Fig. 9b), which was much less than the
compressive strength of C30 concrete (f¢,) of 30 MPa (EN
1992-1-1 2004).

Safety assessment of tunnel lining

Clearly, designing an NATM project necessitates consider-
ation of the thrusts N and bending moments M acting on the
lining structure (Evelyn 2017). Therefore, based on field-
monitoring results obtained using the strain gauges, it was
worthwhile discussing and assessing the safety of the tunnel
lining. Before the cast-in-place lining was constructed, strain
gauges were firmly fixed to the steel rebar (see Fig. 5¢) to
measure how much the strain changed in the reinforced lining
when it was subjected to contact pressure.

Using the strain changes monitored at both the intrados and
extrados of the tunnel lining, the thrust N and bending moment
M can be respectively derived using the expressions:

Table 3 Components of

monitored ground loads acting on Position Chainage Mean Ground load Component
primary support (all values are in
kPa) YK6+955 YKG6 + 960 Vertical Horizontal
Roof 339 323 331 331 331* 0
Above left hance 188 192 190 206 196 64*
Above right hance 226 218 222
Left hance 219 236 228 223 180 131
Right hance 213 225 219
Left springer 201 Failure 201 210 123 170
Right springer 222 213 218
Above left side wall 189 192 191 190 59 181
Above right side wall 199 178 189
Left sidewall 218 175 197 187 0 187
Right sidewall 173 179 176
Left waist 192 180 186 177 55 168
Right waist 162 173 168

*Note: the maximum vertical load, ¢ =331 kPa, occurred at the roof; the horizontal load of 64 kPa at the hance

was equal to 0.2¢

@ Springer
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02g "~ N e 02g

0.59 0.5¢

(b)
Fig. 7 Suggested profiles for the ground loads acting on the primary
support of the horseshoe-shaped tunnel in highly weathered sandstone:
(a) vertical component; (b) horizontal components. Note that ¢ is 331 kPa
in the current scenario

I 0.6 m

12.6 m

Fig. 8 Finite-element modeling used to characterize the structural
responses of the horseshoe-shaped tunnel lining under field-monitored
contact pressures. Note that compression-only elements (LINK10) were
set normally on the tunnel lining, and the thickness of the lining was not
uniform, i.e., 50 cm at roof and 60 cm at invert
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Fig. 9 Principal stress contours in the tunnel lining induced by contact
pressure: (a) minimum stress o3; (b) maximum stress o (all values are in
Pa). Positive stress represents tension; negative values signify
compression

1
N ==XE X (gin+€ex) X b X I
3 (2)
MZEXEX (Sin_gex) ><b><h2,

where ¢;, and e., refer to the strains (with signs) mea-
sured by the strain gauges embedded at the intrados and
extrados of the tunnel lining, respectively, b denotes unit
length along the tunnel axis (assumed to be 1 m here), and
h signifies the thickness of the tunnel lining. Recall that
the positive strain denotes tension, while the negative
strain represents compression.

Using the strain-gauge measurements, the monitored ax-
ial thrust N and bending M for unit length along tunnel
lining axis were calculated by means of Eq. (2) and are
plotted in Fig. 10. The thrust distributions at the two
chainages were somewhat similar, so only the results for
Chainage YK6 + 955 are given here. Inspection of Fig. 10a
reveals that the magnitude of the thrust on the lining roof
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Fig. 10 Measured internal force

profiles acting on the tunnel lining 440
induced by contact pressure at

Chainage YK6 + 955: (a) axial

compressive thrust N (in kN); (b)

bending moment M (in kN-m)

463

was slightly smaller than that at other positions, e.g., the
sidewalls. The lateral thrust on the left was slightly greater
than that on the right (463 kN on the left lining sidewall
and 438 kN on the right, as opposed to 359 kN at the roof).

Figure 10b illustrates that the bending moments M took the
form of a ‘butterfly’ shape. The maximum bending was quite
appreciable (137 kN'm) at the roof of the tunnel lining and bent
the lining inwards. The spandrels (located as in Fig. 4b), how-
ever, bent outwards with moments of 132 kN-m on the left and
122 kN'm on the right. Bending of the sidewalls was evidently
much smaller, at 47 kN'm on the left and 46 kN'm on the right.

Figure 11a represents the cross-section of a lining member
with typical strains and stress distributions for varying

Fig. 11 Bending and axial thrust
at the ultimate limit state: (a) ‘
symmetrical section of tunnel lin-

B.-G. He et al.
359
435
132 'v " 2
438
(a) (b)

positions of the neutral axis (Mosley et al. 2007). The cross-
section is subjected to bending moment M and axial compres-
sive thrust N. The flowchart illustrated in Fig. 11b outlines the
process used to assess whether the engineering structure is
safe or not, according to Ultimate Limit States stipulated in
EN 1992-1-1 (2004).

The location of the plastic centroid was determined by
taking moments of all the stress resultants about an arbitrary
axis, such as AA in Fig. 11a, so that:

i z(Fcch/z + Fed + Fsd>

ing; (b) flowchart used to assess
the safety of tunnel lining when
subjected to contact pressure

X, = 3
P Y(Feet Foe+ Fg) G)
—] =

g
o
9 . T g
A, t
X Ese
— ———
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Ty T axas
A, °
&
Section Strain diagram

(@)

| Parameters of tunnel lining |

| Monitoring strain changes of lining concrete ‘

Ultimate limit states—>

v

| M-N interaction diagram |

| Internal forces of tunnel lining: M, N |

Comparison

|

| Safety assessment for tunnel lining under contact pressure |
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—— Bending and thrust interaction, C25 reinforced concrete
+ Crown
8000 = Right spandrel
X Left spandrel
nght sidewall
Left sidewall

6000
4000
2000

0

-2000 Bending moment M (kN-m)

Axial thrust N (kN)

Fig. 12 Comparison of bending—thrust interaction diagram for tunnel
lining cross-section with monitored internal forces at typical positions.
The bending—thrust interaction diagram was calculated in terms of
Eurocode 2 (EN 1992-1-1 2004). Signs of bending need not be consid-
ered for the symmetrical section of the reinforced tunnel lining

where F. is the compressive force developed in the concrete
and acting through the centroid of the stress block, Fy is the
compressive force in the reinforcement area A, and acting
through its centroid, Fj is the tensile or compressive force in

the reinforcement area A, and acting through its centroid (EN
1992-1-1 2004; Mosley et al. 2007).

7185

26m
15m
17‘)
1.5m 1.5m -
6]6Z
-
-

1.5

76.5
115.3

(@

S< 35m —12.9
12.7 0.5m

15.3

1.5m
\[ —
@ 103.2
0.5m
58.7

(b)

Fig. 13 Axial forces acting on the rockbolts in the highly weathered
sandstone (unit: kN) for Chainages: (a) YK6+955; (b) YK6+960. A
positive axial force denotes tension along the rockbolt axis, and vice versa

The applied force (N) must be balanced by the forces de-
veloped within the cross-section; therefore:

if 0.8x < &

_ [0.567f b x 0.8x + [ A, + fAs ()
if 0.8x>h,

0.567f 4bh + [ A, + [ As

where f is the characteristic cylinder strength of concrete, f;.
is the compressive stress in steel area A, and f; is the tensile or
compressive stress in the reinforcement A; (EN 1992-1-1
2004; Mosley et al. 2007).

Accordingly, the bending moment (M) about the plastic
centroid is:

- {0<567fckb x 0.8x()?p—048x/2) +,QCAV( ’)—/‘SAS (d—xp) i£0.8x <

- 0.567f 4 bh (;p—h/z) LA (xp—a’ )—fSAS (d—x,,) i£0.8x>1,

(5)

By means of Eqgs. (4) and (5), the bending—thrust interac-
tion diagram corresponding to the Piaoli tunnel lining struc-
ture was plotted as the closed envelope curve shown in
Fig. 12. Owing to the symmetry of the reinforced tunnel lin-
ing, the signs of bending did not need to be considered.
Consequently, the monitored internal forces at typical posi-
tions of the Piaoli tunnel lining fell in the bending—thrust in-
teraction diagram, suggesting that all monitoring positions
were safe. In detail, the roof and spandrel had less safety
margin and were closer to the envelope than that at sidewalls.
This suggested that the steel rebars should be strengthened at
both the intrados of the lining roof and extrados of the span-
drels (for locations, see Fig. 4b). This would enhance the
tensile strength of the lining in these regions (and thus their
load-bearing capacity) in case an unexpected load is experi-
enced. In contrast, the sidewall lining structures were consid-
ered safe, a result that compared well with field observations
wherein no cracks could be found on the tunnel lining.

Axial forces on rockbolts

Rockbolts are typically capable of restraining large deforma-
tions and even preventing the collapse of a tunnel. During our
field-monitoring campaign, due attention was focused on the
non-uniform axial forces acting on the rockbolts around the
tunnel boundary. This is reflected quite nicely by the results
depicted in Fig. 13.

In this figure, a positive axial force (blue color) means
tension along the rockbolts; conversely, a negative force
(green color) implies compression. Indeed, all rockbolts in
the springers and sidewalls are subject to tension and play a
key role in restraining inward deformation of the tunneling
periphery. Overall, the maximum tension eventually reached
115.3 kN near the right waist of Chainage YK6 + 955 (103.2
kN above the right sidewall of Chainage YK6 + 960).
Moreover, the tension peaks about one-third to one-half of
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Fig. 14 Vertical ground loads o, 1000 -
on the tunnel structure, as

calculated using various theories
800

600

400

200

Vertical ground pressure o, (kPa)

—e—Protodyakonov's theory
—— Bierbaumer's theory
—=—Terzaghi's theory

—O0—Xie Jiaxiu's theory

—+—The whole soil column theory

10 20 30 40
Overburden & (m)

Table 4 Comparison of vertical
loads derived via field monitoring
with those calculated using
different theoretical methods

Field value

Theoretical methods

Bierbaumer Terzaghi Protodyakonov Xie Jiaxiu
Vertical load o, (kPa) 331 624 371 104 734
Theoretical/field ratio - 1.89 1.12 0.31 222

the way along the bolts from their free ends at the periphery of
opening were in good agreement with the neutral point theory
proposed by Sun (1983).

Rockbolts above the hance, however, are subjected to com-
pression, which is not beneficial to stabilizing the ground around
the opening. This suggested that the rockbolts at the roof need to
be replaced. In particular, field observations made on outcrops at
the working faces of the tunnel revealed discontinuities devel-
oped in the rock mass in which the stability is expected to be
controlled by the strength of the joints, i.e., cohesion and dis-
continuity friction. Therefore, it was concluded that the
rockbolts at the roof should be substituted by pipe grouting

A

l

Fig. 15 Sketch of typical points used to monitor deformation around the
tunnel periphery

@ Springer

work. This would enhance the reinforcement effect (Dalmalm
2004), as well as accelerate the construction schedule in practice.

Discussion
Comparison with typical theories

The theories that are typically used to calculate ground load in
non-squeezing conditions are the whole-soil column theory,
Bierbaumer’s theory (Bierbaumer 1913), Xie Jiaxiu’s theory
(China Railway Eryuan Engineering Group 1997; Song et al.
2007), Protodyakonov’s theory (Myrianthis 1975; Szechy
1970), and Terzaghi’s theory (Terzaghi 1946). The basic prin-
ciples underlying these theories are briefly described in
Appendix A.

Recall that the span of the Piaoli highway tunnel is 12.6 m
and its height is 9.8 m. Using the parameters in Table 1 along
with the tunneling geometry, these theories were used to cal-
culate the expected ground loads as a function of overburden
depth. The results, shown in Fig. 14, revealed striking discrep-
ancies between the different theories for this specific scenario.
The whole-soil column theory predicted a linear increase in
load as the depth of the tunnel increased, which seemed un-
acceptable for the deep tunnel considered here.

The theories of Xie Jiaxiu and Bierbaumer produced
similar results, i.e., the magnitude of the ground load
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Fig. 16 Deformation (A) of the tunnel boundary at Chainage YK6 + 955
over a 30-day period: (a) roof settlement; (b) convergence of tunnel
periphery

was virtually proportional to the overburden depth. The
results generated using Terzaghi’s theory appeared to be
in line with our field-monitoring results (i.e., ¢ =
331 kPa). Terzaghi (1946) hypothesized that the ground
around the opening should be treated as a granular mate-
rial (which is compatible with the highly weathered sand-
stone encountered herein) and assumed a slipping plane
inclined at an angle of (45°— ¢/2) to the vertical (in the
manner shown in Fig. 18). The ground load suggested by
Protodyakonov’s theory (104 kPa) was much less than
those calculated by the theories (and field values) already
discussed.

Fig. 17 Schematic diagram of the

As detailed in Fig. 14, it is easy to compare the calcu-
lated vertical loads with data measured in the field
(Table 4). Thus, the ground load found using Xie Jiexiu’s
theory was more than twice the field-monitoring value.
The theoretical result calculated using Protodyakonov’s
theory was substantially less than the monitoring data and
is unacceptable in tunnel design. However, the Bierbaumer
and Terzaghi results were found to be close to the moni-
toring outcomes. In Bierbaumer’s theory (Bierbaumer
1913), however, the vertical load on the tunnel structure
increased with increasing buried depth (Fig. 14); hence, it
might underestimate the arching effect acting on the sur-
rounding rock above the roof of the tunnel lining, which
acts to stabilize the tunnel itself.

Table 4 reveals that Terzaghi’s theory can be used as a
good proxy for predicting the peak magnitude of the ver-
tical ground load acting on the structures of deep tunnels
with large cross-sections passing through highly weath-
ered sandstone. Additionally, it is worth noting that
Terzaghi’s theory of arching is valid for granular ground,
rather than hard rock.

Deformation evolution

It is widely recognized that deformation of the tunnel is
critical when assessing the stability of an excavation. To
discuss deformation of the boundary of the Piaoli tunnel,
monitoring points were installed, as shown in Fig. 15.
Points A, E, and F are used to monitor the vertical settle-
ment of the primary support at the roof; segments /ag, /ac,
and /gc monitor the convergence in the pertinent bound-
aries of the tunnel.

A non-contact technique was employed to derive the
real-time evolution of the deformation of the tunnel
boundaries over a 30-day monitoring period. The results
are shown in Fig. 16. Considering the similarities between
the two sections, only Chainage YK6 + 955 was selected
here for analysis. The deformation of the tunnel boundary
continuously increased, especially during excavation of
the lower bench. It can be seen that the roof settled by

tunnel in Xie Jiaxiu’s theory

90— (B—py+0)

@ Springer
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Fig. 18 Diagram illustrating the parameters involved in Terzaghi’s theory

645 mm over the 30-day period (at point A); roof settle-
ment dominated in this scenario. In contrast, the horizon-
tal convergence between the sidewalls (/gc) amounted to
43 mm over the same period. Therefore, to guarantee sta-
bility of the tunnel during construction, most attention
should be devoted to monitoring deformation of the roof,
specifically for the sudden increase in roof settlement ex-
pected to occur when the lower bench is excavated. The
deformation of the tunnel boundary, which was recorded
as a function of post-excavation duration, did not tend to
level off. Thus, the cast-in-place C30 concrete lining
needed to be constructed as soon as possible to prevent
exaggerated tunnel deformation and, more importantly, to
avoid the possibility of subsequent collapse.

45°+ /2

a

— oy

a
-

Fig. 19 Illustration showing the basis of Protodyakonov’s theory
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A systematic field-monitoring campaign was undertaken to
investigate the ground loads on a tunnel structure, the behav-
ior of the tunnel lining, the axial forces on the rockbolts, and
deformation of the primary support. A tunnel driven through
highly weathered sandstone was chosen, with the aim of im-
proving current tunnel design practice for this commonly en-
countered type of rock mass.

* Based on the wealth of field data collected in highly
weathered sandstone, the ground load acting on the tunnel
structure did not conform to conventional specifications.
The theory suggested by Terzaghi (1946) is capable of
predicting the peak magnitude of the vertical ground load
acting on a tunnel structure in highly weathered sandstone,
but the results differ from those of field monitoring of the
ground load profile.

* A potential profile for the ground load was proposed, in
which the vertical load component is ‘mountain’-shaped
and the horizontal component adopts a ‘folded-line’ pat-
tern. The peak of the vertical load (¢) occurred at the roof
of tunnel structure; it dropped linearly to 0.6q at the
springer and then extended to the sidewall without change.
The horizontal load was equal to 0.2¢q at the hance and
increased linearly to 0.5¢ above the sidewall at an inclina-
tion of 72° from the vertical; it then remained unchanged
to the tunnel invert.

* Rockbolts at the tunneling roof were subjected to com-
pression when passing through highly weathered sand-
stone. These needed to be substituted by pipe grouting,
which improves the reinforcement effect quite effectively
and accelerates the construction schedule. In terms of de-
formation development around opening boundaries, set-
tlement at the opening roof dominated when compared
with horizontal convergence. As the Piaoli tunnel was
constructed, more attention needed to be paid to roof set-
tlement, especially during lower bench excavation.

* The bending moments acting on the tunnel lining adopted
the shape of a butterfly. The maximum moment occurred
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at the roof and corresponded to an inward bending; the
moments at the spandrels corresponded to outward bend-
ing. According to Ultimate Limit States, it is therefore
suggested that steel rebar be pre-installed at the intrados
of the lining roof and the extradoses of the spandrels so as
to enhance the tension capacity of the structure.
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Appendix A Theories typically used
to calculate ground load

Whole-soil column theory

At shallow depths, the excavation-induced failure plane ex-
tends to the surface of the ground and frictional resistance is
not considered. Consequently, the uniform vertical ground
load g on the tunnel structure increases linearly with increas-
ing buried depth:

q="h (A1)

where v denotes the unit weight of the ground and / represents
the vertical distance from the ground surface to the tunnel
roof.

Xie Jiaxiu’'s theory

The failure plane is assumed to be inclined at an angle 3 to the
horizontal, as shown in Fig. 17. In this figure, the settlement of
ground block GEFH (above the roof opening) would cause
potential movement of lateral blocks FDB and ECA.
According to Xie Jiaxiu’s theory (China Railway Eryuan
Engineering Group 1997; Song et al. 2007), the vertical
ground load, ¢, can thus be expressed as:

H
q= yH(l—/\tanQ);
2a
tanS—tane,,

A= :
tan3[1 + tan/3(tangp,—tand) + tangp,tand] ’ (A2)
sec?pytang,
t =t _—
anfj = tangy + tang,—tanf ’

where a is half the span of the excavation, \ is the lateral
ground pressure coefficient (defined as the ratio of the

horizontal to vertical ground loads) acting on the tunnel struc-
ture, J is the angle of inclination of the failure plane with
respect to the horizontal direction, g is the computational
friction angle, 6 is the friction angle of the sliding surface
Iry or I, and the other parameters are as previously defined.

Terzaghi’s theory

Terzaghi (1946) assumed that the ground acts as a granular
material. Thus, once the tunnel is excavated, the medium
above the opening space is able to deform downwards. A
sliding surface /pap is assumed to be formed (Fig. 18).
Accordingly, Terzaghi found that the vertical ground pressure
on the tunnel support is given by:

=P exp(~Ktang-
q= e [1 exp( Ktany b)} (A3)

As the tunnel depth % increases, the second term in the
square brackets gradually vanishes due to its exponential
form, and Eq. (A3) simplifies to:

__b
7= tanp-K (A4)
Protodyakonov’s theory

This theory takes into consideration the arch effect hy-
pothesized for deep tunnels, which leads to the formation
of a parabolic profile above the tunnel roof (Myrianthis
1975; Szechy 1970). The weight of loose ground below
the parabolic curve is referred to as the ‘ground load’ and
is thus related to the dimensions of the tunnel (Fig. 19).
The vertical ground pressure acting on the supporting
structure is then calculated from the weight of the ground
under the parabolic curve:

a; = a+ H; x tan(45—¢/2);
a
hy=a,/f = ﬁ = a,0/(otang + ¢) = a,/tanyp;

q =" X h,
(AS)

where a, is half the width of the collapse arch, « is half the span
of the tunnel, H, is the net height of the opening, ¢ is the
friction angle of the ground, and 7, is the height of the collapse
arch. It should be noted that the expressions in Eq. (AS) are
not suitable for the condition where the buried depth of tunnel
is less than five times the opening span (10a).

@ Springer
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Bierbaumer’s theory

Engineering practice shows that the ground load exerted on
the structure of a tunnel is always less than the weight of the
covering strata. By considering the forces of resistance (due to
internal friction) and cohesion on the failure plane (Fig. 20),
Bierbaumer (1913) theorized that the vertical load on the roof
of the tunnel is:

H
q, = vH; 1——tK1—L

1-2K
2a; ya ( )|

(A6)

where a; =a+ Hitan(45" — ¢/2), K; =tan ¢ tan2(45o —@/2),
Ky=tanp tan(45 — ©/2).
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